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ABSTRACT: The pulp and paper industry increases every year in Brazil, providing an important country position in international
market due to its production volume. However, because of this increasing, a large volume of wastes is generated. One of them
is a lime mud, resulting from the Kraft chemical pulping production process. Thus, the aim of this study was to evaluate the
replacement of hydrated lime by lime mud on laying and coating mortars production, in order to verify its feasibility for possible
application in civil construction industry. The 100% hydrated lime replacement mortar reached a 28-day compressive strength of
5.84 MPa. Finally, the results obtained in the experimental program showed that the 100% hydrated lime replacement mortar by
lime mud meets the normative requirements for multiple-use mortars.
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RESUMEN: Sustitucion de cal hidratada por lodos de cal, residuo de la industria celulosa, en la produccion de morteros de
uso multiple. La industria de celulosa y papel crece afio tras afio en Brasil. Sin embargo, debido a este aumento, se genera un
gran volumen de desechos. Uno de ellos es un lodo de cal, resultante del proceso de produccion de pulpa quimica Kraft. Asi, el
objetivo de este estudio fue evaluar la sustitucion de la cal hidratada por lodos de cal en la produccion de morteros para colocacion
y revestimiento, con el fin de verificar su viabilidad para su posible aplicacion en la industria de la construccion civil. El mortero
con 100% de sustitucion de cal hidratada por el residuo alcanzo6 5,84 MPa de resistencia a la compresion a los 28 dias. Finalmente,
los resultados obtenidos en el programa experimental mostraron que el mortero con sustitucion total de cal hidratada por lodo de cal
cumple con los requisitos normativos para morteros de usos multiples.

PALABRAS CLAVE: Lodo de cal; Mortero sostenible; Reciclaje de residuos.
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1. INTRODUCTION

The fast increase in the industrial waste amount
is one of the main reasons that has led countries to
adopt stricter environmental and sustainable pol-
icies. In Brazil, for example, the enactment of the
National Solid Waste Policy in 2010 was a milestone
in this regard. This policy deals with waste manage-
ment associated with logistics models, as well as be-
ing concerned with the destination of these wastes in
reuse actions. In addition, it legislates on the waste
final disposal in sanitary landfills in accordance to
the operational procedure standardized by the Bra-
zilian Association of Technical Norms (ABNT),
which recommends the waste intermediate coverage
in municipal solid waste landfills to control envi-
ronmental aspects such as waste transport by wind,
gas emission, odors and vectors presence. The Na-
tional Solid Waste Policy establishes guidelines for
increasing solid waste recycling, in order to reduce
its volume in sanitary landfills, with a consequent
increase in their useful life (1).

Solid waste management needs to be treated with
great care, both from an environmental and industri-
al point of view, as well as from a public health one,
so that these materials are disposed of in a safe and
economical way or, preferably, are recycled. Accord-
ing to (2), the lack of integrated solid waste manage-
ment policies and practices represents a threat for
sustainable development in cities. Thus, one way to
prevent an ecological unbalance is to use different
types of waste as raw materials in the production of
sustainable materials.

The use of industrial wastes for the development
of new materials has been the subject of several re-
searches in literature, as well as a theme of interest
to the generating segments, since their management
represents significant expenses, increasing occupa-
tion of spaces and responsibilities with the environ-
mental legislation. In addition, the adaptation of sev-
eral sectors to sustainable practices, such as waste
reduction, reuse and recycling, improves the com-
panies prestige, leads to attractive economic results
and reduces the risk of environmental obligations.

In the field of civil construction, actions aimed at
sustainability continue to face some resistance, both
from companies in the sector as well as the con-
sumer market. One of the great challenges of civil
construction is to reduce the consumption of natural
raw materials, as in the cement case, which produc-
tion requires the exploration of high levels of nat-
ural resources worldwide. Another example is lime
production, which requires the extraction of approx-
imately 2 tons of limestone for each produced ton.
Besides, it releases a large amount of carbon dioxide
into the atmosphere (3, 4).

Lime is widely used in mortars in civil construc-
tion. In general, multiple-use mortars are composed
of cement, lime and sand in amounts that vary ac-

cording to their application, e.g. blocks laying, walls
and ceilings covering, smoothing layers, among oth-
ers. Thus, the search for alternatives that reduce lime
consumption is important for sustainability in civil
construction. In this perspective, the replacement of
the hydrated lime, traditionally used in mortars, by
lime mud — a waste from the pulp and paper industry
- arises as a possible solution.

Lime mud is an inorganic solid waste generated
by the pulp and paper industry during the reagents
chemical recovery step in the Kraft process. This
chemical process is the most common in the cellu-
losic pulp manufacture however, it generates a large
volume of solid waste. This makes the process dis-
advantageous from an economic point of view, due
to the costs of disposal in landfills, and inappropriate
from a sustainable point of view, due to the environ-
mental impact generated (5).

Lime mud is predominantly composed of CaO
which is present in the form of CaCO,. Therefore, it is
worth noticing that the name of the residue studied here
leads to an erroneous association with reactive lime
(Ca(OH),), when, in fact, lime mud is predominantly
formed by limestone itself, that is, an inert material.

