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Abstract: In this paper, three different coal fly ash-based alkali activated mortars are studied. The
three different mortars are obtained using the same binding system but different types (i.e. silica
sand or expanded perlite) and sizes of aggregates. Small-scale beams are constructed together with
additional specimens for material characterization. The small-scale beams are notched and loaded in
a three-point bend setup to investigate the fracture properties of the three mixtures. The setup
utilized follows the draft of the ACI 446 report on the fracture testing of concrete. The fracture
energy is determined from the work of fracture and results highly dependent on the type of
aggregate rather than its dimension. Digital image correlation is employed to obtain the
displacement and therefore strain components on the side surface of the specimens in order to
investigate the crack propagation and determine the size of the fracture process zone, which appears
to be similar to the one of a cement-based mortar.
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related to the production of cement, a new
class of cement-free materials known as alkali
activated materials (AAMs) has rapidly grown

INTRODUCTION
In an attempt to reduce the CO2 emissions
1
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in interest in the last two decades. AAMs have
been increasingly investigated as an emerging
technology and as a suitable alternative to
ordinary Portland cement (OPC)-based
mortars and concrete [1-5]. AAMs are based
on the reaction between a solid aluminosilicate
source and an alkali activator to obtain a
mainly
amorphous
3D
network
of
aluminosilicates with binding properties. One
of the main advantages of AAMs is the
possibility of using waste powders as
amorphous aluminosilicate source, which react
in sodium and/or potassium hydroxide and
silicate solutions [6]. This aspect makes
AAMs particularly interesting to obtain
sustainable materials and to pursue a circular
economy approach. Although the properties of
AAMs resemble the properties of cementbased mortars and concrete, a change in the
solid aluminosilicate source and activator
provide a wide spectrum of material properties
that require a full characterization still not
fully explored in the literature [7-12]. As a
consequence of the variability of the chemical
and physical properties of the AAMs, the
mechanical properties are expected to vary and
in particular the fracture properties, which
have not been studied in depth for this class of
materials [13- 16]. The focus of this paper is
the investigation of the fracture properties of
three different AAMs, which are obtained by
using the same binding system but different
types (i.e. silica sand or expanded perlite) and
sizes of aggregates. Three-point bend (TPB)
tests are carried out on notched beams. Two
sizes of the beams are considered for each
mortar type. Digital image correlation (DIC) is
used to plot the strain and crack opening
profiles along the ligament for different points
of the load response. An attempt to measure
quantitatively the size of the fracture process
zone (FPZ) through DIC analysis is proposed.
It is observed that for one of the three AAMs,
the FPZ is relatively small and therefore can
fully develop for the larger of the two sizes of
the notched beams. The fracture energy is
computed employing the work of fracture
method and an argument is made by the
authors about the reliability of such type of
measurement.

2 MATERIALS AND METHODS
2.1 Materials
Coal fly ash (FA), sourced from the Italian
coal-fired power station of Torrevaldaliga
Nord (Rome), was used as precursor for the
synthesis. FA was characterized by a low
content of calcium and iron oxides, while
nearly 80 wt% was constituted of silicon and
aluminum oxides [12]. 8 M sodium hydroxide
(NaOH, supplied by Sigma-Aldrich) and
sodium silicate (SiO2/Na2O ratio = 2.07, ρbulk =
1.53 g/cm3 kindly supplied by Ingessil Srl,
Verona, Italy) solutions were used as alkaline
activators. The SiO2/Al2O3 and Na2O/SiO2
molar ratios were kept constant for all
mixtures and equal to 3.52 and 0.12,
respectively, while the amount and the type of
the aggregate were changed. The three mortars
featured three different types and sizes of
aggregates. The mortar herein named FS was
obtained by employing fine silica sand with a
fixed grain size distribution according to EN
196-1 standard [17]. The maximum aggregate
size dmax was equal to 2 mm and the density of
the aggregate was ρ = 2.64 g/cm3. The mortar
herein named CS had coarse silica sand with
dmax = 6.0 mm and ρ = 2.68 g/cm3. Finally, the
mortar labelled as EP featured expanded
perlite with dmax = 2.8 mm and ρ = 0.95 g/cm3.
The three mortars were poured into prismatic
molds of different sizes (for both material
characterization and TPB specimens) in two
layers. Each layer was vibrated on a shaker for
60 s. All molds were sealed in plastic bags and
cured at T = 21 ± 2°C for 24 h. Specimens
were de-molded after 24 h and cured sealed in
plastic bags (i.e. sealed conditions) in the same
laboratory conditions until were used to
determine the mechanical and physical
properties of the mortars.
2.2 Physical and mechanical
characterization
The physical and mechanical properties of
mortars were determined at 28 and 300 days,
which corresponds to the age of testing. The
bulk density (ρbulk) and water absorption were
measured on prisms of dimensions 40 mm ×
2
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40 mm × 20 mm. The bulk density was
calculated as the dry mass divided by the
geometrical volume, while the water
absorption was calculated as the difference
between the wet and the dry mass divided by
the dry mass.
Prisms of dimensions 40 mm × 40 mm ×
160 mm were used to determine the
mechanical properties of the mortars. The
elastic modulus was calculated according to
EN 13412 [18]. Flexural (Rf) and compressive
(fc) strength were determined according to EN
196-1 [17] by means of a 100 kN Amsler
Wolpert testing machine. All results are
presented as average of at least two
measurements.

