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Abstract: The effects of unoiled polyvinyl alcohol ( PVA)
1. 0%,
1.5% and 2.0% on the bending properties of alkali-activated
slag ( AAS) mortar plates were studied. Meanwhile, the
acoustic emission ( AE) technique and a high-speed camera
were utilized to detect the crack development over the
complete damage process, and the scanning electronic
microscopy ( SEM) was used to observe the fiber-matrix
interface. Test results show that PVA fibers play a significant
role in the toughness improvement of AAS plates. However,
the enhancing effect of PVA fibers on the bending behaviour
of AAS plates at 120 d is not as remarkable as at early ages. It
is observed that the failure process of the PVA fiber-reinforced
alkali-activated slag plate can be divided into three stages:
elastic stage, main crack formation stage and post-peak load
stage.

fiber with four different volume fractions of 0%,

Observations on the fracture surface of specimens
indicate that the deterioration process of specimens under
bending changed from fiber pull-out at 3 and 28 d to fiber
fracture at 120 d.
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ver the past decades, alkali-activated materials, es-
O pecially alkali-activated slag, have attracted a great
interest throughout the world due to their numerous ad-
vantages like low energy consumption'”, low greenhouse
gas emission"”
strong aggregate-matrix interface'” ', resistance to chemi-
cal attack'®”" and high reduction in chloride diffusion".
Plain alkali-activated material is a brittle material with
low tensile strength. This undesired behaviour can be im-

proved by inclusion of short discrete fibers to control the
[9-10]

, high early mechanical properties'”,
1451

initiation and propagation of cracks . The incorpora-

tion of fibers in AAS materials can substantially improve
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their engineering properties such as tensile strength, flex-
ural strength, shrinkage behaviour, resistance to fatigue,
impact, and thermal shock'"'™'. Partial replacement of
slag with metakaolin also brings positive effects to the
properties of the AAS system, such as prolongation of
setting time and enhancement of strength'" "'

The performance of fiber-reinforced composites de-
pends on the properties of matrix, fibers, and most im-
portant, the bond between fibers and the matrix. In PVA
fiber-reinforced cementitious composites, such as engi-
neered cementitious composites (ECC) invented by Li et

[14-15]

al. , the key factors affecting the composite are the

aspect ratio, dosage of fibers and the bonding between fi-

6
tel there are few refer-

bers and the matrix However,
ences concerning the influence of the PVA fiber on the
mechanical properties and damage process of alkali-acti-
vated slag mortar, especially at later ages. Lee et al. !
investigated slag-based alkali-activated mortar at 28 d re-
inforced by the oiled PVA fiber and achieved the feasibili-
ty of attaining tensile strain up to 4.7% . Natali et al. """
modified some properties of alkali-activated ladle-slag at
7 d by employing PVA fibers, and the enhancement in
ductility after the first crack load was obvious. Zhang et
al. """ investigated the behaviour of the short PVA fiber-
reinforced fly ash-metakaolin geopolymer boards at 28 d.
Their conclusion demonstrated that the incorporation of
high-volume PVA fibers changed the impact failure mode
of geopolymer boards from a brittle to ductile pattern.
AE technique has been used to monitor the initiation
and propagation of cracks in cement-based composites'*"!
(22231 " The commonly used
parameters of AE technique are AE hit, amplitude and
energy™ . The amplitude is defined at the peak of the
signal. The area under the envelope of the AE event is
defined as the absolute energy. The real-time change of
flaws is indicated by the activity degree of AE signals
which are expressed by the cumulative number of AE hits
that exceed the threshold limit. An AE hit can be directly
related to micro-cracking, and a sudden increase in cumu-
lative hits is usually related to the formation of macro-
cracking'™'. However, the use of the parameter “hits”
only provides an indication of the number of “events” and
does not quantify the magnitude of the acoustic events'* .

The intensity of AE signals is expressed by the character-

and fiber-reinforced concretes
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istic parameters of amplitude and absolute energy. The
large amplitude indicates the great degree of damage,
while small amplitude corresponds to the initiation or
propagation of micro cracks™ "
of high absolute energy are generally assessed to indicate

the formation of large fracture surfaces, such as macro
27, 29]

. The major AE waves

cracks'

In the light of the above mentioned facts, the aim of this
study is to improve the bending properties of AAS mortar
by the addition of low-price unoiled PVA fiber, and to de-
tect the damage process and failure characteristics of PVA
fiber-reinforced AAS mortar plates at a long curing age via
utilizing the AE system. The effects of curing age and fi-
ber dosage on the mechanical properties have also been in-
vestigated. As a result, the failure process of fiber-rein-
forced alkali-activated slag plates are revealed.

