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HIGHLIGHTS

« Mechanical properties of composite during long-term hardening period increase.

« Changes of properties are caused by continuing hydration and carbonation procesess.
« Hydration and carbonisation depends from Aly(SO4); and Ca(OH), ratio with cement.
« Qualitative analysis of the composite composition is conducted using X-ray and DTA.
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property analyses that depend on the type of binder. Such properties are determined after (7-90) days of
curing. Most scientists have focused on researching composites with lime (L) based binders. This work
focuses on composites with a cement (CEM) binder and FHS aggregate, and investigates the impact of
long-term curing (for 1 year) on the physical properties (density, compressive strength and thermal con-

Key words_: ductivity) of composites with non-treated and mineralized FHS (mineralization is performed with alu-
Hemp shiv .. . R .
Cement minium sulphate (AS) and hydrated lime (L)). In order to determine the causes of the changes in
Composite properties during long-term curing, changes in the mineralogical composition are analysed. X-ray diffrac-
Long-term properties tion, differential thermal and thermogravimetric analyses as well as research on the microstructure of the
X-ray analysis composites are implemented. The lowest change in properties due to inhibition of hydration is deter-
Mineralization mined for composites with a non-treated aggregate.

Mineralized aggregates are characterized by lower cement hydration capability over a long-term per-
iod. The change of properties after 1 year of curing depends on the AS/CEM ratio. For all 1-year cured
composites, there is a reduction in the peak intensities of C,S, C3S and ettringite, whereas there is an
increase in the peak intensities of calcite, (except for composition with the highest AS/CEM ratio -
AS30L18), Calcium Silicate Hydrate (CSH) and portlandite (except for the non-mineralized composition).
Lower ratios for AS/CEM (AS18L36 and AS21L42) and, respectively, higher L/CEM ratios in compositions
lead to the formation of vaterite. In addition, the above-mentioned composition has the highest L/CEM
ratio, which ensures that more hydrates participate in the carbonation process, thus leading to higher
compressive strength, denser composite structure and higher thermal conductivity due to higher heat
transfer by conduction.

© 2018 Elsevier Ltd. All rights reserved.
Abbreviations: CEM, cement; FHS, Fibre Hemp Shiv; AS, aluminium sulphate; 1. Introduction

CM, complex mineralizer; CSH, Calcium Silicate Hydrate; DTA, differential thermal
analysis; TG, thermogravimetry; L, lime; SP, superplasticizer.
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Fibre Hemp Shiv (FHS) is generally considered as a by-product
of long fibre and seed production [1]. FHS has a porous microstruc-
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ture [2] that determines the suitability of the material to be used
as an aggregate for light-weight concretes. The production of
the usual low-weight aggregates used in the production of
low-density concretes requires high temperature processing. For
example, production of expanded clay aggregates is carried out
by heating clay to around 1200°C; foam glass lightweight
aggregate production goes in at about 800 °C. It is understandable
that production at such high temperatures leads to high energy
consumption. In addition, in the case of expanded clay concrete
production, Aeratet Autoclaved concrete production fossil raw
materials are used, the amount of which is finite. FHS aggregates,
on the other hand, have a great advantages: the porous microstruc-
ture of the aggregate is created by nature; fossil raw materials are
avoided because FHS is a renewable resource, and hemp plant cul-
tivation leads to CO, absorption via photosynthesis. While the
energy efficiency requirements for buildings are becoming stricter,
light-weight concretes become more useful for the installation of
bearing structures in low-rise or multi-storey buildings, and the
ecology aspect is taken into consideration due to human needs
for environmental cleanliness and ecology. In order to develop
environmentally friendly, energy efficient materials at a competi-
tive price, it is advantageous to relate the agriculture and building
industries [3]. FHS with an L-based binder is widely used in the
construction sector as an aggregate for the production of hemp
concrete that can be used for renovating old building envelopes
or installing new ones (insulation of walls, ground and roof)
[2,4]. The main advantages of hemp concrete with an L binder
are sufficient thermal insulating and acoustic properties [5,8,9],
low environmental impact [6], and buffer moisture properties
[7]. However, their mechanical properties are rather low (up to
1 MPa) [10]. Such compressive strength is insufficient for the
installation of load-bearing structures. Higher compressive
strength may be obtained for hemp concrete when Portland
cement is used. In this case, a mineralization process is necessary
for the aggregates. With proper treatment (with AS and L) of the
FHS aggregate, a compressive strength of up to 8 times higher than
that of a composite without mineralized aggregates may be
obtained [14]. High effectiveness of mineralisation with AS and L
was also demonstrated by Thai researchers [49], who found that
compressive strength can be improved up to 4 times. The above-
mentioned authors also highlight that different amounts of AS
and L in various compositions have minimal influence on hemp-
concrete properties, and improved compressive strength can be
obtained by using only AS. Mineralization of FHS aggregates is a
process that neutralizes compounds harmful to cement hydration,
such as saccharides, fatty acids etc. [11]. Such materials mostly
consist of the following groups: terpenes, fatty acids, tannins and
inorganic materials [11,12]. It is determined that acidic tannin
derivatives (sugar acids, gallic acids, ellagic acids) inhibit
cement-binding behaviour and reduce the strength of cement
stone [15,16]. Water-soluble materials have the greatest inhibiting
effect [17]. Their compounds have HO-C-H groups that are consid-
ered as groups actively impeding the cement hydration process.
HO-C-H groups are absorbed on the surfaces of tricalcium
aluminate (C3A) and tricalcium silicate (CsS), thus forming a layer
on the cement grain that interferes with the penetration of water.
OH groups existing in carboxy acids are also considered as
adsorption groups. The hydration of C3A is strongly inhibited by