[19] and used for concrete specimens to study
the effect of the width on the fracture
response, was used in this campaign. A sketch
of the set-up and a photo of a specimen are
provided in Figure 1a and b.

2.3 Methods

70×70×300_FS _4

Table 1: Name of specimens, measurement of the
notch with CoV, peak load with its average with CoV

Specimen
70×70×300_FS _1
70×70×300_FS _2
70×70×300_FS _3

Two different sizes of the notched beams
were tested. The nominal dimensions were
either 70 mm (width B) × 70 mm (depth D) ×
300 mm (length L) or 35 mm (width B) × 35
mm (depth D) × 200 mm (length L). The notch
was cut after the specimens were stored in
laboratory condition for at least 100 days. A
special blade was used to obtain a sharp tip in
order to force the crack propagation along the
axis of the notch and limit the variability of the
results, which appears to be hardly achieved
with a non-sharp tip [13-16]. The notch length
a0 was equal to D/3 and its width was 3 mm.
The net span S was equal to 3D. Table 1
summarizes the list of specimens with their
labels, which report the size of the specimen
and the type of mortar. It should be pointed out
that for the sake of brevity only the actual
measurement of the length of the notch is
reported in Table 1. It was measured at the end
of the test at three locations across the width.
The average measurement of the crack length
for each specimen with the coefficient of
variation (CoV) are reported in Table 1. The
actual measurements of the width and depth
were taken at 6 different locations, while 8
measurements of the length of the specimens
were taken. The average and CoV of these
measurements are not reported herein but were
used in the calculations presented in the next
Sections. The same TPB set-up, described in

70×70×300_CS_1
70×70×300_CS_2
70×70×300_CS_3
70×70×300_CS_4
70×70×300_EP_ 1
70×70×300_EP_ 2
70×70×300_EP_ 3
70×70×300_EP_ 4
35×35×200_FS _1
35×35×200_FS _2
35×35×200_FS _3
35×35×200_ CS_1
35×35×200_ CS_2
35×35×200_ CS_3
35×35×200_ EP_ 1
35×35×200_ EP_ 2
35×35×200_ EP_ 3

3

a0
(CoV)
[mm]
24.69
(0.030)
23.19
(0.028)
22.61
(0.019)
21.63
(0.019)
21.13
(0.054)
25.07
(0.044)
24.39
(0.047)
25.44
(0.012)
23.38
(0.005)
23.39
(0.030)
23.31
(0.014)
22.92
(0.018)
11.31
(0.010)
11.33
(0.016)
11.46
(0.024)
12.29
(0.041)
12.08
(0.041)
11.66
(0.034)
11.88
(0.023)
10.55
(0.015)
11.94
(0.010)

Pmax

[kN]

Pmax
(CoV)
[kN]

2.59
2.62
2.60

2.60
(0.005)

2.61
2.25
2.20
2.26

2.27
(0.032)

2.37
0.59
0.74
0.77

0.68
(0.129)

0.62
0.82
0.69

0.76
(0.086)

0.77
0.68
0.62

0.65
(0.047)

0.64
0.20
0.18
0.22

0.20
(0.100)
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Two
linear
variable
displacement
transformers (LVDT) were mounted on a
horizontal steel plate and reacted off a Zshaped top plate that was placed between the
top loading block and the specimen. The
average of the two LVDT readings is the load
point displacement . A clip-on gauge was
used to measure the crack mouth opening
displacement (CMOD) and control the test.
The test rate (CMOD control) was chosen to
reach the peak load between 150 and 210
seconds from the beginning of the test.