1 Experiment
1.1 Raw materials

Ground granulated blast furnace slag and metakaolin
are used as binding materials in this investigation. The

chemical compositions of the slag and metakaolin used are
presented in Tab. 1. The specific gravity of slag and
metakaolin are 2. 84 and 2. 1 g/cm’, respectively. The
blaine specific surface area and the average particle diam-
eter of slag are 436 m’/kg and 11.86 pum, respectively.
Industrial grade sodium hydroxide and industrial grade
water glass are used. Water glass has a SiO, content of
30.94 % and a Na,O content of 10. 76% . The silicate
modulus M, is 2.97.

Natural river sand with a maximum size of 0. 6 mm is
utilized as fine aggregate. The length and density of uno-
iled PVA fiber are 12 mm and 1.2 g/cm’, respectively.
The aspect ratio (length/diameter), tensile strength and
elastic modulus of the PVA fiber are 390, 1 350 MPa and
30.6 GPa, respectively. In general, the properties of un-
oiled PVA fiber are similar to those of the oiled PVA fi-
ber, and the cost of the former is approximately 1/8 of
the latter. However, the unoiled PVA fiber may be rup-
tured in a cementitious matrix due to its strong frictional

and chemical bonding to cement hydrates"™ .

Tab.1 Chemical composition of slag and metakaolin in mass fraction %
Composition content ~ w(SiO,) w(Al,O3) w( Ca0) w(MgO) w(Na, O) w(Fe,05) w(P,05) w(SO3) w(TiO,)
Slag 33.13 15.44 34.23 7.40 1.50 0.22 4.55 2.53 0.53
Metakaolin 51.46 43.11 0.22 1.66 1.73 0.50 0.36 0.03 0.82

1.2 Mix design and sample preparation

The binder is composed of 10% metakaolin and 90%
slag. Sodium hydroxide and sodium silicate are mixed to
provide a SiO,/Na,O molar ratio of 1.5 and the Na,O
content of 5% of the binder. The alkali solution is pre-
pared and cooled in advance. The water/binder ratio and
the aggregate/binder ratio of all the mixtures are kept
constant at 0.4 and 1.5, respectively. The volume frac-
tions of the PVA fiber are 1.0%, 1.5%, and 2% . Plain
specimens without fibers are cast for comparison purpose.

Initially, binder and aggregate are dry-mixed for one
minute and then fibers are gradually added by hands be-
fore the alkali solution is gradually added. The mixing
procedure lasts for about 3 min. After being cast into
steel molds (20 mm x 60 mm x 360 mm), fresh mixtures
are kept in a humid chamber ((20 +1) C and 90% rela-
tive humidity) for one or two days until demolded, and
then cured in the same chamber up to 3, 28, 60 and 120 d.

1.3 Test methodologies

The flow tests were performed to evaluate the work-
ability of fresh mixtures according to GB/T 2419—2005.
Instron 8802 machine was used to conduct four-point ben-

ding tests. The displacement control mode at a loading
rate of 0.5 mm/min was applied. The clear distance be-
tween supports was 320 mm and the mid-span was 106. 7
mm. The geometry of the test specimen and the test setup
are shown in Fig. 1.

AE sensor P P AE sensor
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Fig.1 A schematic view of a four-point bending test (unit: mm)

During the bending test, the displacement at the center
of specimens was measured by two linear variable differ-
ential transformers (LVDTs) fixed in the middle of both
sides of the specimen. Meanwhile, a PIC-2 system and a
camera were used, respectively, to collect AE signals and
record the crack development at a frequency of one photo
per second. Two resonant sensors (type R15) with a cen-
ter frequency of 150 kHz were attached by Vaseline on
the top surface of specimens. The parameters for AE test,
as shown in Tab. 2, are determined according to Ref.
[29].