organic impurities. These impurities have an impact on the nucle-
ation of calcium hydroxide during the hydration reaction of C3S,
and also determine the prolonged period of the hydration inactiv-
ity state. Gluconates impede the hydration of all cement phases
[18]. Scientists [19] state that, in an alkali medium, AS is suitable
for the saturation of plant-based aggregates due to the formation
of water insoluble Al(OH); compounds (reaction 1) that fill the
pores and gaps:

Aly(SO4)35q) + 60H ) = 2AI(OH)5 , + 3507, (1)

Treatment with AS not only helps to avoid harmful effects on
hydration, but also the resulting Al(OH)s3 increases fire resistance
because its decomposition temperature is approximately (210-
300)°C [20]. Some authors have dealt with the impact of L treated
hemp on the mechanical properties of hemp concrete. Hemp fibres
fix calcium ions on their surface probably through the formation of
a stable calcium-pectin complex [21]. It is worth mentioning that
the treatment of plant-based aggregates with L is not suitable for
all mineral binders. Scientists have found a decrease in the com-
pressive strength of a composite with an MgO cement binder using
L-treated hemp shiv [22]. One study [23] analyses a similar con-
crete with plant-based aggregates, such as rice husk treated with
a lime solution. In this case, the treatment improved the compres-
sive strength of the final concrete, but no characterization of rice
husks after this treatment was provided in order to explain these
results. When L is used as an eco-friendly binder, carbonation con-
tributes towards strength as the plant-based concrete ages [24].

Frequently, the compressive strength of traditional concretes
and previously tested FHS-cement composites [14] is determined
after 28 days of hardening, however, building structures are
exploited over the long-term (the design working life for buildings
is 50 years [25], and the hardening process is still in progress).
Although the literature widely analyses the hydration processes
for traditional concretes [26,27], there is no thorough analysis of
light-weight concretes from mineralized plant-based aggregates.
Therefore, the impact of the component (AS and L in different
ratios) used for the mineralization of FHS on the long-term hydra-
tion of cement is not clear.

The main aim of this paper is to analyse the long-term curing
impact on a composite made from mineralized hemp shive with
a cement binder, as regards its properties, mineralogical composi-
tion and microstructure. The main objectives of this article are to
compare the physical and mechanical properties, mineral composi-
tion and microstructure of composites with a cement binder and
mineralized FHS aggregates cured over 28 days and approximately
1 year respectively. In order to justify the results of X-ray diffrac-
tion analysis, thermogravimetric (TG) and differential thermal
analyses are carried out.

2. Materials and methods
2.1. Raw materials

Hemp shiv aggregate is obtained from hemp (variety USO 31)
grown in Eastern Lithuania and used as an aggregate. FHS with a
size of (2.5-10) mm is used. The bulk density is 105 kg/m>. The
chemical composition of FHS is presented in Table 1.

Table 1
Chemical composition of FHS.
Raw material Cellulose Lignin Extractives Ash Hemicellulose Pectins
%
Hemp stalks 46.9 174 1.9 1.3 24.6 79
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CEM 1 52.5 R cement (CEM) according to EN 197-1 is used as a
binder. The chemical composition of the cement, wt. %, is as
follows: CaO - 64.02, SiO, - 20.09, Al,0; - 4.84, Fe,03 - 3.87,
SOz - 2.83, free CaO - 4.35, and the mineralogical composition,
wt. %: C3S - 65.8, C,S - 11.8, C3A - 5.2, C4AF - 7.8.

A complex mineralizer (CM) consisting of Aly(SO4)3-18H,0 (AS)
(pH 3.5) and hydrated lime (L) (particle surface area estimated by
Blaine method is 618 m?/kg) is used for FHS mineralization. Poly-
carboxylate ether-based superplasticizer (SP) Glenium 430 is used
for enhancing the rheological properties of the formation mixture
and the mechanical properties of the composite.

