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Shrinkage of mortar with the addition of wood biomass ash and recycled tyre
polymer fibres

In this paper, the possible synergistic effects of fly wood biomass ash (WBA) and recycled
tire polymer fibres (RTPF) on long-term autogenous shrinkage and drying shrinkage in
mortar were investigated, and the pore structures of mortar specimens with WBA and
RTPF were determined. The results showed that the use of RTPF and WBA has an effect
on the pore structure of mortars and thus on the results of autogenous shrinkage. When
WBA and RTPF were used, the autogenous shrinkage tended to decrease; however, this
was not the case for the drying shrinkage. The greatest reduction in autogenous shrinkage
was achieved by the addition of WBA and RTPF; autogenous shrinkage was reduced by
62 % after 90 days compared with the reference mixture.
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Izvorni znanstveni rad

Martina Grubor, lvana Carevi€, Marijana Serdar, Nina Stirmer

Skupljanje morta s dodatkom pepela drvne biomase i recikliranih polimernih
vlakana iz otpadnih guma

U ovom istraZivanju istrazen je moguci sinergijski ucinak upotrebe pepela drvne biomase
(PDB) i recikliranih polimernih viaka iz otpadnih guma (RTPF) na dugotrajno autogeno
skupljanje i skupljanje uslijed susenja, te je odredena struktura pora uzorka morta s
dodatkom PDB-a i RTPF-a. Rezultati pokazuju da primjena PDB-ai RTPF-a u mortovima
utjece na strukturu pora, a time i narezultate autogenog skupljanja. Kada se koriste PDBi
RTPF, autogeno se skupljanje smanjuje, sto nije slucaj za skupljanje uslijed susenja. Najvece
smanjenje autogenog skupljanja postignuto je dodatkom PDB-a i RTPF-a: autogeno
skupljanje smanjeno je za 62 % nakon 90 dana u usporedbi s referentnom mjesavinom.

Kljucne rijeci:
pepeo drvne biomase, reciklirana polimerna vlakna iz otpadnih guma, skupljanje uslijed susenja, autogeno

skupljanje, raspodjela veli¢ine pora
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1. Introduction

Incementcomposites, owingtoexposuretoacertaintemperature
and humidity, shrinkage frequently occurs owing to drying
caused by the withdrawal of water from the porous structure
of concrete by evaporation and diffusion [1]. The lack of water
for hydration causes the cement composition to dry, leading to
autogenous shrinkage. In other words, autogenous deformation
is the total macroscopic volume change in a closed isothermal
cement composite system [2, 3]. Volume deformation caused by
the shrinkage of cement composites is one of the main causes
of crack formation. Cracks in cement composites can increase in
size during use, increasing the risk of penetration of aggressive
substances from the environment into the microstructure of the
composite. Volume deformation depends on the composition
of cement composites, the temperature and humidity of the
environment, and the dimensions of the structural element [1,
2]. In addition, adjustments in the concrete composition and
the use of various chemical and mineral admixtures and fibres
can reduce the shrinkage of cement composites, including both
autogenous shrinkage and drying shrinkage [1, 4-71.

Numerous studies on concrete have shown that many industrial
waste products improve certain properties of concrete
depending on the purpose for which they are developed, making
them extremely valuable raw materials whose use reduces
harmful effects on the environment. Waste materials with
significant potential for use in concrete include wood biomass
ash (incineration ash produced when wood biomass is burned
in an industrial process) and recycled tire polymer fibres (by-
products of recycling waste tyres).

Wood biomass ash (WBA), produced by biomass incineration,
is @ complex mixture of inorganic and organic materials, the
volume, properties, and quality of which vary more than those
of conventional coal fly ash, depending on various parameters
[8]. Moreover, WBA consists of very small particles that can
be easily transmitted through the air, which can cause health
problems related to the respiratory system in populations living
near WBA landfills [9]. Moreover, if the temporary disposal of
WBA is inadequate, it can cause groundwater pollution [10].
However, research has shown that WBA can be reused in the
concrete industry as a substitute for cement or aggregates
owing to its properties and chemical composition [10-12].
The partial replacement of cement with WBA reduces drying
shrinkage [13-15]. Previous studies have concluded that lower
drying shrinkage values can be explained by the fact that WBA
acts as a filler rather than a binder. In a study by [16], 20 % WBA
from the bottom of a furnace reduced drying shrinkage by up to
11.9 % compared with the reference mortar mixture, and lower
hydration temperatures led to lower shrinkage values and a later
pozzolanic reaction of the material used. In contrast, reference
[17] indicated that 17.5 % fly WBA as cement replacement
had no effect on shrinkage, whereas higher proportions of
WBA resulted in higher drying shrinkage compared with the
reference mixture. This is because the dimensional changes are

primarily caused by the porosity of the material, and additional

pre-treatment with WBA (particularly additional burning

and removal of light particles) can positively influence drying
shrinkage. The characterisation of WBA (high free Ca0 and MgO
content) and volume stability ('soundness’) testing in reference

[18] suggested that the expansion potential of WBA can be used

advantageously to mitigate autogenous shrinkage problems by

using it as an expansive additive owing to its high free CaO and

MgO content.