Tab.2 Parameters of AE tests

Parameter Threshold/dB Pre-amp gain/dB

Filter/kHz

PDT/ s HDT/ s HLT/ s

Value 40 40

20 to 400 50 200 300
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2 Results and Discussion
2.1 Workability

The flow diameters of all fresh mixtures are given in
Fig. 2. With the increase of the fiber volume V| from O to
2%, a gradual decrease in the flow diameter of alkali-ac-
tivated slag mortars was observed. From Fig. 3, it can be
seen that the distribution of PVA fibers in mortars incor-
porated with high volume fraction fibers was not as uni-
form as in plain and low volume fiber included ones.
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Fig.2 Influence of fiber volume fraction on flow diameter

(b)

(©) (d
Influence of fiber volume fraction on workability of
mortar. (a) V; =0;(b) V;=1.0%;(c) V;=1.5%;(d) V;=2.0%

Fig. 3

2.2 Behaviour of mortars under four-point bending

The load-displacement curves of specimens with differ-
ent PVA fiber contents at different ages under four-point
bending are shown in Fig. 4. These curves, selected from
three replicated specimens of each group, represent the
closest one to the average mechanical performance. Gen-
erally, all the reference specimens without fibers exhibi-
ted a typical brittle failure, although the maximum load
capacity increased with the increase in curing age. At 3
d, the strain-hardening behaviour was found in all PVA
fiber-reinforced specimens. At 28 d, the overall loading
capacity increased; however, the strain-hardening behav-
iour was weakened. At 120 d, the strain-hardening stage

became very short, while the loading capacity increased.
After the ultimate load, the pull-out stages of the PVA fi-
bers in the specimens cured for 3, 28, and 60 d were ob-
served, although these stages became shorter with the in-
creasing curing age. At 120 d, two typical peaks ap-
peared on the load-displacement curves. The first peak
was correlated to the crack of the AAS matrix. With the
cracking of the matrix, the loading capacity dropped sud-
denly. Meanwhile, with the transferring of load from the
cracked matrix to fibers, the loading capacity began to in-
crease again until the second peak load where the fracture
of fibers occurred, and thereafter, the loading capacity
dropped quickly until the failure of the specimen.
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Fig. 4  Load-displacement curves of AAS mortar specimens
with different fiber contents. (a) 3 d; (b) 28 d; (c) 60 d; (d) 120 d

The average flexural strength, the displacement at ulti-
mate load, the toughness and the elastic modulus of three
tested specimens are shown in Tab. 3. The modulus of
elasticity in bending of AAS mortar was calculated ac-
cording to ASTM D6272—17. The toughness was calcu-
lated by integrating the area till 3 mm"" in the load-dis-
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Tab.3 Flexural strength, displacement, toughness and elastic modulus of AAS mortar specimens

Flexural strength/MPa

Displacement at peak load/mm

Toughness/(N - mm) Elastic modulus/GPa

Age/d Vi=  Vi=  Vi=  Vi=  Vi=  Vi=  Vi=  Vi= V= Vi=  Vi= V= v, =0
0 1.0% 1.5% 2.0% 0 1.0% 1.5% 2.0% 0 1.0% 1.5% 2.0%

3 3.6 5.3 5.9 56 032 1.56 1.70 1.12 57.9 693.2 9159 715.7 15.2

28 6.2 6.7 6.9 6.7 0.38 0.67 0.96 0.72 77.9 763.5 706.5 653.1 20.3

60 7.7 5.8 7.1 6.6 0.41 0.55 0.99 0.81 99.9 321.2 657.6 421.7 23.1

20 9.0 7.3 7.6 9.7 0.41 0.6 0.63 0.55 115.1 380.3 587.2 6I8.8 27.4

placement curves. It can be seen that the flexural
strength, the displacement at the ultimate load and the
toughness of specimens with PVA fibers at 3 d were
greatly enhanced, compared with those of specimens
without PVA fibers. At a later age, though the flexural
strength of specimens was not strongly affected by the ad-
dition of PVA fibers, the displacement and the toughness
were much obviously improved by the incorporation of
PVA fibers as well. Even if the displacement and the
toughness gradually decreased with the increase in curing
age, the toughness of specimens at 120 d with PVA fibers
was still much higher than that of specimens without fi-
bers.

2.3 Microstructure of specimens at different curing ages

The decrease of displacement and toughness of PVA fi-
ber-reinforced AAS mortars at later age can be explained
by the change of the their microstructure. First, the con-
tinuous hydration of AAS matrix densified the microstruc-
ture of the mortar. Secondly, the bonding between PVA
fibers and matrix became stronger with the increase in cu-
ring time. This change of microstructure also led to the
the deterioration process of specimens changing from fiber
pull-out to fiber pull-off. As shown in Fig.5, the fracture
surface of the specimen at 3 d was porous and rough with
relatively long pulled-out PVA fibers. At 120 d, the frac-
ture surface became dense and relatively flat with much
fewer and smaller pores and shorter fractured PVA fibers.
From Fig. 6, it can be seen that the surface of the PVA fi-
ber in the 120 d specimen was covered with dense AAS
hydration products, indicating the strong bonding between

