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ARTICLE INFO ABSTRACT
Keywords: This study uses the Weibull analysis to predict the robustness of various mortars based on a
Reliability fracture process analysis through a flexural test recorded by an acoustic emission sensor. Alkali-

Weibull analysis
Alkali-activated materials
Fracture process
Carbon dioxide emission

activated materials (AAMSs) are an alternative to Portland cement that can decrease the amount of
emitted CO,. This study aimed to characterise and compare the properties of AAM cement
mortars to those of the commonly used ordinary Portland cement (OPC) mortars using the
Weibull distribution to clarify the reliability and robustness of the prepared AAM cements; four
different AAM cement mortar compositions—with fly ash (F), ground-granulated blast-furnace
slag (G), and microsilica (M) alkali activation (sodium hydroxide (NaOH) and sodium silicate
(NaySiO3))—were considered in this study. The fracture process under a flexural loading of AAMs
was based on four combinations of F/G/M activated by the alkaline solution—AAM-IV, AAM-V,
AAM-VI, and AAM-VII, with OPC as control. The Weibull analysis showed that AAMs were more
robust than the OPC mortar and possessed minor fractures compared to the OPC mortar.

1. Introduction

Ordinary Portland cement (OPC) is not environmentally friendly, considering it is responsible for 8 % of the overall CO5 emissions
worldwide [1]. Alkali-activated materials (AAMs) are more environmentally friendly than OPC, emitting 70 % less CO5 than OPC [2].
AAMs are produced when aluminium silicate materials, such as fly ash and slag, react with an alkali source; such materials have
binding characteristics [3,4]. Sodium hydroxide and sodium silicate are two prominent activators that are more available and usually
used in AAM fabrication [5]. However, using sodium hydroxide results in higher alkalinity compared to using sodium silicate;
moreover, sodium silicate contributes to the development of mechanical strength because it provides an additional silica to the
(C-S-H) gel [6].

AAMs have extraordinary properties, such as superior mechanical strength [7], resistance against fire and acid [8,9], low drying
shrinkage [10], and good workability [11].

Acoustic emission (AE), a non-destructive evaluation (NDE) method, has been used to identify activities inside materials [12]. Most
AE tests are applied to detect material failure, including the material fracture process, considering the characteristics of AE parameters
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correlate with a fracture [13]. One of the AE parameters used in this study is hit, which indicates AE activity by analysing the
calculated number of hits for the accumulated hit values [14].

Weibull analysis is a method used to determine reliability characteristics using a relatively small sample size of the test data. The set
data distribution is used to analyse specimen reliability and estimate its quality by investigating failure probability [15].

The Weibull analysis is beneficial because it does not require many samples. AE data is used to observe fracture growth in the
specimen when a load is applied until the final failure. Data of AE hits indicate the cracks occurring inside the specimens, with crack
accumulations causing failures. The failure rate is proposed to be analysed using the Weibull distribution to evaluate the fracture
process of mortars under loading.

The reliability of recycled OPC concrete has been previously studied [16]. This study used AE data and applied Weibull’s equation
for evaluating reliability. The Weibull shape parameter m plays a major role in identifying the robustness of a material. A higher m
indicates low AE activity at lower stress, implying that reliability increases with the increment in m.

Fractures of cement specimens have been studied through AE and ultrasonic techniques (UTs) [17]. The operation mechanisms of
the AE and ultrasonic pulse velocity (UPV) methods are complementary; the UPV method cannot detect small cracks, but the AE
method can identify cracks propagating in cement specimens during loading tests, while an inactive crack (without AE activity) can be
detected with UPV. The simultaneous application of AE and UT identifies the time and location of cracks and provides a general
assessment of material damage conditions [17]. The basis of acoustic monitoring and development using AE and UTs for concrete
assessment has been previously presented [18]. This assessment includes the damage mode, content and severity of heterogeneity, and
projection of the highest power. This field of acoustic monitoring helps substantially in monitoring the health of a structure; however,
this study used only AE. An energy-dispersive X-ray spectroscopy (EDS) test was used to confirm the microstructures of the mortars.
Considering the proposed method uses only a small number of samples, Weibull analysis is applied to predict the cementitious quality
during fracture behaviour under flexural loading.

Nonetheless, using the Weibull distribution for observing fractures under flexural loading to clarify the reliability of variations in
alkali-activated microsilica/slag/fly ash mortars (AAMs) and OPC mortar has not been discussed. This study aimed to investigate the
fracture process reliability during a flexural test on four compositions of AAM cement and OPC in mortar specimens using Weibull
analysis. In addition to studying the mechanical properties of the mortars, we explore the Weibull model parameter to predict the
fracture behaviour in various mortar types of AAMs by a flexural test and compare it to that of the tested OPC, followed by a
displacement test. The procedure to study the reliability is proposed based on the robustness methodology using the Weibull modulus
m. This method calibrates the flexure load stress parameters recorded with AE and processed by the Weibull distribution and then
predicts the robustness distribution for fractured specimens under flexural loading.