Recycled tire polymer fibres (RTPF), by-products of recycling

waste tyres, are high-value materials used as a fuel in cement

production. However, most RTPF are still disposed of exclusively
in landfills. Owing to its low volumetric mass, ease of transport
by wind, and high flammability, approximately 250,000 t of this
waste material is generated annually in the EU [1S]. Recent
studies on RTPF have shown that the addition of this type of
fibre to a fresh concrete mixture does not affect the workability
properties of the concrete, while ensuring the reduction of early
age deformations and restrained shrinkage with an insignificant
effect on the compressive strength [19-24]. In addition, RTPF
prevent explosive spalling in heated concrete with insignificant
effects on the mechanical properties and durability of concrete

[25-271 and improves the behaviour of concrete when exposed

toaggressive environments[19,21]and the mechanical behaviour

under high strain rate and cyclic loading [28, 29].

In this study, the shrinkage behaviour and pore structure of mortars

containing fly wood biomass ash and recycled tire polymer fibres

were investigated. The main objectives of this study were to:

- determine the synergistic effect and influence of fly WBA and
RTPF on the long-term autogenous and drying shrinkage of
mortar

- determine the pore structure of mortar samples with fly
WBA and RTPF. In addition, the mechanical properties of the
fresh composites were investigated.

2. Materials and methods
2.1. Materials

In this study, the cement used was CEM | 42.5 R, which consists
of 95 % to 100 % Portland clinker and 0 %—5 % by-products. It is
characterised by a very high early strength, rapid setting time,
and the development of a high heat of hydration. In addition,
standardised quartz sand and potable water were used to
produce the mortars. The water was stored in plastic containers
under laboratory conditions to ensure a constant temperature
of 20 = 2 °C. In addition, recycled polymer fibres from waste
tyres, which are frequently heavily contaminated with residual
rubber during the mechanical recycling of waste tyres, were
used. Therefore, the RTPF were further cleaned using an
innovative device for cleaning fibres [15]. The properties of the
cleaned RTPF are listed in Table 1.

In this study, the fly WBA used was collected from a power
plant using grate combustion technology. WBA is obtained by
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Table 1. Properties of RTPF [20]

Length [mm] Diameter [pm] Density [g/cm?] Chemical composition
type 1 30.1+20
Approximately 60 % (poly ethylene-terephthalate - PET), 25 % PA 66
952456 type 2 20217 1.32 (polyamide 66) and 15 % (poly butylene terephthalate - PBT)
type 3 124+1.8

Table 2. Mortar mixtures

Mixture description/dosage

Mixture name
Fly wood biomass ash

Recycled tyre polymer fibres

M1 -- -
M2 - 2 kg/m?
M3 15 % WBA as cement replacement -
M4 15 % WBA as cement replacement 2 kg/m?

burning beech, oak, fir, and spruce at an average temperature
of 700-950 °C. During wood biomass combustion, the power
plant uses clean wood chips with impurities (soil and stones)
and residues from wood extraction, green wood chips (wood
chips made from fresh roundwood and residues from thinning,
including branches and tops).

2.2. Methods for WBA characterization

Thermogravimetric (TG) measurements of the WBA samples
were performed on a LECO TGA 701 instrument using a ceramic
vessel filled with approximately 1 g of the powder sample. The
temperature interval of the measurement ranged from 35 to
950 °C at a heating rate of 20 °C/min, using inert gas (nitrogen,
flow: 30 mL/min) to prevent oxidation during the measurement.
Before measurement, samples were dried at 35 °C for 15 min
to remove moisture.

The particle size distribution was examined using laser
diffraction using a SALD 3101 instrument (Shimadzu), with the
samples dispersed in an air stream at a pressure of 0.4 MPa.
Fraunhofer theory was applied to calculate the particle size
based on the diffraction angle.

The morphology of the WBA samples was observed via
scanning electron microscopy (SEM) using an SEM FE MIRA I
LMU instrument. Before imaging, the samples were sputtered
with a gold/palladium (Au/Pd) layer in argon (Ar) plasma.

The chemical compositions of the WBAs were tested according
to the procedure prescribed in EN ISO 16948:2015. Their pH
values were determined according to EN 12176:2005, and the
loss of ignition (LOI) was evaluated according to EN 15168:20009.
The density of the WBA was tested using the Le Chatelier flask
method according to ASTM C-188.

2.3. Mixture design and testing methods
The specimens were fabricated with CEM | 42,5 R cement,

potable water, and standard sand according to EN 196-1 [30].
The composition of the mortar was determined according to the

standard EN 196-1:2016 [30], with a mass ratio of CEN sand,
cement, and water of 3:1:0.5, and a water-binder ratio of 0.5.
Table 2 lists the different mixtures that were tested, including a
description of each mixture.