W
b2
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(a)

(d)

(c)
Fig.5 Fracture surface of specimens with V; =2.0% fibers at
different ages. (a) 3 d; (b) 28 d; (c) 60 d; (d) 120 d

Fig. 6 SEM micrograph of PVA fiber and matrix from 120 d
specimens

the fiber and matrix. The reduction of toughness caused
by the increase of curing age is analogous to the effect
caused by the decrease of water/cement ratio, which also
leads to the compactness of the matrix of PVA fiber-rein-
forced cementitious composites .

The modulus of elasticity in bending of AAS mortar in-
creased continuously from 15.2 GPa at 3 d to 27.4 GPa
at 120 d. However, the elastic modulus of the PAV fiber
was only 30. 6 GPa. Therefore, the ultimate loading ca-
pacity of PVA fiber-reinforced specimens at 120 d cannot
be improved as significantly as those at 3 d. Generally, a
higher volume fraction of fibers in the matrix can result in
better performance; i. e., higher loading capacity and
better toughness but only if fibers can be uniformly dis-
tributed in the matrix. From Tab. 3, however, the influ-
ence of the dosage of PVA fibers on the performance of
specimens was scattering, since unoiled PVA fibers ten-
ded to “bundle” in the matrix when the fiber content in-
creased, and the “bundle” of fibers caused more flaws in
the matrix, leading to the
strength ™" .

decline of mechanical

2.4 Damage process monitored by AE technique

AE signals together with load-time curves of specimens
are shown in Figs. 7 and 8. For the specimens without
PVA fibers, the development of cumulative hits can be
divided into two typical stages. During the first stage, the
cumulative hits kept at a very low level till the end of the
corresponding linear stage. After the first stage, cumula-
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tive hits increased quickly in a short time, and the ampli-
tude and the energy of AE signals also became signifi-
cantly strong until the failure of the specimen. Mean-
while, the cracks rapidly propagated at this stage. Com-
pared with the 120 d specimen, the cumulative hits and
the amplitude of the signals of the 28 d specimen during
the first stage were much higher.
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Fig.7 The cumulative AE hits of AAS plates. (a) V; =0 at 28 d;
(b) V;=1.5% at28 d; (c) V;=0at 120 d; (d) V,=1.5% at 120 d

Consistent with Ref. [ 33 ], the cracking process of
PVA fiber-reinforced alkali-activated slag mortar plates
under bending can be classified into three typical stages,
i. e. , the elastic stage ( I ), the main crack formation
stage ( I ) and the post-peak stage ( Il ). As shown in
Figs.7(b) and (d), during the elastic stage, the cumu-
lative AE hits grew slowly since there was less damage at
this stage. Following this stage, a significant increase of

the cumulative AE hit was observed. During the sec-
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Fig.8 Absolute energy and amplitude of AE signals of AAS
plates. (a) V;=0at 28 d; (b) V; =1.5% at 28 d; (c) V; =0 at 120 d;
(d) V;=1.5% at 120 d

ond stage, crack propagation was impeded due to the
bridging effect of PVA fibers' "', Along with the gener-
ation and propagation of new micro-cracks and the contin-
uous stress transferring from matrix to fibers, cumulative
AE hit grew rapidly and continuously till a macro crack
was formed. This supported the opinion of Alam et
al. "’/ that a sudden increase in hits was related to macro
cracking. After the macro crack was formed, the loading
capacity of the specimen began to drop. At the final
stage, fibers were either gradually pulled out or fractured
and the macroscopic crack propagated to the top of the
specimen. Meanwhile, the increase of the cumulative hit
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number of AE signals slowed down since the damage only
concentrated at a localized zone with few new cracks.
With the increase of curing age from 28 to 120 d, both
stage Il and stage Il became shorter, although the corre-
sponding load was higher, which coincided well with the
decrease of the toughness with the curing age in Tab. 3.

Fig. 9 presents the photos taken by the high-speed cam-
era under different loading times of the specimen in Fig. 7
(b). From Figs.9(a) and (b), it can be clearly seen
that the appearance of the initial crack was at 49 s and the
visible main crack at 113 s.
the end of elastic stage and the end of the main crack for-
mation stage.