2. Experimental section
2.1. Materials and mixtures

The specimens used in this study were prismatic mortars with dimensions of 40 x 40 x 160 mm?®. The materials were OPC [19]
based on Reference [20], Japanese fly-ash (F) type II [21], ground-granulated blast-furnace slag (GGBFS or G), and microsilica (M)
[22]. The fine aggregate was standardised sand [23,24]. The chemical compositions of these materials were analysed by X-ray
fluorescence (XRF), with details on their chemical compositions and specific densities presented in Table 1.

Four mixtures of AAMs were used to determine the fracture during the flexural test using an AE Weibull analysis, with sample
proportions presented in Table 2. Several AAMs—I to VII—were considered for a study [25]. However, only the reliabilities of samples
AAM-1V, AAM-V, AAM-VI, and AAM-VII—containing different percentages of microsilica (5, 10, 15, and 20 %, respectively)—were
analysed in this study, with an OPC mortar used as a reference or control sample. In addition to comparing the AAM to the control
sample, the influence of the microsilica on the reliability of these materials was studied.

The flexural loading test was conducted using three prismatic specimens for each mixture, as shown in Fig. 1. Cylindrical specimens
with dimensions of 50 x 100 mm? were fabricated to determine compressive strength vs. displacement characteristics.

The alkaline solution consisted of 8-M sodium hydroxide (NaOH) and 56 % sodium silicate gel. The sodium silicate comprised 36 %
SiO9, 18 % Nag0, and 46 % H,O. All the samples had a fixed alkali solution concentration dosage, with a sodium silicate to sodium

Table 1

Specific gravities (SGs) and oxide compositions of materials in weight percentage.
Material Oxide composition (wt.%) SG (g/cc)

SiOy Al,03 Fe,03 Ca0O NayO H,0 K20

Fly ash (F) 55.19 25.35 7.57 4.06 - - - 2.33
GGBFS (G) 35 16 0.7 46 - - - 2.89
Microsilica (M) 93.67 0.83 1.3 0.31 0.4 - - 2.22
Standardised sand 98.4 0.41 0.36 0.16 0.01 <0.2 0.01 2.64
OPC 3.16
Sodium silicate gel 1.6
Sodium hydroxide sol 1.22
Air entraining agent 1
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Table 2

Proportions and mechanical properties of AAM samples.
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Sample Solid precursor proportion Fly ash (%) GGBFS Microsilica (%) Density Flexural strength (MPa)
(%) (kg/m®)

AAM-yy Fu7.5Ga7.5sMs 47.5 47.5 5 2264 6.7

AAM-y F45G4s5Mi0 45 45 10 2254 7.5

AAM-y; Fa2.5G42.5M15 425 425 15 2222 8.9

AAM-yy F40G4oMag 40 40 20 2208 9.5

OPC Control 2258 8.4

Prismatic speciinen ol —

405402120\

— Preamplifier

Fig. 1. AE setup in the flexural test.

hydroxide ratio of 1.5 [26,27]. The precursors (fly ash, GGBFS, microsilica) were mixed with the alkali solution and fine aggregate and
compacted, cured, and demoulded [8].

AAM mixtures (887.8 cc) were mixed in a 2-L batch mixer in a control room at 18-20 °C at a relative humidity (RH) of 30-50 %.
Raw precursors were mixed for 2 min at a low speed. The 8 M sodium hydroxide solution, previously dissolved at least one day before
the mortar mixing, was mixed manually with the sodium silicate gel for 5 min followed by 10 min of rest before the AE agent was
added. This alkaline liquid was then added and mixed with the raw precursors for 2 min at a low speed. The mixer was stopped,
standardised sand was added, and low-speed mixing was conducted again for another 3 min. After mixing each mixture, the mortars
were immediately cast into three prism moulds (40 x 40 x 160 mm?) or cylindrical moulds (50 x 100 mm?®). The moulds were
compacted on a vibrator table for 2 min to remove air bubbles. The specimens were cured in air at 18-20 °C and RH of 30-50 %, sealed
with plastic, demoulded after 6 d, and then continued to be air-cured under unsealed conditions up to the testing date. For the OPC
mortar, the mixing process was conducted according to Ref. [23].