3

EXPERIMENTAL RESULTS

3.1 Physical and mechanical properties of
mortars
The
physical
and
mechanical
characterization of the three mortars was
performed at 28 and 300 days as described
above, and the results are reported in Table 2,
Table 3, Table 4.
Table 2: Physical properties at 28 and 300 days

Bulk density
Water absorption
[g/cm3]
[%]
(CoV)
(CoV)
28
300
28
300
days
days
days
days
2.02
2.11
6.55
5.89
(0.005) (0.005) (0.020) (0.010)
2.00
2.11
8.05
7.55
(0.005) (0.005) (0.006) (0.011)
1.11
1.26
30.47
25.84
(0.036) (0.008) (0.011) (0.001)

FS
CS
EP

Table 3: Mechanical properties at 28 days

a

FS
CS
EP

Rf
[MPa]
(CoV)
10.0
(0.020)
9.4
(0.085)
3.6
(0.028)

fc
[MPa]
(CoV)
65.3
(0.018)
47.6
(0.059)
14.7
(0.034)

E28
[GPa]
(CoV)
19.7
(0.041)
17.8
(0.056)
1.2
(0.083)

Table 4: Mechanical properties at 300 days

b
Figure 1: a) Sketch of the test set-up; and b) photo
of a representative specimen

The initial test rate v1 was equal to 0.0001
mm/s. When the load reached 80% of the peak
load in the descending branch of the response,
the test rate v2 was increased to 0.0003 mm/s.
Finally, when the load reached 35% of the
peak load in the descending branch, the test
rate v3 was increased to 0.0005 mm/s until the
end of the test. For two specimens for each
type of mortar and size of the beam, DIC was
employed to evaluate the displacement field
and derive the strain field on one of the side
surfaces of the specimen.

FS
CS
EP

Rf
[MPa]
(CoV)
12.3
(0.008)
12.1
(0.041)
4.2
(0.071)

fc
[MPa]
(CoV)
71.7
(0.036)
63.7
(0.011)
16.6
(0.024)

E300
[GPa]
(CoV)
22.9
(0.014)
20.5
(0.025)
4.7
(0.094)

3.2 Load responses
Table 1 provides the peak load Pmax of each
specimen, the average Pmax for each family
with the coefficient of variation. The load
responses in terms of applied load P versus 
4
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and applied load P versus CMOD are reported
in Figure 2a and b, respectively, for specimen
70×70×300_FS _2. The P- curve, referred to
the readings of the two LVDTs, is compared
with the P- curve of the same specimen
obtained from DIC in Figure 2a. In order to
compute the displacement from DIC, the
displacement on the surface of the specimen
near the load point was computed by
averaging the DIC displacements over an 8
mm × 8 mm square area. This square area is
marked in blue in Figure 2a. The average
displacement was also computed for two
square areas of the same size as the first and
located at the centroid of the cross-sections
corresponding to the supports. Finally,  was
calculated as the difference of the average
displacement of the top square area and the
average of the two displacements obtained
from the squares placed at the supports. The
P- curve from DIC described above is plotted
with blue diamond markers in Figure 2a. As
damage near the load point might occur, a
second square was placed closer to the actual
load point to verify the trend of the P- curve.
The second square is marked in red in Figure
2a and the corresponding curve is plotted with
a red dashed line. It can be observed that the
DIC curves are basically coincident, which
suggests that damage near the load point might
be negligible. As the DIC curves are compared
with the P- curve obtained from LVDT
readings, it can be noted that the initial
stiffness is different. This was observed also in
[19] and it might be due to small adjustments
that LVDTs undergo during the first phase of
the test. A similar trend was observed for the
small specimens. The load responses for
specimen 35×35×200_ CS_2 are reported in
Figure 3. It should be noted that for all
35×35×200 specimens, only one LVDT was
used in order to have a full field DIC image of
the specimen. This expedient was adopted in
order to compute an additional value of  from
DIC, which corresponds to placing the support
squares near the supports themselves rather
than at their centroid. These squares are
marked in green in Figure 3a. The
corresponding P- curve, which uses the top

blue square and the green squares at the
supports, is plotted with a dashed green line. It
can be concluded that damage at either support
is limited and does not affect the
measurements of . The initial linear portion
of the P- or P-CMOD curve can be used to
determine the elastic modulus. For the sake of
brevity, only the results corresponding to the
P-CMOD curve are reported in this paper. The
CMOD can be computed as [20]:
CMOD 