2.2. Composition and formation methodology

Preparation of the forming mixture was carried out using a 51
rotary mixer. The formation process of composites consists of
two stages - mineralization of the aggregates and preparation of
the forming mixture. Mineralization of the aggregates was carried
out according to the technology developed in Bialystok University
[13], which, in previous research [14], was adapted for FHS miner-
alization. Aly(SO4); and hydrated lime Ca(OH), were dissolved in
mixing water divided into two equal parts (the total water amount
for the mineralization process was 1.5-mgys, Wwhere mgys — mass of
hemp shiv aggregate). First, the organic aggregate was mixed with
AS solution for 3 min until homogeneous saturation. After waiting
15 min, L was added, and all components were mixed again for
1 min. The remaining amount of water was mixed with plasticizer
and cement. The cement paste obtained was added to the mineral-
ized FHS. A control sample was formed using the same forming
technology, except that the treatment of the organic aggregate
was carried out not with the AS solution but only with water.
The compositions of the forming mixtures are presented in Table 2.

For all compositions, the amount of SP was calculated as 0.9% by
cement mass C, W/C ratio - 0.32, FHS/C ratio - 0.25. Long-term
tests were conducted on four different compositions that had been
hardened for 1 year: the control sample (with non-mineralized
FHS); a composition with mineralized FHS, using a higher amount
of AS for mineralisation compared to L (AS30L18); the composite
which had the greatest compressive strength after 28 days
(AS18L36) and the composite with a higher amount of overall min-
eralizer (AS21L42).

2.3. Test methods

Specimens for all test methods were stored at (22 +2) °C and
(50 £ 5) % RH. For the density and compressive strength tests, the
conditioning conditions for the specimens were the same as the
storage conditions. For the thermal conductivity test, specimens
were dried at (100 £5)°C under constant mass before the test,
and then cooled to room temperature in a closed bag. The speci-
mens were tested after 28 days and 1 year of storage respectively.
The compressive strength of the composites was determined
according to the requirements of EN 772-1 using a Tinius Olsen
H200 KU laboratory pressing machine with maximum loading -
200 kN, loading accuracy *0.5%, positioning accuracy - +0.01%,

Table 2

Composition of the forming mixtures.
Codes of composites AS/L ratio AS/CEM ratio L/CEM ratio
Control - - -
AS18L36 1:2 1:0.045 1:0.09
AS21L42 1:2 1:0.053 1:0.11
AS30L18 1:0.59 1:0.075 1:0.045

AS - Aly(SO4)3; L - hydrated lime; CEM - cement.

and loading speed - 0.05 (N/mm?)/s. 5 specimens (100 x 100 x
100 mm) of each composition were tested.

Thermal conductivity tests were performed using a FOX 304
(LaserComp, USA) heat-flow meter apparatus. The measurement
range of the apparatus was from 0.5 W/(m-K) to 0.004 W/(m-K)
with centrally located heat flux transducers having dimensions of
(100 x 100) mm. The thermal insulating properties of the materi-
als were measured in accordance with EN 12664 and ISO 8301. 3
specimens (300 x 300 x 50 mm) of each composition were tested.
Measurements were carried out at an average temperature of 10 °C
(upper plate of the apparatus maintains a temperature of 0 °C and
the lower plate 20 °C). Specimens before the test were dried at
(70 £ 2)°C under constant mass, and then cooled to room temper-
ature in a closed bag.

The microstructure of the composites was explored with an “FEI
Helios NanoLab 650”scanning electron microscope, resolution —
0.8 nm. Before the tests, the specimen surfaces were coated with
a layer of gold; the accelerating voltage used during the test was
20 kv.

X-Ray diffraction (XRD) analysis was conducted using a
SmartLab (Rigaku) X-ray diffractometer with a 9 kW rotating
anode Cu X-ray tube (A=0.15418 nm). The XRD patterns were
measured using Bragg-Brentano geometry with a bent graphite
monochromator in the path of the diffracted beam. A high temper-
ature stage DHS 1100 (Anton Paar) was used. The quantitative
change of minerals in the XRD patterns was evaluated according
to the heights of the main diffraction peaks.

TG/DTA curves were registered with a Linseis STA PT-1600 ther-
mal analytical instrument up to 1000 °C (with a temperature rise
rate of 10 °C/min; air was used as the heating environment; the
weight of the specimens was (50 + 5) mg).

3. Results and discussion
3.1. X-ray diffraction analysis

The changes in the properties of the FHS and cement compos-
ites occur due to long-term carbonation and hydration processes
or polymorphic transformations during cement matrix curing. X-
ray diffraction patterns of the control (not mineralized) specimens
after 28-days and 1-year of curing respectively are presented in
Fig. 1.

In the control specimen without CM, diffraction peaks of port-
landite (P), which is the main component of hydration products,
are not identified after 28 days. Non-reacted cement minerals C3S
and G,S, ettringite (E), calcite (C) and small amount of CSH are
found. Usually, C3S and C,S undergo hydration to form P and
CSH, which is the principal contributor to cement strength [28].
However, materials harmful to cement hardening, which can be
found in plant-based aggregates, impede cement hydration. A very
small amount of sugars may considerably impede the hydration of
cement. Scientists [29] have determined that the addition of
0.15 wt% of sucrose to C3S paste prevented hydration for 56 days,
and completely eliminates the appearance of CSH. In the presence
of sugars, the single-phase hydration of cement is different [31,15].
CSH forms in very small amounts in the shape of fine derivatives.
During the interaction of sugars with C3A, the formation of the
hexagonal phase C4AH;3 is promoted instead of the cubic phase
C3AHg, and this retards gypsum consumption as well as the forma-
tion of E and monosulphate [30]. However, other scientists [32]
specify that, in the presence of sucrose, C3A reacts directly with
gypsum to form E and the reaction rate is significantly increased.

