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Abstract

The aim of this paper is to quantify particularly fracture properties of selected types of mortars prepared with an alkali activated binder
and hemp fibers. The main attention is focused on evaluation of three-point bending fracture tests of prismatic specimens with an initial
central edge notch made of alkali activated fly ash mortars. The load versus crack mouth opening displacement (F—~CMOD) diagrams
were recorded during the fracture tests and subsequently evaluated using the Double-K fracture model. This model allows the
quantification of two different levels of crack propagation: initiation, which corresponds to the beginning of stable crack growth, and
the level of unstable crack propagation. The course of fracture tests was also monitored by acoustic emission method.
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1. Introduction

The manufacturing of cement is highly energy intensive because of the extreme heat required to produce it, resulting
in high pollution, carbon dioxide (CO.) emissions and consequently in global warming and climate change. Producing
a ton of cement generates nearly a ton of CO; and alarmingly the cement industry alone emits around 7-10% of the
total CO» on Earth (Aitcin and Mindess (2011), Scrivener et al. (2016)). Since the cement production is permanently
growing by 2.5% annually, these numbers will become even worse. For that reason, there is the increased effort to
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developed innovative environmental friendly building materials as an alternative to ordinary Portland cement-based
concrete. The alkali activated materials (AAMs) belongs to a promising alternative to traditional cement (Provis and
van Deventer (2014), Shi et al. (2006)). AAMs are solid calcium silicate or aluminosilicate materials (so-called
geopolymers) formed by alkali activation of solid prime materials (metallurgical slags, coal combustion-based fly
ashes, ground granulated blast furnace slag, etc.). The manufacture of AAMs emits up to 80% less CO-, than that of
the ordinary cement.

The same like cement concrete, AAMs also belongs to quasi-brittle materials with low energy absorption capacity
under tensile load. To overcome this problem different types of steel or synthetic fibers are used in concrete.
Environmentally guided trend of research leads the use of sustainable alternative to steel and synthetic materials.
Naturally available fibers produced from different types of plants (e.g. hemp, flax) grown locally make a renewable,
biodegradable and relatively cheap alternatives (Zhou and Kastiukas (2017)).

The works published in technical and research papers are currently focused on of AAMs but unfortunately limited
information on the fracture properties of these composites is available in the literature (Sarker et al. (2013)). Therefore,
the main attention of this paper is focused on the evaluation of three-point bending fracture tests of prismatic specimens
with an initial central edge notch made of selected fly ash based geopolymer mortars reinforced with hemp fibers.
Especially, the attention is paid to the quantification of two different levels of crack propagation using the Double-K
fracture model (Reindhardt and Xu (1999), Kumar and Barrai (2011)). The initiation of cracks during the fracture tests
was also monitored by the acoustic emission method, e.g. Grosee and Ohtsu (2008).

2. Experimental part
2.1. Material and specimens

The prism specimens with nominal dimensions 40 x 40 x 160 mm made of geopolymer mortars were studied. In
total three set of specimens were tested. The first one was reference, designated as AAFAM, another two sets
contained different volume percentage of hemp fibers (0.5 and 1.0 %), designated as AAFAM_0.5 and AAFAM 1.0,
respectively. The power plant fly ash, sodium silicate solution as alkali activator, river sand with maximum grain size
8 mm, water and hemp fibers with length of 10 mm were used to produce the sets of specimens. All geopolymer
mortar specimens were prepared according to the previously optimized procedure by Komljenovic et al. (2010). More
details about mortars mix design, specimens’ production and curing conditions can be found in Simonova et al. (2018).