Cement mortar samples were prepared according to the
procedure given by [30]. The prepared mortars were poured
into steel moulds with dimensions 40 x 40 x160 mm. The fresh
state properties of the mortars were determined immediately
after mixing. After demoulding, the specimens were stored in a
humid room at 20 = 2 °Cand RH = 95 %, until the compressive
and flexural strength tests. A different curing procedure was
used for the drying shrinkage test. Table 3 shows the test
standards used to evaluate the mortar properties prescribed
in the experimental program and the number of specimens for
each property per mixture or age. All methods used to test fresh
and hardened concrete properties were standardised, except for
the methods used for long-term volume deformations and pore
size distribution.

Table 3. Tests methods

Number of
Test method Standard specimens (per
mixure/age)
Densit HRN EN 1015- B
v 6:2000/A1:2008
Temperature U.M1.032:1981 -

Pore content HRN EN 1015-7:2000 -

Consistence by flow HRN EN 1015~
table v 3:2000/A1:2005/ -
A2:2008
Compressive strength RN EN 196-12016 ;

and flexural strength

HRN EN 12617-

Gradevinar 4/2023

Drying shrinkage

4:2003

Autogenous shrinkage

Pore size distribution

Mercury intrusion
porosimeter
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2.3.1. Drying shrinkage

Manual measurements of the drying shrinkage were performed
on three prismatic specimens with dimensions of 40 x 40 x 160
mm?3. The specimens were stored at 21 + 2 °Cand RH 60 + 10
%. Measurements were performed at 1, 3, 7, 14, 28, 42, 56, 90,
and 365 days of age using a Graff-Kaufmann instrument, with
an accuracy of 1 pm.

2.3.2. Autogenous shrinkage

The autogenous deformation test was performed on prisms
with dimensions of 40 x 40 x 160 mm? according to [31].
Before the mortar was poured, the moulds were coated with a
polyethylene film (the area connecting the side films was sealed
with silicone, and the sealing areas of the measuring rappers
and side edges of the coated film were preferably sealed with
silicone). After casting, the specimens were taped to completely
prevent drying and evaporation of moisture (Figure 1.a).

The mortar was first poured into the mould to half the height
of the mould, and the specimen was shaken on a shaking table,
after which the mortar was poured up to the top of the mould and
shaken again. The specimens were sealed to eliminate moisture
loss. They were covered with plastic film and sealed with two
layers of tape. After 24 h, the specimens were demoulded and
immediately wrapped in two layers of aluminium foil, which has
been shown to be very effective in preventing moisture loss [31].
The prepared specimens are shownin Figure 1.band 1.c. When the
samples were wrapped in aluminium foil, an initial measurement
of the length and mass change was performed. The samples
were then placed in a plastic bag and stored in a humid chamber
at a temperature of 20 = 2 °C and a relative humidity (RH) of 95
%. The length and mass changes were measured after 1, 3, 7, 14,
28, 56, and 90 days. The measurement performance is shown in
Figure 1.c. Three samples were prepared from each mixture.

2.3.3. Mercury intrusion porosimeter on mortar specimens

Measurements were performed using a Micromeritics AutoPore
IV 9500 porosimeter, considering the Washburn equation and

Figure 1. Testing of autogenous deformation: a) prepared mould; b) samples coated with

aluminium foil; c) measuring rappers

assuming a contact angle of 130° and a surface tension of 0.485
N/m. All the MIP measurements were performed within a pressure
range of up to 414 MPa with an equilibrium interval of 10 s.
Before the measurement, the samples were cut into smaller
pieces. To stop the hydration, free water was removed by
immersing the crushed sample in isopropanol for 24 h. Excess
isopropanol was removed via vacuum filtration and washed
with diethyl ether to shorten the solvent evaporation time.
Before analysis, samples were oven dried at 60 °C for two
days. One sample was obtained from each mixture and curing
condition (RH of 60 = 10 % and temperature of 21 + 2 °C for
drying shrinkage and RH of 95 % and temperature of 20 + 2 °C
for autogenous shrinkage). The MIP results of the specimens
for drying shrinkage were marked as Mi-S, whereas those for
autogenous shrinkage were marked as Mi-A.

3. Results and discussion
3.1. Material characterisation

The chemical and physical properties of the WBA and cement
are listed in Table 4. Based on the chemical and physical
properties of WBA and the criteria of the standard EN 450-1
[32], a higher proportion of alkalis was observed, particularly
a higher proportion of potassium oxide, which is an integral
component of wood biomass [33]. The percentage of MgO was
6.17 %, exceeding the limits criteria specified by the standard
(<4 wt. %). Free Ca0 was not measured, but higher values can
be expected depending on the aging of the WBA [34]. Higher
amounts of free Ca0 and MgO must be avoided, as this can
lead to expansion, cracking, and strength loss of the hydrated
material [18]. Compared with coal fly ash [32], WBA has a
higher proportion of CaO and lower proportion of pozzolanic
oxides (Si0,, AlLO,, and Fe,0,), indicating lower pozzolanic
activity and pronounced hydraulic activity [35, 36]. The limits
for sulphates (= 3 wt. %), phosphates (=< 5 wt. %), and loss on
ignition (LOI) for class A (s 5 wt. %) provided in EN 450-1 are
satisfied by WBA as a mineral admixture in cement composites.
The cement particles had a finer distribution than in the WBA
sample (Figure 2.b).