When the composition contains FHS, the silica concentration in
the cement paste increases because it cannot precipitate with cal-
cium to form CSH [35]. Sugars, which can trap calcium, act as a



G. Balciunas et al./Construction and Building Materials 188 (2018) 326-336

—1 Year

=
P i
=
-

Intensity, a.u.

=

H‘MM l\

W
WY waév WW W,.Muf vw

| — —
4 6 8

329

28 Days

E - ettringite;
C - calcite;
CSH - calcium hydrosilicate;

fox

ﬁ ),

‘J‘y | \ l

%\(l»w\ .ALJIFA_. ..” M)'

I‘N, gp’ww W,/

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

Difraction angle (20), degrees

Fig. 1. XRD of control specimens after 28-days and 1-year of curing.

growth inhibitor for CSH hydrates. FHS should induce the same
process because their chemical composition is close to the chemi-
cal composition of hemp. However, the very small amounts of CSH
observed show that minimum hydration processes of cement min-
erals have taken place. Therefore, as C,S hydrates slower than C3S
[35], it may be assumed that CSH is formed under hydration from
the former. Moreover, according to SEM investigation [17], C3S par-
ticles are covered by flaky CSH, thus poisoning the stable CSH
nuclei when sugars are present [31].

After 1 year, a lower amount of E is detected in the control spec-
imens. E is not stable without protective C-S-H gel layers [37] and
can slowly dissolve and reform in any available voids or micro
cracks as well as convert to calcium aluminate monosulphate
and other mineral forms [37]. Based on the above-mentioned stud-
ies, it may be concluded that the observed reduction of E is due to
the very small amount of CSH. Comparing the intensities of the
peaks of C after 28 days, it can be seen that after 1 year the inten-
sity is increased by approximately (10-15)%. In conditions of
humidity and temperature, CO, diffuses into a composite and
reacts with free Ca(OH),. Under usual positive air temperature,
favourable air humidity for carbonation is (50-60)% [38].
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28-day and 1-year X-ray patterns of AS18L36 composition are
presented in Fig. 2.

Besides E, C and CSH, P can be identified in 28-day specimens
AS18L36 with the lowest AS/CEM ratio. During previous studies
[15], it was determined that part of the Ca ions from CM bond with
FHS. Unreacted Ca ions from the mineralization reaction partici-
pate in the hydration reaction and more P forms. This is confirmed
by the higher diffraction peaks of P, E and CSH. The fact that AS has
an effect on the stimulation and formation of E is stated in [35,49].
Cement minerals hydrate more actively, which is proved by the
non-reacted C3S and C,S diffraction peaks that are considerably
lower (approx. 20%) compared to the control specimen.

A newly formed mineral - vaterite (V) - a metastable phase of
calcium carbonate, is observed in specimens after 1 year of curing.
Therefore, once V is exposed to water, it transforms to C (at low
temperature) or aragonite (at high temperature: ~60 °C) [39]. V
formation is basically determined by Ca(OH),, which gets into
the composite matrix in two ways: as a hydration product - P
and as one of the components of CM. The impact of moisture is
an additional factor for V occurrence. It is assumed that moisture
migrates through the specimen due to the hygroscopicity of FHS,
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Fig. 2. XRD of AS18L36 specimens after 28-days and 1-year of curing respectively.
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which absorbs moisture from the environment, and thus V forms
over a long-term period.

After 1 year, the intensity of the diffraction peaks of E and P is
reduced by approximately 10% but remains significantly higher
than those in the control specimen. During the year, the P/E ratio
changes from 0.57 to 0.63. As expected, the intensity of CSH
diffraction peaks increases. The reduction in the intensity of the
C diffraction peaks and V occurrence shows that the hydration pro-
cess (when FHS are mineralized) proceeds differently compared to
the control specimen.

28-day and 1-year X-ray patterns of AS21L42 composition are
presented in Fig. 3.

XRD of the AS21L42 specimen shows similar tendencies as in
the case of AS18L36 with the lowest AS/ CEM, and the same min-
erals can be observed after 28 days. For the AS21L42 specimen, it
may be seen that the diffraction peak intensities of E are lower
by (7-8) % in comparison to those of the AS18L36 specimen. This
is can also be seen from the lower P/E ratio (0.47). Despite the fact
that the AS and L ratio in CM is the same, the amount of CM in the
AS21L42 specimen is approx. 20% higher compared to that of the
AS18L36 specimen. AS is an acidic component and if its amount
is low [36], the formation of E is accelerated, because the formation

Intensity, a.u.
—— _—3
i

'ﬁ |
h\t\M J \3 \ ‘|
'?'H MN W" WM"VMMM u‘r\f“ﬂ‘

process is highly dependent on pH [38]. When the pH of the solu-
tion reduces, the formation of E is inhibited.