Studies on pulp and paper industry waste incorpo-
ration in the development of building materials have
been carried out, such as in fired bricks (6), geopol-
ymers (7), concrete (8), composites (9) and Portland
cement-based mortars (10).

The influence, on fresh and hardened states, of
cement partial replacement by lime mud in mortars
production was evaluated by (11). Cement dry mass
was replaced by lime mud at levels of 0, 10, 20 and
30%. Mortars mechanical strength was measured at
7, 28 and 90 days and showed no significant differ-
ences among all evaluated compositions. Mortars
capillarity was measured at a 90-minute period. The
higher the mortars lime mud content, the lower the
capillarity coefficient, a phenomenon attributed to
the filler effect of lime mud, that is, filling capillary
voids in cement matrix. (10) evaluated the influence
of using lime mud as a partial substitute for cement
in self-compacting mortars for floors. A reference
mortar with a ratio of 1:3 (cement:sand) was adopted
to be compared with substitution levels of 10, 20, 30
and 40%. The higher the mixture lime mud content,
the lower the mortars volumetric heat capacity. The
ultrasonic pulse velocity was reduced when increas-
ing lime mud and this was attributed to the high po-
rosity of the resulting mortars. The increase in po-
rosity caused by a higher water proportion was also
responsible for reductions in thermal conductivity
and volumetric heat capacity. Regarding mechanical
properties, flexural and compressive strengths were
reduced by up to 50 and 59%, respectively. Howev-
er, mortars up to 20% replacement reached the min-
imum standardized required strength.

A cement partial replacement by an “as received”
and a post-calcination lime mud in mortars produc-
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tion was made by (12). Lime mud calcination was
carried out at a relatively low temperature, between
650 and 750°C, which represents a lower energy con-
sumption than in ordinary industrial calcination pro-
cess to obtain lime. Cement partial replacements by
lime mud were at levels of 0, 10, 20, 30 and 40% by
mass. All produced mortars were tested at compres-
sion strength. Compressive strength was satisfactory
only for the 10 % non-calcined lime mud mortar (as
received lime mud) in relation to reference mortar.
As for mortars containing calcined lime mud, com-
pressive strength was satisfactory for replacement
levels of up to 30% in relation to reference mortar.
The better results of calcined lime mud mortars were
attributed to the increased residue reactivity in rela-
tion to the non-calcined (as received) residue.

Brazil, favored by its territorial dimension and
climatic conditions, has an important position in
international market of pulp and paper industry. As
a consequence, large volumes of waste are generat-
ed every year, reaching more than 15 million tons
in 2019 and 128 thousand tons of this volume are
lime mud. Furthermore, in paper manufacturing pro-
cess, it is estimated that for each pulp produced ton,
0.47 m* of lime mud is generated. Regarding lime,
the annual Brazilian production is around 7.8 mil-
lion tons (13).

These residues are usually disposed of in sanitary
landfills, which require large areas. In this way, the
potential use of these alkaline residues from pulp
and paper industry as raw materials in production of
construction materials and components, combined
with strict environmental legislation and licensing
processes, may represent an interesting alternative
for increasing the useful life of landfills, as well as
favoring the production of sustainable materials.

In this context, the present work used lime mud,
which is widely available in Brazil, for production of
multiple-use mortars with reliable properties in civil
construction. This work aims to evaluate hydrated
lime substitution by lime mud in the manufacture of
multiple-use mortars, as well as to verify whether
their physical, chemical and mechanical properties
are in accordance with standards prescriptions, thus,
allowing its reliable application in civil construction.

2. MATERIALS AND METHODS

2.1 Materials

In this work, a limestone blended cement type CP
II-F 32, a classification according to Brazilian stand-
ard, was used as the main binder for mortars pro-
duction. According to (14), CP II-F 32 cement has
an addition of limestone filler between 6 and 10%
and its applications range from reinforced concrete
structures to laying and coating mortars. The hydrat-

ed lime used in this work can be classified accord-
ing to (15) as CH-III type, as information provided
by the manufacturer. This lime type corresponds to
the less pure group in such classification. The pu-
rity degree affects both the final price and the per-
formance of the mortar containing this binder since
the lower the purity, the cheaper the mortar and the
worse its binding properties. The lime mud used in
this research was supplied by CENIBRA- The Jap-
anese-Brazilian cellulose company- located in the
city of Belo Oriente- MG. Upon receipt, the waste
was oven-dried at 100°C for 24 hours. Then, in order
to reduce impurities and adjust the particle size to
that of hydrated lime, lime mud was sieved through
a 75 pm sieve mesh. A river quartz sand (2.24 fine
modulus, 2.58 g/cm? specific mass) was used, as fine
aggregate. The sand was first washed on running wa-
ter to reduce any impurities that might be present
after, it was oven-dried at 100°C for 24 hours and
finally sieved through a 1.18 mm sieve mesh. Run-
ning water was used for all mortar mixes production.