In this study, aged WBA was used for
the mixtures, which was stored in closed
plastic bags for six months from the day
of collection from the power plant. The
shelf life and changes in the properties
of WBA in a closed environment were
investigated in detail in [37]. Because of
the high content of free CaO in the WBA
samples, a carbonation process was
expected, which means that free CaO can
spontaneously hydrate and carbonate
under humid conditions, thus reducing
the free CaO [38, 39]. This process is
beneficial for the application of WBA, as
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the proportion of free CaO can affect the volume stability and
durability when used in cement composites [18, 40].

Table 4. Chemical and physical properties of WBA and cement

Wood Criteria according to
Component CEMI1425R biomass HRN EN 450-1.
ash (WBA) % mass.
P,0, 0.217 1.97 <5
Na,0 0.846 0.57 /
K,0 1.25 8.10 /
Cao 59.8 57.93 /
MgO 2.01 6.17 <4
ALO, 494 3.4 /
TiO, 0.231 0.13 /
Fe,0, 3.15 2.1 /
Sio, 21.88 18.19 /
poszizf:ic 29.97 2343 =70
NazOeq 1.67 5.90 <5
S0, 333 1.7 <3
LOI (950 °C) 3.6 3.0 <5 for Aclass
pH - 13.15 /
d., pm 1.0 18.6 /

Author [38] examined the influence of fresh and aged WBA
on the volume stability of cement properties when WBA
was used as a cement replacement. WBA obtained directly
from power plants and used immediately as 10 % and 15 %
cement replacements in cement mixtures did not satisfy the
requirements of the standard EN 450-1 standard because it
contained a high percentage of free CaO (39.96 wt. %). However,
after WBA stabilisation, all the tested cement composites
satisfied the volume stability test criteria, with the maximum

a)

100 A \ r-20
r-15
80 -
r-1.0
-05
_ 60 g
32 s
5 Foo =
= =
(=
40 A Los
10
20 4
— fresh WBA
aged WBA r1.5
o S S S S S S S S S SR S S SR Y
0 200 400 600 800 1000

Temperature [°C]

free CaO content in the stabilised WBA samples being 20.49
mass %. TG measurements were performed to determine the
phase transformations of the collected (fresh) and aged (when
used) WBA (Figure 2a). Two phases were expressed: weight
loss of approximately 400 °C and weight loss greater than 600
°C. A significant decrease in mass loss greater than 600 °C is
attributed to a large proportion of CaCO,, whereas a mass loss
in the range of 400-500 °C is attributed to decomposition of
portlandite, Ca (OH), to Ca0 and H,0 [41]. In the aged WBA, a
higher portlandite content was visible, suggesting that free lime
is stabilised over time [371.

The SEM analysis of the WBA samples revealed mostly irregular
structures, inhomogeneous particle surfaces, and differently
shaped particles compared with coal fly ash (Figure 3). This
observation was consistent with previous studies [12, 42].

SEMMAG:800x  Det: InBeam s0um
Name:13_3 Date(miay): 12113/17

Figure 3. Micrographs of WBA and coal fly ash (magnification SEM _
MAG = 800x)

3.2. Fresh state properties

The test results for the fresh properties (pore content, density,
temperature, and consistency) are shown in Table 5, and the
influence of WBA and RTPF on consistency (by flow table) is
shown in Figure 4.

b} 100

=
. == WBA / f

I
. |}
50 r_, f
40 M
30 f

70

Q, (d)[%]

01 1 10 100 1000
D [um]

Figure 2. a) TG measurement of the fresh and aged WBA sample; b) laser diffraction of the materials used
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Table 5. Results of the fresh properties of the mortars

Properties M"Xt“re\ M1 M2 M3 M4
Density [kg/m?] 2205 2183 2174 2167
Temperature [°C] 223 223 22.0 215
Pore content [%] 5.9 6.5 6.0 6.0
Consistency [mm] 195 170 165 150

The consistency of all test mixtures ranged from 150 to 195 mm.
The results showed that the replacement of cement with WBA
and the addition of RTPF led to a decrease in workability. The
replacement of cement with WBA resulted in an 18 % decrease
in workability compared with the reference mixture M1,
whereas the addition of 2 kg/m? RTPF decreased workability
by 15 %. A significant decrease in workability was observed in
mixture M4 (with WBA and RTPF), where the loss of workability
was 30 % compared with M1. The temperatures of the mortar
mixes ranged from 21.5 °C (for M4) to 22.3 °C (for M1 and M2).