In 1-year AS21L42 specimens, V diffraction peaks are seen, and
the intensities of the diffraction peaks of C, E, C3S and C,S are
noticeably reduced compared to the intensities of the 28-day spec-
imen. Peak growth of P and CSH may be observed (up to 5%). Dur-
ing the year, the P/E ratio rises to 0.56, but this ratio is less than in
the AS18L36 sample after 28 days. After 1 year of curing, a general
reduction tendency of C,S and C3S peaks is noticed under the for-
mation of P, V, C and CSH in both specimens AS18L36 and AS21L42.

28-day and 1-year X-ray patterns of the AS30L18 composition
are presented in Fig. 4.

When the AS/CEM ratio and the AS/L ratio of CM is the highest,
changes in the mineralogy of AS30L18 specimens are also
observed. In XRD of the 28-day specimen, the existence of CsS,
C,S, E, P, CSH and C diffraction peaks is visible. The highest peak
intensity of E is observed, and this is probably obtained due to
the highest AS/CEM and AS/L ratio; a small amount of P is formed
as well. In the above-mentioned composition, the P/E ratio is the
lowest (0.29). After 1 year, the intensity of the E peak reduces,
but a considerable increase in the intensities of the P peak can be
observed, which is why the P/E ratio rises to 1.02. One more
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Fig. 3. XRD of AS21L42 specimens after 28-days and 1-year of curing respectively.
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Table 3
Diffraction peaks (arbitrary units) for specimens of 28-days and 1-year.
Control AS18L36 AS21L42 AS30L18
28 days 1 year 28 days 1 year 28 days 1 year 28 days 1 year
Ettringite 26 ~ 9.0° 275.0 267.0 318.0 293.5 345.5 3125 456.5 210.0
Portlandite 20 ~ 18.0° - - 181.5 185.0 164.0 175.5 132.0 215.0
Vaterite 26 ~ 26.8° - - - 148.5 - 157.0 - -
Calcite 20 ~ 29.2° 225.0 245.0 175.0 184.0 187.0 195.0 224.5 195.0
C3S 20~ 32.3° 282.0 273.0 246.5 231.5 255.5 263.5 169.0 149.0
C,S 20 ~ 32.0° 274.0 263.0 171.0 163.0 177.5 177.5 208.5 195.0
CSH 20 ~ 49.80° 81.0 110.2 105.1 1244 103.2 127.7 90.0 117.1
P/E 0 0 0.57 0.63 0.47 0.56 0.29 1.02

important difference - no V peaks occur in the specimen. Appar-
ently, at a higher amount of AS, more favourable conditions are
obtained for calcium ions to participate in the formation of P com-
pared to the carbonation process, which reduces. Table 3 presents
the intensities of the diffraction peaks for 28-day and 1-year
specimens.

3.2. DTA and TG of 28-day and 1-year composites

Differential thermal (DTA) analysis together with thermogravi-
metric (TG) analysis helps to evaluate whether the XRD analysis is
correct. DTA and TG curves are presented in Figs. 5 and 6.

The decomposition of a pure FHS sample consists of 3 exother-
mal effects such as hemicellulose at (260-300) °C, cellulose at
(300-340) °C and lignin at (400-440) °C (Fig. 5). Mass losses of
the FHS specimen up to 260 °C is 10%, on an interval of 260-
340 °C - 60% and 14% on an interval of 240-350 °C.

The decomposition process of wood (under vacuum) during
pyrolysis differs from decomposition in an air environment.
Decomposition takes place at the following temperatures: hemi-
cellulose - (200-260) °C; cellulose - (240-350) °C; lignin -
(280-500) °C [45].

It may be seen that DTA and TG curves of all specimens have
two endothermal effects at temperature intervals of (80-200)°C
and (700-800)°C, and one broad complex of inconspicuous
exothermal effects at a temperature interval of (200-480)°C. The
DTA curves of specimens with CM have an endothermal effect at
a temperature range of (480-520)°C, which is attributed to the
decomposition of P. We can observe that during the DTA/TG test,
FHS exothermal effects end a little earlier than the start of decom-
position in the cement minerals. So we can presume that the
decomposition of FSH has a minor effect on the DTA/TG of cement
minerals.

50 2
4 0
. 30 0
F 408
=
a
10 - 60
0 80
t
-10 -100
0 200 400 600 800 1000

Temperature, oC

Fig. 5. DTA (red) and TG (black) curves of HS aggregate. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Normally, during the endothermic effect at a temperature inter-
val of (30-105) °C the unbound and a part of the bound water are
removed. The evaporable water is completely eliminated at 120 °C
[40,41]. At a temperature of (100-200) °C, most of the cement min-
eral hydrates (calcium hydroaluminates, E, monocarboaluminates
[42-44] etc.), lose hydrated water and during the endothermic
effect (700-800) °C decomposition of C [45] is observed. The com-
plex of exothermal effects may be attributed to the decomposition
process of FHS. Mass losses of specimens with mineralized and
non-mineralized aggregate (control) obtained via the TG method
are presented in Table 4.