2.2 Methods

The oxide compositions of cement, hydrated lime
and lime mud were obtained by energy dispersive
X-ray fluorescence spectrometry technique (EDX),
using a 3 kW tube and rhodium target EDX-700
spectrometer from Shimadzu. Lime mud and hy-
drated lime particle size distributions were obtained
by laser diffraction technique using a Shimadzu
SALD-3101 granulometer. The test was performed
under the following conditions: samples dispersed
in distilled water, stirring rate at 1500 rpm, 300-sec-
ond ultrasonic treatment, 19/0 obscuration (19%)
and dispersion time of 5 minutes. Mineralogical
characterization of raw materials and mortars was
performed in a MinFlex 600 (Rigaku) X-ray diffrac-
tometer Cu-Ka radiation line (40 kV/ 15 mA), 0.05°
step size, 15°min sweep speed and Bragg angles
(20) from 8 to 70°. In order to identify the crys-
talline phases, a comparison with diffraction peaks
of inorganic crystal structures recorded in Rigaku’s
PDLX 2.0 software database was performed. Lime
mud micrographs were obtained using a SUPER-
SCAN SSX-550 scanning electron microscope (Shi-
madzu), working at accelerating voltages of 15 or
20 kV as required, in backscattered electron imaging
mode (BSE). Thermogravimetric analysis (TGA)
was conducted for lime mud characterization as
well as monitoring hydrates formation in mortars. A
TGA Q5000 thermogravimetric analyzer (TA Instru-
ments) with a heating rate of 15°C/min from 35°C
to 1000°C under an oxygen environment was used.

The real specific mass of raw materials, excepting
sand, was determined with the aid of a Le Chatelier
volumetric flask, using the procedure defined in (16).
This method sets the way in which finely powdered
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materials real specific mass is determined, such as
cement, plaster, lime, among others. Sand particle
size distribution was determined following (17) and
its specific mass was determined by the pycnometry.

In this study, the volumetric proportion of 1:1:5
(cement:lime:sand) was adopted for mortars produc-
tion, because of its great use and because it meets
the requirements for small-scale applications. The
amount of water needed to achieve a normal con-
sistency (260 = Smm) was determined by the cone
trunk slump test according to (18) - Table 1. Five
different mixtures were prepared according to the
standard procedure (18), with different mass substi-
tution levels of hydrated lime by lime mud (LM).
Mixtures were named as LMO0, LM25, LM50, LM75
and LM100 where the numbers refer to the substitu-
tion level expressed in percent.

TaBLE 1. Mortars mix proportions (kg/m?).

Hydrated Lime

Mortar  Cement lime mud Sand  Water
LMO 165.9 165.9 0 829.6  215.7
LM25 165.9 124.4 41.5 829.6  215.7
LM50 165.9 82.9 82.9 829.6  215.7
LM75 165.9 41.5 1244 829.6 2157
LM100 1659 0 1659 829.6 2157

Once the composition of all five mixtures was de-
termined, cylindrical (50 mm diameter and 100 mm
height) specimens were produced in order to identify
the mortar with the best mechanical performance at
14 and 28-day axial compression test. Thus, six spec-
imens were produced for each mixture: 03 to be bro-
ken at 14 days and 03 to be broken at 28 days. Then,
the mechanical strength gain of the best mortar was
monitored at the ages of 1, 3, 7, 14, 21, 28 and 60 days
after casting, through axial compression and tensile
strength by diametrical compression tests (Brazilian
test). In this last test, there were also three specimens
of each age. After 24 hours pouring, specimens were
demolded and stored at laboratory conditions (23 °C
and 50% relative humidity) until the test date. In ad-
dition, technical feasibility of such mortar was evalu-
ated according to prescriptions in (19).

The axial compression test was conducted
in a 1000 kN capacity manual hydraulic press
(SOLOTEST) and 0.30 MPa/s of loading speed.
In order to ensure the load uniform distribution on
the specimen surface during the test, metallic plates
coated with neoprene discs were placed on each face
of the specimen following (20).

With the purpose of verifying whether the differ-
ence between the obtained means was significant,

two statistical tests were performed: Dunnett’s test
and Tukey’s test. Thus, the data were submitted to
the Shapiro-Wilk test to verify the residuals normal-
ity, and the Barlett test to verify the variances homo-
geneity, at a 5% significance level (21, 22). Once the
guesses were confirmed, the variance analysis was
performed using the F test at a significance level of
1% probability. After identifying significant differ-
ences between at least one of the treatments, means
were compared, considering LMO0 mortar as a refer-
ence treatment. The analysis were carried out with
the help of the computational software R, through
the RStudio interface (R Core Team, 2020).

After selecting LM 100 mortar to continue the re-
search, a detailed analysis of mechanical strength
gain was carried out as a function of time, at the ages
of 1, 3, 7, 14, 21, 28 and 60 days. For this purpose,
axial compression (23) and diametrical compression
(24) strength tests were carried out on three 100 mm
height and 50 mm diameter cylindrical specimens.

Lime mud effect on mortars hydration kinetics
was evaluated by an I-CAL 2000 HPC isothermal
calorimeter (Calmetrix). 100 g-mortar samples du-
plicates were monitored for 48 hours at 23°C.