- 35

[ Consistency
200 4 —O—Temperature) 30
o
£ 150 - F25 %.
é < L20 3
9] [
5 100 15 g_
3
o =
2 0 2
S 50 4
5
0 - T T T Y
M1 M2 M3 M4

Mixture

Figure 4. Results of testing consistency and temperature

The density of the studied mixtures ranged from 2.17 kg/dm3
(for M4) to 2.21 kg/dm? (for the reference mixture without WBA
and RTPF). The differences in density between the mixtures
were up to 2 %, which showed that WBA and RTPF did not
significantly affect the mortar density. The results of the air
content test showed that the mixture with 2 kg/m? RTPF had a
higher value (6.5 %) compared with M1 (5.9 %). Thus, the addition

[ Compressive strength
—O— Pore content

2
)
)
J

50,2

Compressive strength [MPa]

0 T T T 4
M1 M2 M3 M4
Mixture

Pore content [%]

of RTPF led to an increased pore content of 10 % in the fresh
mortar. The replacement of cement with 15 % WBA had a minor
effect on the air content (up to 1 %). M4 with a combination of
RTPF and WBA also had a small effect on the air content (up to
1 %) compared with the reference mixture. The combination of
WBA and RTPF minimised the degradation effect of the fibres
on the air content.

The analysis of the mortar properties in the fresh state revealed
the influence of WBA and RTPF addition on the consistency
of the cement composites, i.e. a decrease in consistency from
15 % (M2) to 30 % (M4) compared with the reference. This was
consistent with previous studies on the use of WBA in cement
composites [17, 18, 34, 43-45]. Irregularly shaped and porous
WBA particles tend to absorb water, which can negatively affect
the workability of the composites [34, 46, 47]. The statistical
analysis in [34] showed the influence of alkali content on water
demand: the higher the alkali content, the higher the water
requirement. The WBA used in this study had a higher alkali
content than cement (5.90 % vs. 1.67 %).

3.3. Mechanical properties

The results of the compressive strength tests conducted at 28
days of age, together with their absolute deviations, are shown
in Figure 5.a. The compressive strengths of the tested mixtures
ranged from 50.2 MPa (for M4) to 74.1 MPa (for M2). Compared
with the reference mixture without fibres and WBA, the addition
of RTPF in an amount of 2 kg/m? resulted in a small difference
in compressive strength (increase of less than 8 %), whereas the
replacement of 15 % of the cement with WBA decreased the
compressive strength by 19 %. The compressive strength of M4
with 15 % WBA content and 2 kg/m?* RTPF decreased by 30 %
(50.2 MPa) compared with the reference mixture.

The results of the flexural strength tests conducted at 28 days
of age and their absolute deviations are shown in Figure 5.b.
The flexural strength values of the tested mixtures ranged from
7.25 MPa (for M3) to 8.17 MPa (for M2). Compared with the
reference mixture without fibres and WBA, the addition of RTPF
did not significantly affect the flexural strength (increase of
only 1 %), whereas the replacement of 15 % of the cement with
WBA decreased the compressive strength by 11 %. The flexural

b) 10 -
= 84
o
g 3
£ 6
=
[<7]
=
wn
B4
= |
x
%)
T
0 - 1
M1 M2 M3 M

Mixture

Figure 5. Average results of strength tests at 28 days of age: a) compressive strength; b) flexural strength
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strength of M4 with 15 % WBA content and 2 kg/m*® RTPF
decreased by 8 % compared with the reference mixture. For
these mixtures, we observed that the replacement of cement
by 15 % WBA reduced the flexural strength by approximately 10
% at 28 days of age.

The results of the mechanical properties (compressive and
flexural strengths) indicate that the replacing cement with 15
% WBA reduced the values after 28 days. The same trend was
observed for the mixtures in which RTPF and WBA were used.
However, we can generally conclude that mortars with a WBA
of 15 % have a compressive strength above 50 MPa, which is
acceptable for use in practice.

3.4. Dimensional stability

The drying shrinkage may reflect the dimensional stability of
cementitious materials in a drying environment. Figure 6 shows
the effects of WBA and RTPF on drying shrinkage for up to 365
days.

14
1.2
1,0
—_ 08 1
E
~
E 06
£ pum—
w 04 A —M2
—N3
02 e My
00 +—— . . . - . - . . . . .
0O 30 60 90 120 150 180 210 240 270 300 330 360

Time [days]

Figure 6. Drying shrinkage of mortars of different ages up to 365 days

The total drying shrinkage after 90 days in order of decreasing
values for the tested mixtures (Figure 6) was as follows: M1
(0.95553 mm/m = 0.0098) > M2 (0.908 mm/m + 0.0039) >
M4 (0.883 mm/m = 0.0063) > M3 (0.816 mm/m = 0.0053).
Furthermore, the total drying shrinkage after 365 days in order
of decreasing values for the tested mixtures was as follows: M1
(0.8683 mm/m + 0.0117) > M2 (0.8273 mm/m = 0.0042) > M4
(0.8250 mm/m = 0.0248) > M3 (0.7504 mm/m = 0.0198).