The results match well with

I o4 I : 1, 4
: Filier
bl
' . 4
' : : : ' )
. ] ] ,
k2 )
495 Y13 s l 2235
(a) (b) (¢)
i, 7 Ao G oy

l 298 s 374 s 500 s

(d) (e) (f)
Fig.9 Cracks at different loading times of specimen with V, =

1.5% at 28 d. (a) Initial cracking of matrix; (b) Cracking arrested
by fibers; (c) Fibers bridging cracks; (d) Cracking arrested by fibers
again; (e) Previously bridged fibers fractured and cracking arrested by
fibers ahead crack tip; (f) Fibers fractured

The increase of absolute energy at main crack forma-
tion stage Il is due to the formation of micro cracks at
closer intervals of time'™’ during the transferring of the
load from matrix to fibers. It is worth noting from Fig. 8
(b) that high-energy signals mainly concentrate in stage
I, rather than in stage II , where the external loading is
higher and many micro cracks are generated. It should al-
so be noted that the signals in the middle part of stage Il
are sparser. As shown in Figs.8(b) and 9, stage Il can
be further divided into three sub-stages by AE absolute
energy, i. e. peak Ill; valley M and peak IM;. As
shown in Fig. 9 (¢), the main crack developed signifi-
cantly during the first high energy stage Il ;, between 180
and 240 s. This high energy phase was related to the ex-
tension of micro cracks across fibers and then coalescing
into a macro crack in a localized zone. This process defi-

nitely caused the rapid drop of loading capacity as well.
Other studies indicate that crack extension through the
coarse aggregate will also emit many high absolute energy
signals'™’. In the middle “valley” stage Ill ,, the further
propagation of crack tips was arrested by fibers lying
ahead (see Fig. 9(d) ), thereby requiring a cumulative
driving force to further propagate. Fewer strong signals
were generated during this phase. Kim et al. ' reported
that the discrete jumps in the energy release in the fiber-
reinforced specimen can be explained in part by the fibers
acting to arrest cracks before they propagated across the
specimen. The second peak [l ; can be related to the
pull-out or fracture of fibers across cracks ( see Fig. 9
(e)) that generated high energy AE signals. Wu et
al. ™' also reported that very high amplitude signals emit-
ted by specimens near failure were generated by pull-out
and breakage of fibers. Finally, the macro crack propaga-
ted to the top (see Fig.9(f) ). Investigation on concrete
by AE technique"”'”’' showed that the absolute energy AE
signals presented two peaks and a softening phase between
the two peaks during the post-peak loading stage. Alam

2127 reported that the two peaks were related to mi-

et al. -
cro cracking and macro cracking, respectively, and that
the softening phase was due to the interlock or shielding
of aggregate in front of the notch.

From Fig.8(d), it can be seen that the energy of AE
signals at the post-peak load stage of specimen at 120 d is
relatively lower than that in Fig. 8 (b). This is due to the
dense structure of the matrix and the strong bond between
matrix and fibers which leads to the fracture rather than
pull-out of most of the PVA fibers. Due to the very
strong bond, it is possible that the signals generated dur-
ing the pull-out process of PVA fibers from AAS matrix
are stronger than those produced when PVA fibers are
broken.

3 Conclusions

1) Fiber inclusion influenced the bending behaviour of
AAS mortar plates dramatically. All of the PVA fiber-re-
inforced alkali-activated slag mortar plates exhibited
strain-hardening performance, although the increase in fi-
ber content did not show positive effect on enhancing the
matrix due to the undesirable distribution state of fibers in
matrix. With the increase of curing duration from 3 to
120 d, the toughening effect of the PVA fiber on the AAS
matrix was weakened gradually.

2) The deterioration process of specimens under ben-
ding changed from fiber pull-out at early ages to fracture
at later ages due to the gradually increased bond between
PVA fibers and the AAS matrix.

3) The cumulative hits, the amplitude and the absolute
energy of AE signals can be used to reveal the damage
process of specimens under bending. The failure process
of the PVA fiber-reinforced alkali-activated slag mortar
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plate can be divided into three stages: the elastic stage,
the main crack formation stage and the post-peak load
stage. The absolute energy signals of the post-peak stage
of 28 d PVA fiber-reinforced AAS mortar can be further
divided into three sub-stages, i.e. the peak, valley and
peak stages.

4) The energy of AE signals at the post-peak load
stage of specimens at 120 d was relatively lower than that
at 28 d due to the dense structure of the matrix and the
strong bond between matrix and fibers which led to the
fracture rather than pull-out of most of the PVA fibers.
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