2.2. Fracture tests

Based on the test requirements, the test specimens were before testing provided with an initial central edge notch
and subsequently subjected to the fracture tests in the three-point bending configuration. The nominal depth of notch
was about 1/3 of the specimen height and span length was set to 120 mm. The fracture tests were performed in very
stiff multi-purpose mechanical testing machine LabTest 6-1000.1.10. The load range of testing machine is 0 to 1000
kN. The loading procedure was performed with the requirement of a constant increment of displacement which was
set to 0.02 mm/min. In this way, the diagram of loading force F in relation to the crack mouth opening displacement
CMOD during the fracture test was recorded. The CMOD value was measured using the extensometer (crack opening
displacement transducer), placed between blades fixed close to the notch, connected to the HBM Quantum X data
logger during the loading test. All measured parameters (time, loading force and crack mouth opening) were
continuously recorded into the data logger with a frequency of 5 Hz.

All performed fracture tests were accompanied by the measurements using the acoustic emission (AE) technique.
During the fracture tests, the AE signals were detected using four magnetic sensors (MDK-13) which were placed for
all specimens at the same positions (two sensors on the upper surface, two sensors in the longitudinal axis of the
specimen placed on its ends). The AE sensors were attached by magnets to the pre-prepared metal strips fixed by
beeswax onto the surface of the individual specimens. Measured AE signals were amplified by a 35 dB amplifier and
transmitted to the universal measuring and diagnostic system DAKEL-XEDO which was developed by the diagnostics
department of Czech company DAKEL-ZD Rpety. This equipment allows recording and digital processing of AE
signals. The overall fracture test configuration and positions of AE sensors can be seen in Fig. 1.
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Fig. 1. Fracture test configuration: detail of the specimen with position of sensors (1 — deflection sensor fixed in the measurement frame,
2 — extensometer, 3 — AE sensors).

3. Double-K fracture model

The Double-K fracture model was utilized to evaluate mechanical fracture parameters from F—CMOD diagrams.
In principle, this model combines the concept of cohesive forces acting on the faces of the fictitious (effective) crack
increment with a criterion based on the stress intensity factor (details can be found in numerous publications — e.g. in
Kumar and Barrai (2011). The advantage of this model is that it describes different levels of crack propagation: an
initiation part which corresponds to the beginning of stable crack growth (at the level where the stress intensity factor,
K™, is reached), and a part featuring unstable crack propagation (after the unstable fracture toughness, Kic*", has been
reached).

In this case, the unstable fracture toughness Ki™ was numerically determined first, followed by the cohesive
fracture toughness Kic°. When both of these values were known, the following formula was used to calculate the
initiation fracture toughness Ki.™:

KM = Kii® — K. (D

Details regarding the calculation of both unstable and cohesive fracture toughness can be found e.g. in Kumar and
Barrai (2011) or Zhang and Xu (2011). Calculation of parameter Ki."" is dependent on geometry function F(a;) which
is defined for the case of three-point bending configuration as:

1.99-a(1-a)(2.15-3.93-a+2.7-a?)

Fi(a) = (1+2-a)(1-a)3/2 ’

ac
and @ = o 2

where a. is the critical effective crack length and D is the specimen depth.

Generally, in the cohesive crack model, the relation between the cohesive stress ¢ and the effective crack opening
displacement COD is referred to as the cohesive stress function a(COD). The cohesive stress o(CTOD.) at the tip of
the initial notch of length ao at the critical state can be obtained from the softening curve. In this paper, bilinear
softening curve was used. When using the bilinear softening curve, two cases may occur. In case I (CTOD. < COD),

o(CTOD.) value can be determined according to the formula:
CTOD,

a(CTODY) = f, — (f = o) Tont, 3)

where f; is the tensile strength, in this case determined by identification, see details in Simonova et al. (2018), CTOD.
is critical crack tip opening displacement, see e.g. Kumar and Barai (2011), o5 and COD:; are the ordinate and abscissa



Hana Simonova et al. / Procedia Structural Integrity 13 (2018) 578-583 581
at the point of slope change of the bilinear softening curve, respectively. According to Petersson (1981), the o5 and
COD; values can be considered using the following equations:

o, = % f..and COD, = COD,, 4)

where COD. is the critical crack opening displacement. In this paper, COD. is calculated using value of fracture energy
Gr determined via work-of-fracture method, see details in Simonova et al. (2018), according to this formula:

cop, = 355, (5)
fe
In case II (CODs < CTOD.< COD.), o(CTOD,) value can be determined according to the formula:
US
O'(CTODC) = m (CODC - CTODC) (6)