In order to obtain more characteristics about
LM100 mortar, tests prescribed by (19) were carried
out. This standard provides the requirements for lay-
ing and coating mortars. Such requirements make it
possible to classify mortars and evaluate their tech-
nological feasibility.

2.2.1. Technological tests at fresh state

The mass density in the fresh state was deter-
mined according to (25). To perform this test, a
400 cm?® metal standardized container was used. The
standardized metallic container was filled up with 03
approximately equal heights mortar layers, applying
20 strokes in each layer with an upright position
spatula. Then, the container was three times dropped
on consolidation table. In the end, the container sur-
face was leveled with the aid of a metal ruler and the
set mass was measured.

The incorporated air content was determined ac-
cording to (26). This test uses a metallic cylindri-
cal container filled up with mortar and hermetically
closed with a lid, equipped with air valves and taps;
the necessary pressure for water injection and exit
from the sample was indicated on a manometer. The
container was filled up with three layers which were
manually compacted with 25 strokes each, using a
standard rod. Then, mortar surface was leveled and
the lid was placed so that the water was injected
into one of the faucets until its exit on the opposite
side. Once the taps and valves were closed, the air
was injected with the aid of a manual pump until
the pressure reached the initially indicated value on
manometer, allowing the direct reading of the incor-
porated air content.
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Water retention was determined according to
(27). To carry out this test, a modified 200 mm
opening Buchner funnel was used coupled to a
vacuum pump to make a mortar suction. Initially, a
plate containing a moistened filter paper was placed
on test funnel to ensure the tightness between them.
With the tap closed, the vacuum pump was activat-
ed until a 51 mm mercury suction was applied to
the system. Then, the tap was turned on for 90 sec-
onds to remove the excess water from filter paper.
Subsequently, the plate was filled up with mortar
and 16 strokes were evenly applied along the edge.
To ensure an homogeneous plate filling 21 strokes
were evenly distributed in central region; with
movements from center plate to its edge, excess
mortar was removed using a metal ruler, until a flat
surface was obtained. Then, the suction controlling
tap was opened again and a suction was applied to
the 51 mm mercury sample for 15 minutes. After
this procedure, the dish was removed from the fun-
nel and the set mass was measured.

2.2.2. Technological tests at hardened state

The bulk density test in hardened state followed
the methodology of (28). To carry out the test, three
40 mm x 40 mm x 160 mm prismatic specimens
were made. The specimens were casted in two lay-
ers, each layer was 30 times dropped on consolida-
tion table. After 28 days curing, height, width and
length of specimens were measured using a caliper.
It is worth mentioning that these measurements were
obtained in two or more different positions for each
dimension. Then, specimens masses were deter-
mined using a 0.1 g precision laboratory balance.

The test to determine capillary water absorption
and the mortar capillary coefficient in hardened state
was carried out in accordance to (29). This test deter-
mines a specimen capillary absorption as a function
of mass variation over time, until its stabilization.
To carry out this test, three prismatic specimens with
dimensions of 40 mm x 40 mm x 160 mm (height,
width and length, respectively) were made. The
specimens were casted in two layers, each one was
30 times dropped on consolidation table and tested
at 28 days.

Specimens surfaces were sanded with a coarse
sandpaper (n° 100). Then, a nylon bristles brush
was used to clean possible sediments deposited on
the surfaces. The initial mass of each specimen was
measured and, later, they were placed in a container
with water with one of the square cross-section faces
supported on its bottom. During the test, the water
level was kept constant (5 £ 1 mm) above the wa-
ter contacting face taking care to avoid wetting the
other surfaces. Specimens masses were determined
after 10 and 90-minute water contact. Before each
weighing, each specimen was previously dried with
a damp cloth.

The potential tensile bond strength test was per-
formed in accordance to (30). This test aims to de-
termine the maximum stress achieved in a lining
specimen, when subjected to perpendicular tensile
stress at a constant loading rate. Initially, a standard
concrete substrate was prepared. The substrate was
horizontally supported on a flat and firm base. With
the aid of a nylon bristles brush, substrate surface
was cleaned to remove dust or any other fragment
that could impair the mortar-substrate adhesion. A
wooden mold with an uniform depth of 18 £ 2 mm
was used to place the mortar on substrate. Then, the
mortar was pressed against the substrate to elimi-
nate voids and ensure an uniform mortar distribu-
tion over the surface. The surface was leveled with
a metal ruler and the set was cured in an horizontal
position under environment laboratory conditions
for 28 days. After 25 days curing, ten 1-mm depth
cuts were made in substrate, with the aid of a 50 mm
diameter hole saw. Cuts were made with a minimum
distance of 20 mm from each other, and distanced
from the edge by at least 40 mm. Great care was
taken when making the cuts, as they could interfere
with the coating integrity. After cutting the coating,
ten 50 mm diameter metallic inserts were glued us-
ing epoxy resin in the area delimited by the cuts. At
28 days, the test was performed by applying a per-
pendicular traction effort, using a SOLOTEST brand
equipment.