(1)

a 6 PS
V1  α 
EBD 2

V1  α   0.76  2.28α
3.78α 2  2.043 

(2)

0.6
1  α2





=a0/D. The slope of the P-CMOD curves was
computed between 20% and 50% of the peak
load Pmax and used to back-calculate the elastic
modulus. The average value of the elastic
modulus ECMOD is reported in Table 5.
Table 5: Elastic modulus from P-CMOD response

ECMOD

Specimen
[MPa]
70×70×300_CS_1
70×70×300_CS_2
70×70×300_CS_3
70×70×300_CS_4
70×70×300_EP_1
70×70×300_EP_2
70×70×300_EP_3
70×70×300_EP_4
70×70×300_FS_1
70×70×300_FS_2
70×70×300_FS_3
70×70×300_FS_4
35×35×200_CS_1
35×35×200_CS_2
35×35×200_CS_3
35×35×200_EP_1
35×35×200_EP_2
35×35×200_EP_3
35×35×200_FS_1
35×35×200_FS_2
35×35×200_FS_3

5

15563

3613

18419

13069

2458

14893
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The values of the elastic modulus obtained
from Eqs. (1) and (2) are consistent with the
results reported in Table 5. Similar values
could be obtained if the load point formula is
used although results would depend on
whether the slope of the P- curve is obtained
from the LVDT or DIC readings.

weight was also taken into account. A
description of the full procedure can be found
in [19]. If W is the work of the applied load,
then (without considering the effect of the selfweight)

GF 

W
B  D  a0 

(3)

W is computed as the area under the P- curve.

a
a

b
Figure 2: Representative 70×70×300 specimen: a)
comparison of the P-δ curves obtained from LVDT and
DIC measurements; b) P-CMOD curve

b
Figure 3: Representative 35×35×200 specimen: a)
comparison of the P-δ curves obtained from LVDT and
DIC measurements; b) P-CMOD curve

3.3 Failure modes
All specimens failed due to the propagation
of a crack from the tip of the notch. The crack
pattern was essentially straight. Small kinks
occurred as the crack propagated but overall
the crack pattern was within the width of the
initial notch as it can be observed from Figure
4a and b that show cross-section and side of
the beam.
4

a

DISCUSSION

4.1 Fracture energy

b

The fracture energy GF was computed using
the concept of work of fracture. The self-

Figure 4: Failure mode of 70×70×300_FS _2
specimen: a) cross-section; and b) side view

6
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along the ligament for different points of the
load response, in attempt to study the fracture
process zone (FPZ), which is one of the
features of quasibrittle materials [21]. The
coordinate system x,y used in this Section is
shown in Figure 1a. In order to plot the strain
profiles, xx was averaged across a 10 mm strip
centered with respect to the notch for any
value of y.
The strain profiles for specimen
70×70×300_FS_2 are shown in Figure 5a. The
value of the strain εtE,300
sp corresponding to the

Only the P- curves obtained from DIC
were used to compute W. In fact, as the small
specimens were equipped only with one
LVDT, there was no control on a possible
rotation of the specimen out-of-plane, which
would translate in different readings of the two
LVDTs. Table 6 provides the average fracture
energy GFDIC for each family of specimens and
its coefficient of variation. The values of the
fracture
energy
from
corresponding
70×70×300 and 35×35×200 specimens are
consistent although slightly higher for smaller
specimens, which in part might be due to the
size effect [21, 22] that reflects in a higher
peak load for smaller specimens. GF does not
vary significantly as the size of the maximum
diameter of the silica sand changes from 2 mm
to 6 mm. A substantial difference in the
fracture energy can be observed if FS and CS
specimens are compared with EP specimens.