The mass loss of unbound water for the 28-day control speci-
men (up to 100 °C) is 1.50% (Fig. 9). Such a low mass loss is due
to intensive water evaporation during the 28-day storage. It is
assumed that a considerable endothermic effect with the mass loss
of 3.4% obtained at 125 °C arises due to decomposition of E. This
hypothesis is confirmed by XRD analysis and results presented in
the literature [43,46]. At a temperature interval of (155-165)°C, a
minor endothermic effect is observed with 1% of mass loss, and this
may be attributed to loss of water from part of the carboaluminate
hydrates [46]. At a temperature of (160-200) °C, there is a loss of
bound water from the decomposition of the CSH [47], and TG anal-
ysis of the 28-day control specimen shows only 0.38% of mass loss,
i.e. a minimum of CSH is formed. During the exothermal effect (two
exothermal maximums at 300 °C and 465 °C), the control specimen
loses 3.64% of its weight due to decomposition of cellulose and lig-
nin from the FHS. Decomposition of P in DTA and TG is not
observed. During decomposition of carbonates (700-800) °C, the
specimen loses 1.04% of its weight. The overall mass loss is 12.94%.

TG data up to 100 °C for the 1-year control specimen shows
1.19% of mass loss. Comparing TG data for 28-day and 1-year con-
trol specimens, the tendencies of endothermic and exothermal
effects are the same; except for the effect due to decomposition
of carbonates i.e. the mass loss is higher (1.20%) for 1-year speci-
mens. This is confirmed by XRD, where it can be seen that the
intensity of the C peak is increased. Overall mass loss after 1 year
is 11.36%.

In the DTA and TG curves for the 28-day composites with CM, a
higher amount of unbound water is observed, whereas active
water evaporation does not occur from the control specimen dur-
ing 28 days. For compositions with mineralised aggregates, the
mass loss of specimens (at temperature up to 100 °C) varies from
2.12% to 2.56%. The maximum temperature of the endothermal
effect in the control specimen is 121 °C, while in compositions with
didejanciu AS/CEM ratio are 127 °C, 130 °C and 140.3 °C respec-
tively. It is possible that, due to the higher amount of AS in CM,
more E and monosulphoaluminate are formed, and therefore, the
displacement of the endothermal effect is at a higher temperature.
At a temperature interval of (100-160)°C, the mass loss of the
specimen increases with the increasing AS/CEM ratio in composi-
tion, and varies from 8.5% to 10.1%. Specimens with CM are charac-
terised by a 4-6 times higher amount of CSH, and their mass loss
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Fig. 6. DTA (red) and TG (black) curves of a composite matrix. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 4
Percentage mass losses determined during the TG test.
Control AS18L36 AS21L42 AS30L18
28 days 1 year 28 days 1 year 28 days 1year 28 days 1 year
Up to 100 °C 1.50 1.19 2.12 1.54 2.15 1.44 2.56 1.64
Ettringite 100-160 °C 3.63 3.61 8.47 5.16 8.69 4.55 10.82 6.33
CSH 160-200 °C 0.38 0.41 1.85 1.55 2.06 133 2.46 2.35
Combustion 200-460 °C 3.635 3.31 6.2 6.12 5.84 5.80 5.86 5.61
Portlandite 480-550 °C - - 1.65 1.86 0.90 1.20 0.60 1.10
Carbonates 720-790 °C 1.04 1.20 5.50 5.8 5.0 5.9 4.0 5.76
Final 12.94 11.36 26.69 26.65 294 28.91 29.6 29.49
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varies from 1.82% to 2.46% compared to the mass loss of the control
specimen (0.38%). This means that a higher AS/ CEM ratio pro-
motes not only the formation of E but also of CSH.

An assumable, broad exothermal effect is visible in all the com-
positions, with the maximum at 300 °C, which is obtained due to
combustion residues of FHS. During combustion, the specimens
with CM lose approximately two times more mass, i.e. (5.82-
6.20)% compared to the control specimen (3.64%). One of the rea-
sons why a higher mass loss in specimens with CM is obtained,
is that the CM fixes calcium ions on the FHS surface, thus forming
a stable calcium-pectin gel complex, holding up moisture [47,48],
therefore, the degradation of hemicellulose and pectins occurs at a
higher temperature (335 °C). Another reason is due to the forma-
tion of insoluble AI(OH); on the FHS surface. When AS reacts with
OH™ ions during the mineralization procedure, insoluble Al(OH)3
fills the pores and gaps in the FHS. Its decomposition temperature
is in the range of (220-300)°C and contributes to mass loss in the
specimens.