The results presented in Table 6 indicate that the partial
substitution of cementwith WBA and the use of RTPF contributed
to an average reduction in overall deformations of 5 % (M2), 17
% (M3), and 12 % (M4) compared with the control mortar after
90 days. After 365 days, a difference in the behaviour of M4
was observed. The contribution to the reduction in the overall
deformation was smaller that of the control mixture at 90 days;
the reduction was 5 %, whereas the other mixtures exhibited a
similar behaviour to that at 90 days. The largest contribution to
the reduction in drying shrinkage at 365 days of age s observed
in specimens with 15 % WBA as cement replacement, i.e. the
reduction in shrinkage was 14 %, which was almost equal to the
percentage of cement replacement by WBA. The same trend was
observed in [19], whose trend of decreasing drying shrinkage

was correlated with the proportion of free CaO: the higher
the proportion of free CaO, the greater the expected decrease
in drying shrinkage. When 2 kg/m? of RTPF were added, a 5 %
reduction in drying shrinkage was observed compared with the
control mixture. In a previous study, Chen et al. [48] observed
thatincreasing the RTPF dosage in mortar mixtures consistently
resulted in improved shrinkage performance, with the largest
improvement being 22.43 % (for a mixture containing 2 % RTPF
by volume) compared with a mixture without RTPF. Serdar et al.
[22] observed a different trend; the addition of RTPF at different
dosages had a minor or no effect on the drying shrinkage of
concrete. The reduction in drying shrinkage of the M3 samples,
where 15 % WBA was used, corresponded to a reduction in
cement content in the specimens. Additionally, in the mixtures
in which RTPF and WBA were used individually (M2 and M3),
shrinkage was reduced. However, no synergistic effect was
observed when used together in M4; the difference between
the control mixtures and M4 was the same as that when only
fibres were used. Therefore, we can conclude that the addition
of WBA had no effect on the drying shrinkage.

Table 6. Changes in drying shrinkage compared with the reference

mixture
Age M2 M3 Ma&
90 days -4.9 % -14.6 % -10.7 %
365 days -4.7 % -13.6% -5.0%

The results of the long-term autogenous shrinkage are shown
in Figure 7, and the relative decreases (positive values) or
increases (negative values) for specimens M2, M3, and M4
compared with the reference mixtures are listed in Table 7.

05

—_—M1
—_—M2
—M3
0.2 1 —M4

041

031
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Figure 7. Autogenous shrinkage of mortars at different ages up to 90
days

In this case, in terms of the autogenous shrinkage, the highest
values were obtained for M1, whereas the lowest values were
obtained for M4 with 15 % WBA and 2 kg/m? RTPF. The results
of the autogenous shrinkage test after 90 days were (absolute
value, from higher to lower) M1 (0.3577 mm/m = 0.0276) >
M2 (0.3346 mm/m = 0.0291 > M3 (0.1549 mm/m = 0.0554 >
M4 (0.1353 mm/m = 0.0123). The results of the autogenous
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shrinkage test after 90 days for M2, M3, and M4 were 6.4 %,
56.7 %, and 62.2 % lower than reference mixtures, respectively
(Table 7). This was particularly pronounced in M3 and M4, where
autogenous shrinkage was significantly lower, more than 15
% of cement was replaced with WBA. When comparing the
individual values of autogenous shrinkage for mixtures with
WBA and RTPF (M2 and M3), swelling occurred up to the age of
7 days (Figure 7 and Table 7) and disappeared with increasing
hydration time. One possible solution for controlling cracking
owing to autogenous shrinkage is to use materials that exhibit
initial expansion. The most common method for producing
expansive cement is the formation of ettringite, where
expansion occurs through the growth of preferentially oriented
ettringite crystals. Other possibilities include hydration of free
lime (Ca0) or periclase (Mg0) [49]. A detailed characterisation
of the WBA revealed high levels of free Mg and CaO [13, 18],
which could be used to reduce autogenous shrinkage. According
to previous studies, the reduction in autogenous shrinkage
is influenced by the production of the CH phase [50] and
the formation of ettringite [51] at early ages. The increased
autogenous shrinkage values at early ages for mixtures with
WBA can be explained by the formation of portlandite. The
maximum Ca (OH), content during WBA hydration was reached
after 3 days [18], which correlated with the swelling in the
autogenous shrinkage results. As the hydration progressed,
the proportion of portlandite decreased, indicating a pozzolanic
reaction. When studying the pozzolanic reaction of WBA
samples, reference [36] demonstrated that WBA alone reacts
with water-consuming free lime to form portlandite, which
then reacts with the available pozzolanic oxides. High values
of both the SO,/K,0 ratio and high value of free lime lead to
a decrease in initial shrinkage or an increase in initial swelling
[52]. Analysis of the test results after 90 days of measurement
showed that the addition of RTPF had a slightly positive effect
on the reduction of long-term autogenous deformations. Based
on previous studies [19-23], we can conclude that the greatest
contribution of RTPF to the reduction in autogenous shrinkage
is observed in the first 24 h after mixing. The effect of RTPF
on early-stage autogenous deformations can be explained by
the fact that the modulus of elasticity of the fibres is higher
than that of the cement composites at early ages; therefore,
the presence of these fibres has a positive effect on the stress
distribution and strain capacity, minimising the potential for
cracking under the tensile stresses generated by shrinkage. In
addition, the lower value of autogenous shrinkage in mixtures
with RTPF can be explained by the additional amount of water
available on the surface of the fibres, which may play a key role
in the reduced self-drying of cement composites and thus in
the reduction of autogenous shrinkage [19, 53]. Considering the
above results from previous studies on the positive effect of the
addition of RTPF on the reduction of autogenous deformations
and the results obtained in this study on the addition of
WBA significantly contributing to the reduction of long-term
autogenous deformations, a promising synergistic combination