splitting tensile strength ( ft ) was computed
using the relationship (reported in [23])
between ft and Rf provided in Table 4 and
using the elastic modulus E300 at 300 days
reported in Table 3 as well. A vertical dashed
line marks the value of εtE,300
sp in Figure 5a,
which is equal to 0.00030 for FS specimens.
The points selected for the strain profiles are
marked in Figure 2a. The intersection of the
strain profile with the dashed line marks the
beginning of the FPZ, i.e. the region of
softening behavior that develops from the tip
of the notch [21]. At point C (peak load), the
extension of the FPZ, i.e. the distance from the
tip of the notch to the intersection between the
strain profile and the dashed line, is
approximately 2.5 mm. At points D and E the
extension of the FPZ is approximately 15 mm
and 30 mm, respectively. It should be noted
that the FPZ forms before the peak load and at
50% of the peak load (point E) in the
descending branch of the response the FPZ is
still expanding. The FPZ at point E has
covered the majority of the ligament, which
indicates that for the rest of the test the
propagation of the crack will not have the
characteristics of a self-similar propagating
crack because of the presence of the
compressive zone on top of the beam. This
observation makes the authors question if Eq.
3 can be used to obtain the true value of the
fracture energy as the formula assumed that
the cracks extends under similar conditions
until failure.
In order to investigate further the size of the
FPZ, the crack opening was studied by plotting

Table 6: Fracture energy and CoV

Specimen
70×70×300_CS_1
70×70×300_CS_2
70×70×300_CS_3
70×70×300_CS_4
70×70×300_EP_1
70×70×300_EP_2
70×70×300_EP_3
70×70×300_EP_4
70×70×300_FS_1
70×70×300_FS_2
70×70×300_FS_3
70×70×300_FS_4
35×35×200_CS_1
35×35×200_CS_2
35×35×200_CS_3
35×35×200_EP_1
35×35×200_EP_2
35×35×200_EP_3
35×35×200_FS_1
35×35×200_FS_2
35×35×200_FS_3

GFDIC [N/m]
(CoV)

56.4
(0.204)

11.4
(0.272)

52.1
(0.079)
61.5
(0.296)
14.1
(0.503)
61.7
(0.206)

4.2 Strain profile and crack opening
The strain field obtained from DIC was
used to plot the horizontal strain component xx
7
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Δumax for 70×70×300_FS specimens is marked
with a vertical dashed line in Figure 5b. It can
be noted that the distance of the intersection of
the Δu curve and the dashed line from the tip
of the notch corresponds to the extension of
the FPZ obtained from the strain profiles.
The crack opening wf corresponding to the
end of the FPZ can be estimated as [24]:

the difference of the horizontal displacement
Δu across the ligament. Δu was computed by
averaging the horizontal component of the
displacement in two 5 mm (width) × 2.5 mm
(height) rectangles symmetrically placed at a
distance of 10 mm (same as the width of the
strip used to obtain the strain profiles) with
respect to the ligament. Δu is the difference
between the averages of the displacements of
the two rectangles. Δu is plotted in Figure 5b
for the same specimen 70×70×300_FS_2.

wf 

5.6GF
ft

(5)
(3)

The values of the crack opening wf for the
70×70×300_FS family is equal to 0.043 mm.
This value was obtained by employing the
average fracture energy reported in Table 6 for
the larger FS specimens and the splitting
tensile strength obtained from the flexural
strength [23]. It should be noted that the value
of Δu corresponding to the physical separation
of the two surfaces of the crack can be
computed as:

a

u f  wf  umax

For
specimens
belonging
to
the
70×70×300_FS family, u f  0.048 mm.
Thus, from Figure 5b it can be inferred that the
FPZ is fully established between points E and
F, which means that the size of the FPZ is
approximately between 16dmax and 20dmax.
The plots of the strain profile and crack
opening were repeated for the 70×70×300_CS
and 70×70×300_EP family. In addition, the
values of wf for these two families were equal
to 0.047 mm and 0.027 mm, respectively.
Thus, for the same families, Δuf equals to
0.052 mm and 0.034 mm, respectively. It
could be concluded that, by looking at the
corresponding xx and u profiles (not reported
for the sake of brevity), the size of the FPZ
was in between 5dmax and 6dmax for the
70×70×300_CS specimens and between 9dmax
and 10dmax for the 70×70×300_EP specimens.
It is interesting to note that the size of the FPZ
is not uniquely related to the size of the
aggregate even for the FS and CS mortars that
employ the same type of aggregate.
The same plots were repeated for the

b
Figure 5: Strain (a) and Δu (b) profiles along the
ligament for specimen 70×70×300_FS_2 for different
points of the load response