It is likely that a few insignificant exothermal effects in the
thermograms at a temperature range of (350-440)°C are obtained
due to burning/incense of the cellulose and lignin in the FHS. The
decomposition peaks of P in 28-day specimens show that the most
of the P is formed in composition with the lowest AS/CEM ratio
(AS18L36), where the pH value supposedly is higher. It can be
assumed that this effect determines the highest strength proper-
ties of this composite. The highest AS/CEM ratio lowers the pH
value in the composite, which is why the composition AS211L42
has 30%, and composition AS30L18 even 60%, less P than the com-
position with the lowest AS/CEM ratio. This means that the less AS
is added, the more P is formed.

During decomposition of carbonates, the mass loss of speci-
mens with CM is from 4 to 5 time higher than that of the control
specimens (from 4% to 5.5% and ~1% respectively). It is assumed
that the higher the amount of L used in CM, the higher the carbon-
ation rate occurring during a long-term period. Whereas when CM
is not used, no P forms, resulting in a lower amount of carbonates.

Overall mass losses of specimens with CM are at least two times
greater compared to the control specimen. This shows that CM
assures more intensive hydration of cement and the forming of a
stable calcium-pectin gel complex. Therefore, compared to the
control specimen (where active evaporation of water occurs at
room temperature), water evaporation in specimens with CM at
room temperature and under heating is significantly complicated.

After 1 year, evaporation of unbound water decreases and the
mass loss at temperatures of up to 100 °C reduces in all specimens.
The mass loss reduces at a temperature range of (100-160)°C due
to the transformation of E, and at a temperature interval of (160-
200) °C as well. During the exothermal effect, specimens that have
been hardened for 1 year lose a relatively low amount of mass,
which means that CM sufficiently covers the surface of the FHS
and, during hardening, removal of water from the FHS is compli-
cated. The decomposition peaks of P show that its amount in spec-
imens is increased by (20-40)%. Mass loss due to the
decomposition of carbonates in specimens significantly increases,
up to 47% in specimens with the highest AS/CEM ratio. It may be
assumed that this effect is obtained due to the decomposition of
carbonates additionally formed during E transformation. The over-
all mass losses in specimens with lower AS/CEM ratio decrease
from 29.49% to 26.65% respectively.

3.3. Density

It was found that the density of specimens after 28 days of cur-
ing varies from 779 kg/m> (control composition) to 863 kg/m>
(AS18L36 composition) (Fig. 8), i.e. from 1.54% to 11%. The highest
average density value is obtained for composites with lower

AS/CEM ratios (AS18L36 and AS12L42). It is possible that the
reduction of density in composites with the highest AS/CEM ratio
can be attributed to a high amount of E, whose formation is caused
by a high amount of AS during the mineralization process. The
density of all 1-year composites is higher than that of the 28-day
composites (Fig. 7).

The highest density growth (4.52%) during 1 year is obtained for
AS21L42 specimens having the highest L/CEM ratio. This ensures a
more intensive carbonation process and the formation of new
intermediates (mostly vaterite) determining denser structure.
The lowest density growth (3.22%) is obtained for the control
specimen, due to the inhibition of the hydration process.

3.4. Compressive stress

When comparing the densities of the control specimen with
specimens where mineralised FHS was used, it can be clearly seen
that the density growth is quite low (10.8%, 8.8% and 1.5%), and the
growth of the compressive strength is a lot higher (4.5, 3.9 and 2.1
times). These differences can be explained by the difference in the
hydration products, because hydration in the composite with non-
mineralized FHS (control composition) is strongly inhibited; port-
landite formation does not occur, and only ettringite and CSH are
present. A higher AS/CEM ratio determines more intensive forma-
tion of ettringite, whereas a lower ratio promotes the intensive for-
mation of portlandite and CSH in the specimen. The highest
compressive strength in the composite matrix can be caused by
the highest P/E ratio and CSH amount, which are identified during
XRD patterns analysis. We can observe that increasing the AS/CEM
ratio in compositions after 28 days of curing determines the reduc-
tion of compressive strength from 8.03 MPa to 6.03 MPa (Fig. 8).
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After 1 year of curing, the compressive strength for all composi-
tions is increased from 2.8% to 4.5%. The higher strength increase is
obtained for the compositions with CM. As XRD analysis shows, the
increase in P is observed for the above-mentioned compositions.
According to the compressive strength results we obtained, such
composites can be used for building elements (for example blocks)
suitable for installing bearing structures in low-rise buildings or as
self-bearing elements in multi-storey buildings.

3.5. Microstructure after 28 days and 1 year.

Fig. 9 presents the matrix microstructure of 1-year composites
(magnification x3000).