is proposed for the reduction of autogenous deformations in
cement composites.

Table 7. Relative autogenous shrinkage compared with the reference

mixtures
Autogenous shrinkage
Days Mixture M2 M3 Ms
3 +307 % +615.0 % -708.0 %
7 -36.3% +140.6 % -65.4 %
90 +6.4% +56.7 % +62.2%

3.5. Pore structure

The pore distribution was measured at 365 days using the MIP
method, and both the cumulative and differential pore size
distributions are shown in Figure 8.

The differential pore size distribution (Figure 8a) of the Mi-A
samples showed that the M3-A sample was clearly prominent,
where a higher proportion of pores above 0.1 pm occurred,
which was not observed in the other samples. This was also
observed in the M3-S samples. The differential pore size
distribution was wider in the Mi-S samples than in the Mi-A
samples. This effect was also observed in the cumulative pore
size distribution (Figure 8), where samples cured at a RH of 60
+ 10 % and temperature of 21 = 2 °C (Mi-S) were much coarser
than those cured at an RH of 95 % and temperature of 20 = 2 °C
(Mi-A), which could be explained by suppressed hydration owing
to the lack of water at 60 % RH [54]. The influence of RTPF and
WBA addition on the pore structure was visible in the differential
pore size distribution of Mi-S samples: with fibre addition (M2-
S), the pore fraction less than 0.1 pm was higher, whereas the
opposite was observed with WBA addition (M3-5).

Based on the MIP measurements, several pore size
characteristics, such as the critical pore entry radius, median
pore diameter, average pore diameter, and porosity, were
analysed (Table 8). The critical radius is the inflection point on
the curve of intruded volume vs. pore size, i.e. the pore radius
corresponding to the peak value in the dV/dD curve [21], the
median pore diameter (volume or area) as the median value
is defined as the value at which half of the population resides
above this point, and the average pore diameter or mean pore
diameter is determined by the ratio between the total pore
volume and pore surface area [55]. The results for the porosity
of different sample curing times are shown in Figure 9, indicating
significantly higher values for the Mi-S samples. The individual
values of the critical pore entry radius for Mi-A were lower than
those for Mi-S regardless of the curing conditions, except for
the M2 specimens. All median and average pore diameters were
lower for the Mi-A specimens.

The addition of WBA affected the microstructure of the cement
composites. Reference [16] investigated the influence of WBA
as a cement replacement on the pore structure of mortars
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Figure 8. Differential pore size distribution (left) and cumulative pore size distribution (right) of: a) mortars samples cured at an RH of 95% and a
temperature of 20 = 2 °C and b) mortars samples cured at an RH of 60 + 10% and temperature of 21+ 2 °C

Table 8. Characterization of pore sized measured using MIP

Sample Critical pore Median pore diameter Median pore diameter . .

K Average pore diameter Porosity
mark entry radius (volume) (area) (um] %
[um] [pm] [pm] [pm] H °
M1-A 0.0474 0.0475 0.0066 0.0196 11.3361
M2-A 0.0474 0.0473 0.0061 0.0186 13.4669
M3-A 0.0290 0.0489 0.0066 0.0190 16.7449
M4-A 0.0447 0.0397 0.0056 0.0164 13.3432
M1-S 0.4332 0.1994 0.0136 0.0491 14.5890
M2-S 0.0447 0.2118 0.0384 0.0853 17.4389
M3-S 0.8359 0.4559 0.0360 0.1051 17.0786
Ma4-S 0.8315 0.3737 0.0137 0.0545 14.0046

and observed a change in the pore structure: after 28 days,
the samples with WBA exhibited an increase in total porosity
compared with the reference mixture (1.6 % to 9.0 % for 10 %, and
5.3 % to 9.4 % for 20 % WBA as a cement replacement). Similar
results were observed between M1-A and M3-A or M1-S and
M3-S: for 15 % cement replacement by WBA, porosity increased
by 47.7 % for M3-Aand 17.1 % for M3-S.