Finally, the value of the load Fini was determined according to equation (7). This value can be defined as the load
level at the beginning of stable crack propagation from the initial crack/notch:

__awa
Fini = 5"’1(“0)'\/‘1—0’ @)

where W is section modulus (determined as W = 1/6-B-D?), S is span length, and F(ay) is geometry function according
to equation (2), where o (the ao/D ratio) is used instead of a.

4. Results

The mean values (and coefficients of variation) of the selected parameters obtained using Double-K fracture model
are summarized in Table 1: unstable fracture toughness K", the Ki™ / K" ratio, i.e. the ratio expressing the
resistance to stable crack propagation, the critical crack opening displacement COD., load level at the beginning of
stable crack propagation from the initial notch Fin and the Fini / Fmax ratio, i.e. the ratio between the load level at the
beginning of stable crack propagation and maximum load obtained during the test.

As can be seen from Table 1, the value of unstable fracture toughness is not significantly influenced by addition of
hemp fibers into the geopolymer matrix. On the contrary, the resistance to stable crack propagation, in this case
expressed by K™ / Kic'™ ratio, was increased up to 40% in the case of specimens with the hemp fibers in amount of
1%. The similar trend was observed in the case of load ratio, where the addition of hemp fibers in amount of 1% led
to increase of the load ratio about 55%.

Table 1. Mean values of selected parameters (coefficients of variation in %).

Parameter Unit AAFAM AAFAM 0.5 AAFAM 1.0
Fracture toughness K" MPa-m'? 0.493 (5.4) 0.503 (3.9) 0.504 (20.8)
K"/ Ko™ ratio - 0.415(19.8) 0.510 (5.5) 0.588 (16.9)
Critical crack opening displacement COD. mm 0.033 (25.2) 0.056 (26.3) 0.249 (27.2)
Load level Fini N 389.8 (23.3) 482.2 (9.6) 470.7 (1.7)
Fini / Finax ratio - 0.477 (17.2) 0.599 (4.1) 0.740 (5.8)

For selected specimen from each set, the records of three-point bending test in form of F~CMOD diagrams coupled
with acoustic emission results (AE counts) and outputs of Double-K fracture model (load level Fin;) are shown in the
Figs. 2 to 4. The capability to observe the damage propagation in real time during the specimens loading is one of the
AE measurement benefit (Ohtsu (2015)). Therefore, first occurrence of higher number of AE counts should correspond
to the beginning of stable crack propagation from the initial crack/notch, which is in this case also represented by the
load level Fini estimated by Double-K model.
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Fig. 2. F-CMOD diagram with AE counts for specimen AAFAM_2.
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Fig. 3. F-CMOD diagram with AE counts for specimen AAFAM 0.5 1.
Conclusions

The aim of this study was to quantify the effect of hemp fibers on crack propagation in geopolymer mortars. From
the presented experimental research results the following conclusions can be drawn:

+ the resistance to stable crack propagation increased up to 40% in the case of specimens with the hemp fibers in
amount of 1 %;

+ the unstable crack propagation is not significantly influenced by addition of hemp fibers into the geopolymer
matrix;

+ the estimation of beginning of stable crack growth from initial notch by acoustic emission method is in good
agreement with estimation based on Double-K fracture model.

The addition of fibers into alkali activated matrix should lead to reduction in the cracking tendency and
improvement in tensile properties of these materials. It seems that the obtained results comply with these assumptions,
but it is necessary to perform more tests to confirm these pilot results. One of the issue has to be solved is also the
degradation of natural fibers in alkaline environment, therefore it is important to monitored fracture behavior during
the material ageing.
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Fig. 4. F-CMOD diagram with AE counts for specimen AAFAM 1.0 2.
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