As can be seen, the matrix of the control specimen is heteroge-
neous and has indefinite shapes. Large partially dissolved cement
grains as well as newly formed intermediates are observed. It
can be seen that there are a large number of cavities between
non-hydrated cement grains, and empty cavities remain due to
the evaporation of unbound water, which is confirmed by TG tests.
The above-mentioned cavities cause lower density and mechanical
properties. Fig. 9b shows that the densest matrix is obtained for the
AS18L36 specimen. It is homogeneous, and spaces between the
cement grains are a lot smaller. Apparently, the denser microstruc-
ture of the composite determines the highest mechanical proper-
ties. The microstructure of the AS21L42 matrix (Fig. 9c) is also
sufficiently dense, and spaces between grains are covered with
newly formed intermediates. Compare to the control specimen,
finer grains of cement minerals are seen in the AS30L18 matrix.
It may be assumed that the grains are partially dissolved, and this
is confirmed by the accumulation of fine newly formed intermedi-
ates on the cement grains; however, these intermediates do not
form a homogeneous matrix. The general view of the matrix is
slightly similar to that of the control specimen.

3.6. Thermal conductivity

Comparing the thermal conductivity values of 28-day and 1-
year specimens, it may be noticed that the thermal conductivity
of all composites increases during long-term curing. The increase
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Fig. 10. Thermal conductivity of 28-day and 1-year composites.

in thermal conductivity (Fig. 10) is probably caused by density
growth.

The lowest increase in thermal conductivity is obtained for the
control specimen and the highest - for the AS21L42 specimen.
Apparently, more hydration products are formed in this specimen
during cement hydration when a higher amount of lime exists, and
more hydrates participate in the carbonation process. As a result, a
denser structure is obtained, which causes higher heat transfer by
conduction.

4. Conclusions

After 28 days of curing, the CM promotes in mineralized speci-
mens with FSH a stable calcium-pectin gel complex forming on the
surface of the FHS, thus assuring more intensive cement hydration
and the formation of various hydration products. The higher AS/
CEM ratio in mineralized specimens determines more intensive
formation of ettringite, whereas a lower ratio promotes intensive
formation of portlandite and CSH. In the non-mineralized speci-
men (control composition), the hydration process is strongly inhib-
ited, and only ettringite and CSH are present. In 1-year cured
composites, the peak intensity of ettringite reduces, while the peak

Fig. 9. Structure of composite matrices at a magnification of x3000. (a) - Control specimen; (b) - AS18L36 specimen; (c) - AS21L42 specimen; (d) - AS30L18 specimen.
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intensity of calcite (except for the composition AS30L18 with the
highest AS/CEM ratio), CSH and portlandite increases. The lower
AS/CEM ratio and respectively higher L/CEM ratio in compositions
(AS18L36 and AS21L42) lead to the formation of vaterite. When the
AS/CEM ratio is the highest (AS30L18), vaterite does not occur.

The overall mass losses of specimens with CM during TG tests
are at least two times greater (by 2-2.2 times after 28 days and
by 2.4-2.5 times higher after 1 year) compared to the control spec-
imen, because when the AS/CEM ratio increases in compositions,
mass losses increase due to the following:

the evaporation of unbound water - from 40 to 45% after
28 days, and 21-38% after 1 year; ettringite decomposition — from
2.3 to 2.8 times after 28 days, and 26-75% higher after 1 year; CSH
- from 4.8 to 6.5 times after 28 days, and from 3.2 to 5.7 times
higher after 1 year; organic compounds - from 70% to 60% after
28 days, and from 87% to 69% higher after 1 year; portlandite -
from 1.5% to 0.6% after 28 days, and from 1.76% to 1.1% higher after
1 year; carbonates - from 5.5 to 3.85 times after 28 days, and from
4.45 to 4.7 times higher after 1 year.

The higher hydrated lime amount in CM provides an alkaline
environment and intense cement hydration, which is why the
highest average densities, equal to 863 kg/m> and 848 kg/m?, are
obtained for composites with lower AS/CEM ratios. The highest
AS/CEM ratio (AS30L18) determines lower density, which is
791 kg/m?>, possibly due to the higher AS content, providing an
acidic environment, and promotes ettringite formation. The high-
est L/CEM ratio in a composition ensures a more intensive carbon-
ation process, denser structure formation and the highest increase
in density during 1 year of curing. The lowest increase in density
(3.22%) is obtained for the control specimen due to inhibition of
the hydration process.

In comparison to the control composition, an increase in the AS/
CEM ratio in compositions leads to an increase in compressive
strength for 28-day specimens by 4.5, 3.9 and 2.1 times. The high-
est compressive strength is caused by the highest P/E ratio and CSH
amount in the composite. The highest increase in compressive
strength during 1 year, which is equal to 4.5%, is observed for the
compositions with a higher AS/CEM due to the P/E ratio increasing.

The lowest increase in thermal conductivity in 1-year speci-
mens is obtained for the control specimen, characterized by the
lowest density. The highest increase in thermal conductivity is
obtained for the mineralized compositions, especially for the
AS211L42 composition with the highest density and the highest
L/CEM ratio, which ensures the participation of more hydrates in
the carbonation process leading to a denser composite structure
and higher heat transfer by conduction.
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