AE sensor

Fig. 2. Flexural and AE tests on the prismatic specimen after failure.
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2.2. Testing method

The AE test on the prismatic specimens was performed on the 28th day during flexural loading. Figs. 1 and 2 show the detailed
setup of the AE test. A wideband UT-1000 AE sensor, with good frequency response between 100 and 1000 kHz and stable against
fluctuations in environmental parameters, was attached to the span of the specimen surface using an epoxy material. The output
voltage of the AE sensor was on the order of millivolt or below. Therefore, a preamplifier and postamplifier were required to enlarge
the signal of the AE system, with the AE signals of this experiment amplified at 40 dB. The threshold level was also set at 40 dB to
reduce the environmental noise, with the signals recorded under one-channel monitoring. The MISTRAS non-destructive test system
employed AE measurements, with the specimens evaluated at zero load until they reached failure. The maximum flexural strength
applied to the specimen was set at 20 kN, corresponding to 5 kV, while 1 kV corresponded to 4 kN.

3. Results and discussion
3.1. Mechanical properties of a hardened mortar

Incorporating GGBFS and microsilica influences AAMs’ mechanical properties as a fly ash replacement in an alkali-activated mortar
[25].

The AAM containing 15-20 % microsilica had higher flexural strength than the OPC mortar, with the highest flexural strength (9.5
MPa) obtained for AAM VII with the highest M content. Other studies also confirmed the modification of flexural strength by
microsilica [28], attributed to its pozzolanic behaviour and high silica content, which improves the bond of the paste and increases
strength and durability [29]. Moreover, microsilica acts as a filling agent, filling the spaces throughout the sample, which increases
material strength [30]. This finding is consistent with the study results obtained by Li et al. [31], who found that silica (Si) participates
in the reaction process of AAMs and that Si/Al influences strength development in a low-calcium system.

Table 2 presents the proportions of mortars and properties of hardened mortars (28-day old). The density of AAM VII, compared to
other AAMs (22222264 kg/m?), is slightly lower (2208 kg/m>) and lower than that of OPC (2258 kg/m®), as shown in Table 2,
implying that mortar density, for both AAM and OPC, typically around 2200 kg/m?, is almost equivalent to the density designation of
mortars, approximately 2300 kg/m®.

EDS tests were conducted on two sample types—AAM-IV and AAM-VII, with EDS used to determine their chemical compositions.
Fig. 3 (a) shows elemental analysis through SEM-EDX of AAM-IV. An example of an AAM-IV graphic containing the dominant element
Si, followed by O, Ca, Al, Na, Mg, and Fe, is seen in Fig. 5 (a). Furthermore, Fig. 4 (a) shows that the dominant elements were Si and O,
followed by Al, Ca, Na, Mg, and Fe; these EDS results are also shown in the table in Fig. 5 (b). Fig. 5 (a) and (b) show the raw
components for AAM-IV and VII. The EDS results are for AAM-VII with a Si content higher by 3.75 % and Ca content higher by 0.46 %
[wt.%]. A scanning electron microscopy SEM-EDS image with a magnification of 0.5k shows a C-N-A-S-H gel of AAM, the main
reaction product. AAM-VII exhibited a better ductile mixture as an SEM-EDS test result than AAM-1V, as shown in Fig. 3 (b) and 4 (b).
Fig. 3 (b) shows that the EDS image of AAM-IV contains wider and longer connected cracks appearing on the AAM surface, whereas
Fig. 4 (b) shows different crack patterns on the AAM-VII surface with tiny and short cracks. AAM-VII has ductile materials with higher
Si and Ca contents than those of AAM-IV.
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Fig. 3. Elemental ED spectrum and quantification results of AAM-IV (a) Elemental Analysis through EDS of AAM-IV (b) SEM image of AAM-
IV (0.5Kk).
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Fig. 4. Elemental ED spectrum and quantification results of AAM-VII (a) Elemental Analysis through EDS of AAM-VII (b) SEM image of AAM-

VII (0.5k).

Element Wt% At% Element Wt% At%
CK 4.63 8.06 CK 3.98 6.98
0K 40.04 | 52.35 OK 4027 | 52.95

NaK 6.97 6.35 NaK 5.56 5.08
MgK 2.03 175 MgK 1.87 1.62
AIK 7.01 543 AIK 576 4.49
SiK 26.05| 19.40 SiK 29.80 | 2232
KK 0.78 0.42 KK 0.69 0.37
CaK 10.65 5.56 CaK 11.11 5.83
FeK 1.83 0.69 FeK 0.96 0.36
Matrix | Correction ZAF Matrix | Correction ZAF

(a)

(b)

Fig. 5. EDS element contents in (a) AAM-IV (0.5k) and (b) VII (0.5k).