Based on [56], to gain better insight into the pore size
distribution as a function of curing conditions the authors in [55]
divided the measured pore distribution into four size ranges:
gel micropores (< 4.5 nm), meso-pores (4.5 to 50 nm), middle
capillary pores (50—100 nm), and large capillary pores (> 100
nm). This method was used in this study and is shown in Figure
10. The pore proportions, listed by diameter, were obtained

GRADEVINAR 75 (2023) 4,367-378

375




Gradevinar 4/2023

Martina Grubor, lvana Carevic, Marijana Serdar, Nina Stirmer

from the proportion of mercury volume in the pore size interval
to the total mercury volume within the specimen. The curing
conditions had a significant effect on pore refinement: the
proportion of gel and mesopores was higher for Mi-A specimens
(54.6 % for M1-A, 53.1 % for M2-A, 50.8 % for M3-A, and 56.9
% for M4-A) compared with those cured at 60 % RH (22.8 % for
M1-S, 16.5 % for M2-S, 14.4 %. % for M3-S and 22.9 % for M4-
S). The change in microstructure was clearly observed in the
change in mesopores (4.5 to 50 nm) in the Mi-A samples: with
WBA addition, the mesopores decreased by 5 %, in the samples
with RTPF by 3.6 %, whereas for M4, when WBA and RTPF were
added, mesopores increased by 3.7 % compared with the control
mixture. In the Mi-S samples, microstructural changes were
visible in the form of a decrease in the middle capillary pores (50
to 100 nm) and an increase in the large capillary pores (> 100
nm) in M2-S, M3-S, and M4-S.
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Figure 9. Porosity of blended cement mortars at different curing
conditions by MIP measurement (S - mortars samples cured at
an RH of 60 = 10 % and temperature of 21 £ 2 °Cand A - mortars
cured at an RH of 95 % and a temperature of 20 + 2 °(C)

Porosity [%]

The pore structure, which includes the porosity of cement
composites, pore size distribution, and pore morphology, plays
an important role in the autogenous shrinkage behaviour of
cement composites. The stresses caused by shrinkage lead
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Figure 10. Pore volume distribution measured using MIP with pore classification from
[42]: a) mortar samples treated at a relative humidity of more than 99.9 % and a
temperature of 20 = 2 °C; b) samples treated at a relative humidity of 60 = 10 % and

to different water saturations in pores of different sizes, and
the interconnectedness of these pores directly affects the
migration of moisture from saturated to unsaturated pores,
which ultimately affects autogenous shrinkage [57]. We
observed that the use of RTPF and WBA had an effect on the
pore structure of the mortars (Figure 10), and thus on the results
of autogenous shrinkage (Figure 7). The autogenous shrinkage
tended to decrease with the use of WBA and RTPF. Reference
[58] claimed that the volumetric percentage of 5-50 nm pores
is one of the main factors affecting autogenous shrinkage; the
larger the volumetric percentage, the higher the autogenous
shrinkage. These conclusions can be applied to this study: with
the addition of WBA and RTPF (M2 and M3), the mesopores
were smaller after 365 days, which was reflected in lower
values of autogenous shrinkage compared with the reference
mixture (M1). The synergic action of WBA and RTPF addition
for M4 was not visible in pore structure; the volume percentage
of mesopores was higher (3.7 %) than of reference, despite the
reduced values of autogenous shrinkage mixture.

4, Conclusions

The main objectives of this study were to determine the
synergistic effect and influence of fly wood biomass ash (WBA)
and recycled tire polymer fibres (RTPF) on the long-term
autogenous shrinkage and drying shrinkage of mortars and
to determine the pore structure of mortar samples with fly
WBA and RTPF. Tests were conducted on mortars in which the
cement was replaced with 15 % WBA per cement mass, and 2
kg/m3 of RTPF was added to some mixtures.

The greatest contribution to the reduction in drying shrinkage
after 365 days was observed in the specimens with 15 % WBA
as cement replacement, i.e. the reduction in shrinkage was 14 %,
which was almost equal to the percentage of cement replacement
by WBA. The addition of 2 kg/m?RTPF resulted inaslight reduction
in drying shrinkage. The results of this study indicated that the
addition of WBA and RTPF had no synergistic effect on the drying
shrinkage of mortar, whereas this was not the case for long-
term autogenous shrinkage. The greatest
reduction in autogenous shrinkage was
achieved by the addition of WBA and
RTPF; autogenous shrinkage was reduced
by 62 % after 90 days compared with the
reference mixture. The results showed
that the addition of WBA to mortars
significantly contributes to long-term
autogenous shrinkage, whereas this was
not the case with the addition of RTPF,
which had a minimal effect. In addition,
the use of RTPF and WBA affects the
pore structure of the mortar, and thus the
autogenous shrinkage results. With the
addition of RTPF (M2) and WBA (M3), the
mesopores were smaller after 365 days,
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which was reflected in the lower values of autogenous shrinkage
compared with the reference mixture, whereas the synergistic
effect of WBA and RTPF addition (M4) on the volume fraction of
the mesopores was not visible.

The results of this study are encouraging regarding the
synergistic effect of using WBA and RTPF to reduce autogenous
shrinkage. Nevertheless, future studies should investigate the
optimal amount of WBA and RTPF for the greatest reduction in
autogenous shrinkage while maintaining satisfactory fresh and
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