The flexural tensile strength and compressive
strength tests were performed in accordance to (31).
To carry out these tests, three 40 mm x 40 mm x
160 mm prismatic specimens were tested at 28 days
using an universal test machine (5582 Machine,
Instron), with a servomechanical drive system,
100-kN maximum capacity, and displacement rate
of 0.5 mm/min. To determine the tensile strength
in bending, the three-point bending tensile test was
used. Thus, the specimen was placed with its ends
resting on the device with a free span of 110 mm
and a constant load speed of 50 = 10 N/s which was
applied at its geometric center, until failure. The
specimen failure in bending happens practically in
the middle of the free span, that is, the specimen is
half divided. These halves were used to determine
the compressive strength. In this way, the new spec-
imen was placed between two metallic supports and
a constant load speed of 500 + 50 N/s was applied
until failure.

3. RESULTS AND DISCUSSION

3.1 Materials characterization

Figure 1 compares the particle size distribution
curves of hydrated lime and lime mud. Scanning
electron microscopy analysis is an analytical tech-
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nique that allows identifying morphological char- 100 g
acteristics of solid materials. In general, lime mud o -
microstructure is composed of cubic crystalline par- 2 ig El
ticles (Figure 2) a calcite characteristic (9), which °§ 20 i
was confirmed in the X-ray diffraction analysis (Fig- Fs0 L SR
ure 3). g3
X-ray diffraction allows the verification of the Cde—=== e oy
crystalline phases of materials. According to this 20 F
technique, the only crystalline phase identified in o | |
lime mud was calcite (CaCO,), as shown in Fig- OOOO [ S PO

ure 3. The thermogravimetric (TG) curve of lime
mud and its differential (DTG) is shown in Figure
4. An endothermic peak at approximately 730°C is
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Ficure 1. Particle size distribution by laser diffraction of hy-
drated lime and lime mud.
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FiGure 2. Lime mud micrographs: a) 2000x magnification; b) 5000x magnification.

observed along with a mass loss of approximately 10000 ¢
42%. This phenomenon is related to the CO, output 9000
during sample heating, resulting from the decompo- 8000
sition reaction of calcium carbonate existing in lime 1o
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mud (Figure 3), as shown in Equation [1]: % iiﬁ
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Table 2 shows the real specific mass of CP II-F 32 o =
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Table 3 shows the chemical composition of the Angle 28 ()
raw materials. It is noticed that the CaO percentage
present in lime mud is slightly higher than that of
hydrated lime. It is observed that lime mud is com-
posed of approximately 98% of CaO, related to the
causticizing process in the white liquor chemical
recovery phase. However, it is noteworthy that the %! \ /1
CaO identified in lime mud is related to CaCO,. In ! \/ |
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Ficure 3. X-ray diffractogram of lime mud.
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TaBLE 2. Real specific mass of raw materials.
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FiGure 4. TG and DTG of lime mud.
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hydrated lime, the indicated CaO is present in the
form of Ca(OH),. The other oxides, identified in
smaller amounts, are leftovers from chemical pulp-
ing process.

It is also noteworthy that the name of the residue
studied in this research induces to an erroneous as-
sociation with reactive lime, when, in fact, lime mud
is predominantly formed by limestone itself, that
is, an inert material. This behavior was confirmed
when analyzing the pozzolanic activity index (IAP)
of lime mud according to (32). The value found was
57%, which indicates low amorphous or reactive
content. To be considered a pozzolanic material, this
value must reach at least 75%, according to the re-
quirements prescribed in (33).

TaBLE 3. Chemical composition of raw materials (% by mass).

Oxide CPII-F 32 CH-1I1 Lime mud
Ca0O 82.740 95.520 97.787
Fe,O, 2.933 - 0.049
K,0 0.564 1.209 1.295
SrO 0.171 0.037 0.205
ZrO, 0.017 - 0.008
SO, 2.683 0.636 0.656
Sio, 10.471 2.597 -
MnO 0.103 - -
TiO 0.317 - -

2

3.2. Determination of the optimal proportion

Figure 5 shows the mean compressive strength
values of evaluated mortars at 14 and 28 days. It
can be observed that LM 100 mortar has reached the
best mechanical performance (4.6 MPa) at 14 days.
However, at 28 days, LM25 mortar has showed the
highest compressive strength, reaching 6.4 MPa.

The obtained results were first statistically ana-
lyzed by the Dunnett’s test. This test is suitable to
compare a reference treatment with other treatments,
when there is no interest in comparing the other treat-
ments among themselves (34). That is, each treatment
is compared separately with the control treatment.

At 14 days, the compressive strengths of LMO,
LM25, LM50 and LM75 mortars have showed no
significant differences among each of them. In ad-
dition, it should be noted that the LM100 mortar
average was the highest among the other treatments
average.