3.2. Fracture process of AAM specimens obtained by AE hits under a flexural stress loading

AE generation is related to deterioration [32], with AE events observable under loading when samples experience additional
microcracks causing failures. A low-stress level, a lower-quality specimen mixture generates high AE. In contrast, AE generation in-
dicates higher specimen quality for a low value initially. In this study, we propose that the failure rate corresponds to the cumulative
AE hit occurrence; discovering an AE hit indicated the occurrence of cracks inside the specimen, with crack accumulation triggering
specimen failure. The failure rate was then analysed using the Weibull distribution to evaluate the specimen quality. The cement

Fig. 6. Cumulative hits vs. stress level of an exemplary specimen of AAM-IV.

y=0.5175x - 0.197

Cummulative Hits
=

QS

,»Q ,\_}Q D&Q ‘UQ ‘QQ z\Q %Q qQ \QQQO,@
Flexural Stress Level of AAM IV (%)



Y. Tajunnisa et al. Heliyon 9 (2023) e21512

quality in the mortar is based on the probability of crack occurrence at each stress level until the specimen fails under flexural loading.

The correlation between the stress level and number of AE hits is presented in Figs. 10 and 11. Fig. 10 shows an example of the
fracture process according to the relationship of the AE hits vs. the stress level in AAM-IV, which contains 5 % M. The graph presents
small AE activities during the initial (stress level = 0-33 %) and middle (stress level = 33-67 %) stages under the flexural loading test,
with AE activity significantly increasing during the final stage. This behaviour reveals that the fracture process on the AAM-IV
specimen includes several microcracks, which occur at the final phase of the first stage (stress level of approximately 33 %) or the
beginning of the middle stage. The crack continues expanding during the middle stage (at a stress level range of 33-67 %). Finally,
AAM-IV reaches failure during the final loading stage (stress level of 67-100 %). Fig. 6 presents an example of the fracture process
according to the relationship of AE hits vs. flexural stress level of an exemplary specimen of AAM-VI containing 15 % micro silica. The
AE activity during the initial stage (stress level of approximately 0-33 %) was zero. In the middle stage, at the beginning (stress level =
33-76 %), slight AE activities appeared when the flexural stress was approximately 35 %; in the final stress stage, the AE activities
increased significantly.

Fig. 7 results imply that the AAM-VI fracture process did not include cracks during the first loading stage, with slight microcracks
merging into bigger cracks during the middle stage. Finally, AAM-VI experienced the failure point during the final stage of the flexural
loading test. A higher AE amplitude at large numbers in the AAM-VI specimen indicates a faster crack growth before failure.

The above results reveal that the AAM-VI mortar possesses a better or more ductile, less brittle, or more robust behaviour than
AAM-1V, as shown in Figs. 6 and 7, with the cracks growing inside the AAM following the trend of flexural strength level. The flexural
strength of AAM-VI (8.9 MPa) was higher than that of AAM-IV (6.7 MPa), further implying that the flexural strength of the mortar is
suitable for the fracture process of the specimen.

3.3. Probability of failure during flexural loading evaluated by the Weibull distribution

The flexural strength (%) is denoted by x, the Weibull distribution contributes with a distribution for the failure rate, f(x) is the
cumulative number of AE hits at x, m is the Weibull shape parameter, and f is the Weibull scale parameter. The cement type quality is
defined by

- f)=e H

m is termed as slope according to its graph. The shape parameter (m) indicates the type of failure based on the slope. If m < 1, high
AE activities are generated at a low-stress level; m = 1 shows a constant failure rate, indicating a random failure. When m > 1, the
failure rate generally increases with time, but the AE and fracture occurrence are less likely at a low-stress level. Therefore, the
reliability of a material increases with m [33].

Figs. 8-13 present different Weibull distribution parameters to evaluate the qualities of various mixtures of specimens.

Fig. 8 shows the probability of failure during flexural load of three AAM-IV specimens with different amplitude filter values, which
are Fig. 8 (a) amplitude filter larger than 40, Fig. 8 (b) larger than 50, and Fig. 8 (c) larger than 60 dB. Fig. 8 (a) shows AAM-IV (with
amplitude filter values larger than 40) on three specimens of AAM-IV-1, AAM-IV-2, and AAM-IV-3 have a slight difference in the
gradient (m): 1 (1.98), 2 (2.44), and 3 (3.53), indicating that AAM-IV-1, as shown in Fig. 8 (a), AAM-IV-2 in Fig. 8 (b), and AAM-IV-3 in
Fig. 8 (c), have similar failure probabilities during the flexural loading test.