The
maximum
elastic
elongation
E300
corresponding to the strain εt ,sp was computed
as:

umax  tE,sp300 ξ

(6)
(3)

(4)

 is the distance between the centroids of the
two rectangles used to determine the average
of the displacements.  =15 mm in this study.
Δumax for FS specimens is equal to 0.005 mm,
while for CS and EP specimens Δumax equals
to 0.005 mm and 0.007 mm, respectively.
8
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35×35×200 families of specimens. As an
example, the strain and Δu profiles were
plotted in Figure 6 for specimen
35×35×200_CS_2. The value of wf for the
35×35×200_CS family was equal to 0.051 mm
and u f  0.056 mm, which means that the
FPZ was not fully established at point E.
The values of wf for the 35×35×200_FS and
35×35×200_EP families were equal to 0.051
mm and 0.034 mm, respectively, which
provide u f  0.056 mm and u f  0.041

descending branch. The color scale was
chosen so that the maximum tensile strain was
approximately equal to εtE,300
sp in order to be
consistent with the dashed line reported in
Figure 6. This expedient allowed to identify
the region in red as the region where the strain
was higher than εtE,300
and therefore
sp
corresponded to the FPZ. It is interesting to
note that the FPZ expands in the post peak
region both in length and width. It appears to
be almost of the same width between points D
and E. At point E, as observed earlier, the FPZ
extends for almost the entire height of the
specimen and therefore since at this point the
value of u f is still not reached the FPZ does
not have room to fully develop.

mm. The plots of xx and u for these two
families of specimens confirm that for the
smaller specimens the FPZ was not fully
developed.

a

a
b

c

b
d

Figure 6: Strain (a) and Δu (b) profiles along the
crack ligament for specimen 35×35×200_CS_2 for
different points of the load response

5

Figure 7: Contour plots of strain component εxx for
points B (a), C (b), D (c) and E (d) of the load response
shown in Figure 3a

STRAIN CONTOUR PLOT
6

Contour plots of the horizontal strain
component εxx for 4 points (B, C, D, and E) of
the load response of Figure 3a are shown in
Figure 7. The points selected correspond to
90% of Pmax in the ascending branch of the
curve, Pmax, and 90% and 50% of Pmax in the

SIZE EFFECT

The average peak load Pmax of each family
of specimens can be used, in terms of nominal
stress N, to build the double log plot typically
used to study the size effect [21, 22, 24, 25].
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The plot is shown in Figure 8. It is interesting
to note how the slope of the line connecting
the points corresponding to two sizes of the
same AAM is very similar.
This is expected for specimens FS and CS
because they have a similar size of the FPZ
and even the larger size of the specimens for
these two mortars can barely accommodate the
fully developed FPZ. On the other hand, the
FPZ of EP specimens is estimated to be
relatively smaller than the height of the larger
specimens. Nevertheless, the slope of the lines
connecting the points relative to EP specimens
is similar to the other AAMs. A possible
justification can be found in the results of
Table 1.

correlation (DIC) was used to obtain the
displacement and strain profiles along the
ligament and the load-deflection curves. DIC
was successfully employed to measure the
extension of the fracture process zone (FPZ)
and gain an insight into the fracture properties.
The experimental results suggest that the size
of the FPZ and the fracture energy depend on
the type of aggregate used in the mixture
rather than its size. Thus, the size of the FPZ is
related to the size of the aggregate but the
relationship is not unique for the three AAMs
herein studied. The full development of the
FPZ occurs in the descending branch of the
load response and as it covers the majority of
the ligament, the remainder of the load
response is associated with a non-self-similar
crack propagation, which in turn made the
authors questioned whether the work of
fracture method is appropriate to determine the
fracture energy. Finally, it was observed that
for the AAM that employed expanded perlite,
the results were quite scattered and therefore
the size effect plot might not be reliable.
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