Statistical analysis of the 28 results has showed
that LM0, LM50, LM75 and LM100 mortars com-
pressive strengths are equivalent. Furthermore,
LM25 mortar average was the highest among the
other treatments average. Therefore, it is concluded

50 . 61 B4
I I I L

40
30
20
10
Loo L35 LEso

LTS 100
Substitution content (%)

Compressive strength (MPa)

FIGURE 5. Compressive strength at 14 and 28 days.

that the partial or total replacement of hydrated lime
by lime mud did not compromise the final product
compressive strength, on the contrary, the strength
has increased or remained unchanged in comparison
to the reference mix without any substitution.

The second statistical analysis performed on com-
pressive strength results was the Tukey test. This
test uses the same assumptions as the Dunnett’s test.
However, the Tukey test is considered more refined,
as it compares the average of all treatments against
each other, unlike the Dunnett’s test, which only
compares the averages only with a reference treat-
ment (35). At 14 days, the average values of LM25,
LM?75 and LM 100 mortars were statistically equal to
each other. On the other hand, LM 100 mortar aver-
age was higher than that of LM0 and LM50 mortars.

Finally, results of compressive strength at 28 days
showed that the average values of LMO, LM50,
LM75 and LM100 mortars were statistically equal
and all of them were lower than the LM25 mortar.

Although LM25 mortar has reached the high-
est 28-day compressive strength among all others,
based on results obtained through the two statistical
tests, LM 100 mortar represents a product with high-
er practical interest compared to the other mixtures,
since it was possible to replace 100% of hydrated
lime by lime mud without compromising the final
product mechanical strength. It’s also noteworthy
that it’s still obtaining the best environmental/sus-
tainable result, since it reduces the need for lime-
stone extraction and calcination, in order to produce
hydrated lime for Civil Construction.

Thus, LC100 mortar was chosen to continue this
research. From that moment on, due to the small
amount of available material and time, the other tests
were only performed on reference mortar and LC100
mortar, so that results could be compared. Therefore,
intermediate mortars results could not be obtained.

Furthermore, it is noteworthy that mortars com-
pressive strength values were similar even with
different replacement contents, as the filling effect
provided by the residue (filler effect) contributed in
a similar way to the hydrated lime reactivity.
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3.3. LM100 mortar mechanical strength
development

Figure 6 shows the LM100 mortar mechanical
strength gain over time. Regarding the axial com-
pressive strength, the most accentuated gain in
strength is observed, which occurs up to the seventh
day, followed by a relatively uniform increase up to
the 28th day. At the third and seventh day, the mor-
tar has reached an axial compressive strength of 50
and 68%, respectively, in relation to that recorded at
28 days.
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Ficure 6. LM100 mechanical strength development as a func-
tion of time.

Regarding the tensile strength by diametral com-
pression test, there was a more expressive increase
up to 14 days. Just as compressive strength, from
28 days onwards the strength value remained prac-
tically unchanged, showing again that the maximum
strength is reached at this age. At 28 days, the ten-
sile strength by diametrical compression has reached
0.8 MPa, which represents approximately 14% of
compressive strength at that same age.

3.4. Technological tests at fresh state

Table 4 shows the results of the technological
tests at fresh and hardened states, as well as their
respective classifications according to (19). It can be
seen that the replacement of hydrated lime by lime
mud has resulted in a small decrease (2%) in mortar
mass density at fresh state, but it does not represent
significant losses in this property. This is in accord-
ance to Table 2, since hydrated lime CH-III has a
little bigger density than that of lime mud.

Also according to Table 4, both LM0 mortar and
LM100 mortar are classified as D6. From a mechan-
ical point of view, this is a positive characteristic, as
this class mortars have a high mass density at fresh
state, which suggests a grains adequate packing and,
consequently, a low void index. On the other hand,
low-density values may indicate a lot of trapped air
inside the mortar, affecting the final product me-
chanical strength.

TaBLE 4. Technological tests at fresh and hardened states (19).

Result Classification
Testing ————  Unit
LMO LMI100 LMO LMI100
At fresh
state
Mass density

at the fresh 2047 2004 kg/m? D6 D6
state

Entrained air
content
Water
retention
At hardened
state

Bulk density
in hardened 1870 1800 kg/m? M5 M5
state

8 10 % - -

94 98 % us ué6

Capillary
water 13.13  16.51
absorption

g/dm*>min'?  C6 Cé6

Potential
tensile
adhesion
strength

0.25 0.16 MPa A2 Al

Flexural
tensile 1.65 1.53 MPa R3 R3
strength

Compressive

6.83 6.11 MPa P5 P5
strength

Note that the total replacement of hydrated lime
by lime mud in mortar caused a small increase of 2%
in the entrained air content. The Brazilian Associa-
tion of Portland Cement (ABCP) recommends an in-
corporated air content between 7 and 17% to ensure
adequate conditions in mortar application. There-
fore, it is observed that both LM0 and LM 100 mor-
tars present values within the recommended range.

According to (36), both entrained air content and
water retention are properties that directly influence
the workability and, consequently, the feasibility
of these mortars use. Excessive entrained air could
cause durability problems in cementitious materials
due to the matrix high porosity, allowing an easier
entry of CO,, as well as other aggressive agents, if
these pores are interconnected. These gases may re-
act with the cementitious paste and cause an weak-
ening to the final product (37).