Fig. 9 shows the probability of failure during flexural load of three AAM-V specimens with three different amplitude filter values,
which are larger than 40 in Fig. 9 (a), 50 in Figure (b), and 60 dB in Fig. 9 (c). Fig. 9 shows AAM-V, which has a higher gradient when
the amplitude is higher. In AAM-V-2, gradient values of 5.64, 106.6, and 98.79 were achieved when amplitude filters larger than 40,
50, and 60 dB were used, respectively. The high gradient indicates that AAM-V-2 had the lowest failure probability in the flexural test.

The exact circumstances applied for AAM-VI and AAM-VII are shown in Figs. 10 and 11. The Weibull gradients had slight dif-
ferences when the amplitude filter value was higher than 40 dB, whereas the values had more significant differences when the filter
amplitude value was higher than 50 or 60 dB, indicating that the cracks that occurred at the initial stage of the stress were extremely
small and thin or that environmental noise may have influenced the procedure. Fig. 10 (a), (b), and (c) present failure probability when
a flexural load of three specimens of AAM VI, each with three amplitude filter values larger than 40, 50, and 60 dB. Fig. 11 shows the
failure probability of AAM VII, which has higher microsilica content and lower slag-fly ash content than other AAMs. Fig. 11 (a), (b),
and (c) apply AAM VII for three amplitude filter values larger than 40, 50, and 60 dB, respectively. Figs. 8-11 evaluate the qualities of
various mixtures by studying AAMs’ probability of failure during flexural load with different amplitude filter values.

Fig. 12 (a), (b), and (c) show the gradients of the OPC specimens obtained by the AE test with filter amplitudes larger than 40, 50,
and 60 dB. The overall result of the OPC test shows that each specimen has a similar average gradient, regardless of the filter AE
amplitude. The lower m indicates that the prisms of the OPC mortars have a higher failure probability than those of the AAMs under the
flexural loading test, owing to the relatively small gradient.

A filter amplitude higher than 50 dB is most suitable for determining the fracture process of various mortars during flexural loading
tests using AE. In contrast, 40 dB AE is considered environmental noise because it shows a low impact during the initial test; therefore,
the 40 dB AE filter amplitude is unsuitable for this research. The material cracks growing inside AAMs are consistent with the result of
the flexural strength.

Fig. 13 (a) and (b) summarise the overall Weibull parameters of AE hits of various mixtures during the flexural test using two filter
amplitudes higher than (a) 50 and (b) 60 dB. Macrocracks cause specimen failure when the amplitude is higher than 50 or 60 dB. The
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Fig. 9. Probability of failure during flexural loading of three AAM-V specimens with amplitude filter values larger than (a) 40, (b) 50, and (c) 60 dB.

highest gradient was achieved by AAM-VII (FA40G40M20) for specimen 3 at 5.94, using a filter amplitude higher than 50 dB. This
result suggests that AAMs containing more microsilica exhibit more ductile behaviours in the fracture process than AAMs (AAM-1V, V,
and VI) with less microsilica. According to the Weibull analysis using a filter amplitude higher than 50 dB, the most ductile mixture is
AAM-VII, followed by AAM-1V, VI, V, and OPC mixtures. The AAMs have ductile, better, or robust behaviours in the fracture process
and a lower probability of failure due to flexural strength than OPC.

This study validates previous findings [34], where the reliability of the AAM mortars was higher than that of an OPC mortar under
compressive loading.
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Fig. 10. Probability of failure during flexural loading of three AAM-VI prisms with amplitude filter values larger than (a) 40, (b) 50, and (c) 60 dB.
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3.4. Compressive strength vs. displacement

Fig. 14 shows the compressive strength vs. displacement curves of AAMs and OPC, revealing that AAMs have a slightly longer
displacement than OPC. Displacement tests were conducted to assess the ductility of the specimen mortar containing mixed variations.
The AAMs exhibited long deflections after the maximum strength. The graph indicates that the AAMs are more ductile in the fracture

process than the OPC mortar, confirming the reliability test result obtained through the Weibull distribution.
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Fig. 13. AAMs and OPC mixtures with filter amplitudes larger than (a) 50 and (b) 60 dB.
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We investigated the fracturing mechanism on four-composition AAMs and one-composition OPC mixtures using the AE-Weibull
analysis method during a flexural loading test. The AE activities inside the AAMs were considerably lower at the initial loading and
increased at the later stages. The reliability test showed that AAMs are more robust and reliable than OPC mortars. The ductility and
robustness of the samples increased with the addition of microsilica. The microstructure and compressive strength vs. displacement

characteristics corroborated the higher ductility of the AAMs, confirming the reliability test result.
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