According to Table 4, LM 100 mortar is classified
as U6, indicating high water retention capacity. It
can be observed that the replacement of hydrated
lime by lime mud caused an increase of 4% in the
mortar water retention. (9) obtained a 3.6% increase
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in water retention by replacing 10% of CH-III with
the primary sludge from pulp and paper industry.
This increase was attributed to the presence of cel-
lulose in the residue, as this material can lead to
formation of reactive components that favor water
retention (38).

This characteristic is favorable, because the
greater the water retention, the better the applica-
tion condition. The presence of water allows mortar
hardening reactions to be more gradual, promoting
proper cement hydration and consequently material
strength gain. Otherwise, the rapid water loss from
mortar to the substrate, over which it will be applied,
may cause material small cracks, compromising its
mechanical strength and the wall aesthetic appear-
ance (39).

3.5. Technological tests at hardened state

According to Table 4, it is verified that both LMO
mortar and LM 100 mortar are classified as M5, hav-
ing high bulk density at hardened state. Reductions
in hardened mass density in relation to fresh mass
density for LMO and LM 100 mortars were approxi-
mately 9% and 10%, respectively. These differences
are mainly explained by the water loss due to drying
during specimens curing.

According to (40), Portland cement-based mortars
have their density reduced from 3 to 11% when cured
at room temperature. Thus, it is noted that both mor-
tars were within the limits of conventional mortars.

When evaluating the influence of partial cement
substitution by lime mud in self-compacting mortars
for floors, (10) found that bulk density at hardened
state tended to decrease when increasing lime mud
content. However, an inverse behavior was observed
for porosity.

According to Table 4, both LMO and LM100
mortars are classified as C6, indicating high per-
meability. This characteristic is not very suitable
for coating mortars, as permeability is related to
material susceptibility to degradation. (41) demon-
strated that mortars with capillary coefficients above
35 g/dm?>min'”? have their performance impaired at
the medium and long term, which is not therefore,
the case obtained in this study.

A porous material is more permeable, but it is
noteworthy that for this material to be permeable
there must be an interconnection between the pores.
Therefore, it can be concluded that all permeable
material is porous, but not all porous material is per-
meable (42). There is a direct relationship between
permeability and porosity. Thus, it is observed that
LM100 mortar is a little more permeable than LMO
and, consequently, more porous.

There was a significant drop in mass density at
hardened state compared to fresh state in LM 100
mortar. As LM100 mix has showed high water re-

tention, during the drying process, this water evap-
orates, creating interconnected voids in matrix.
This explains the high capillarity coefficient found.
Although it is a porous material, the compressive
and tensile strength values are acceptable. It is
noteworthy that porosity and mechanical strength
are inversely proportional quantities, the great-
er the porosity, the lower the mechanical strength
(43).

According to Table 4, LMO mortar is classified
as A2, indicating good adhesion to substrate, and
LM100 as Al, that is, low adhesion to substrate.
Therefore, it is observed that when replacing hy-
drated lime by lime mud, mortar-substrate adhesion
decreases, since the porosity of LM100 is greater
than that of LMO, with, consequently, a reduction
in contact area for stresses transfer between mortar
and substrate.

According to Table 4, LCO mortar is classified
as A2, indicating good adhesion to substrate, and
LC100 as A1, or poor adhesion to substrate. There-
fore, note that LC100 porosity is greater than that of
LCO, decreasing, consequently, the contact area for
training download mechanics between mortar and
substrate.

According to (44), adhesion is a very important
property in coating mortars, as it is related to the
ability of the coating to remain adhered to substrate
when tensions arise at the substrate-coating interface.
In addition, inadequate conditions at mortar-sub-
strate interface allow pathological manifestations,
such as detachment/fall of facade plates. Therefore,
the greater the mortar-substrate adhesion, the better
the performance of the constructive system.

Regarding the type of rupture, 80% of LM100
specimens evaluated by the adhesion test showed
the rupture at the substrate/mortar interface (Figure
7a) while the rest happened directly in the mortar
(Figure 7b), confirming in the latter the low adhe-
sion of the mortar to the substrate. As for the LMO
mortar, the rupture was in the mortar in all speci-
mens, confirming that this one has better adhesion
than that one.

Ficure 7. Rupture types in the tensile adhesion test: (a) a
rupture in the mortar; (b) a rupture at the mortar-substrate
interface.
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According to Table 4, it is observed that both mor-
tars are classified as R3 for tensile strength and as P5
for compressive strength. For LM 100 mortar, tensile
strength result (1.53 MPa) corresponds to 25% of
compressive strength (6.11 MPa), at 28 days. For
LMO mortar, this ratio was 24% at the same age.

Note that tensile and compressive strength values
for LMO mortar were a little higher than these of
LM100 mortar. This difference is related to mate-
rials porosity, since LM100 mortar is more porous
than LMO, as shown above.

The values obtained in this study for tensile and
compressive strength were consistent with those re-
ported by (45) and (46). On the other hand, current
results were lower than those reported by (12) who
partially replaced Portland cement by a 750 ° C cal-
cined sludge, a treatment that increased the residue
reactivity.

According to (47), tensile and compressive
strength are not the main properties in coating mor-
tars. In this case, workability and adhesion are more
relevant. (48) stated that, in bricks and blocks lay-
ing, especially in structural masonry, the mortar
compressive strength should not be much lower than
that of the blocks, so as not to compromise the final
strength of the constructive system.

3.6. Analytical tests

Figure 8 compares thermogravimetry results of
LMO and LM100 mortars. It can be noticed a very
similar behavior between the mortars. The first peak
in the DTG curve, between 50 and 100°C, represents
the loss of free, adsorbed or capillary water and is
proportional to the amount of water present in mor-
tar pores. The second peak, around 130°C, is related
to C-S-H (49). The third peak at 435.39°C in LMO
and 444.32°C in LM100 is attributed to the portlan-
dite dihydroxylation (Equation [2]). In addition, up
to this peak, a mass loss 0 3.9% in LM 100 and 4.6%
in LMO is observed.

Ca(OH), - Ca0 + H,0 [2]

The fourth and last peak is the most expressive
and is related to the calcite and dolomite decomposi-
tion (Equations [1] and [3]), which occurs at approx-
imately 750°C, demonstrating that samples under-
went carbonation (50). As thermogravimetric anal-
ysis was performed with a heating rate of 15°C/min
(relatively fast), it was not possible to differentiate
the peaks in which calcite and dolomite decomposi-
tions occur. Probably, if the test had been done with
a slower heating rate (5°C/min or less), for example,
decompositions could have been identified with bet-
ter accuracy.

CaMg(CO3), — Ca0 + MgO + 2C0, [3]

Note that, although LMO mortar has a slightly
higher amount of portlandite and a lower amount
of calcium carbonate compared to LM100, this
difference was not enough to significantly change
the 28-day mortars compressive strength, as it was
compensated by the amount of CSH slightly higher
in LMO. It is noteworthy that C-S-H was identified
in thermal analysis, as it has a semi-crystalline to
amorphous structure and thermogravimetry enables
the identification of glassy phases. Therefore, this
analytical technique complements the results ob-
tained by X-ray diffraction (XRD).
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FiGure 8. TG and DTG curve of LMO and LM 100 mortars.

Thermogravimetric curves of the other mortars
are shown in Figures 9 to 11. When comparing all
mortars, it is noted that LM 100 had the lowest mass
loss until portlandite dihydroxylation (3.9%) and
that all mortars had similar total mass losses.
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FiGure 9. TG and DTG curve of LM25 mortar.

LMO was the mortar with the lowest total mass
loss (33.6%). On the other hand, the one with the
highest total mass loss was LM75 (35.68%). This
small difference may be explained by the presence
of organic matter in lime mud, as it is a residue from
cellulosic pulp production (a plant origin material)
and which has not undergone any previous process-
ing (calcination, for example), unlike hydrated lime,
which comes from a mineral extraction process with
subsequent calcination.

Figure 12 compares the diffractograms of the five
studied mortars. Crystalline phases identified in sam-
ples were: calcite (CaCO,), dolomite [CaMg(CO,),],
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FiGure 10. TG and DTG curve of LM50 mortar.
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portlandite [Ca(OH),] and silica (SiO,), represented
in the diffractogram by C, D, CH and Q, respective-
ly. Peaks intensity is related to the greater or lesser
amount of a certain crystalline phase present in sam-
ple.

Comparing the samples, the main difference ob-
served was the gradual reduction in dolomite amount
as hydrated lime was replaced by lime mud. This re-
sult indicates that hydrated lime contains more Mg**
in its composition than lime mud. Although Mg*
was not identified in X-ray fluorescence analysis -
EDX, this element was identified in XRD analysis,
as this analytical technique is more sensitive than
that (51).

In relation to the other crystalline phases, it is
noted that peaks remained practically unchanged
for all samples. These results justify the very close
mechanical strength values of the evaluated mortars
(Figure 7).

Figures 13 to 15 show the heat flux curves of LMO
and LM 100 mortars obtained by isothermal calorim-
etry at 23°C. The calorimetric behavior of the two
mortars was very similar, so that the heat flux curves
of both, when inserted in the same graph, were prac-
tically overlay. So, to better observe the main differ-
ences between them, we chose to insert the curves
side by side (Figure 13) and overlay on a smaller
scale with emphasis on the main peaks (Figures 14
and 15).
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FiGure 12. Mortars X-ray diffractograms.

During the first few minutes, a certain amount of
heat is released due to binder particles hydration and
crystals dissolution (stage I). Then, begins the peri-
od of hydration by induction, in which a higher ions
concentration is reached, as particles continue to
dissolve and crystalline hydrates are formed (stage
IT). After induction period, cement hydrates crystal-
lize (stage III). Then the heat release and processes
slow down (stages IV and V).

Figure 14 shows the initial peak of LMO and
LM100 mortars heat flux curves. Test time starts to
be counted from the moment the binder are exposed
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FiGure 13. Heat flux of LMO0 and LM 100 mortars.
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to water, so the graph does not start at zero time. In
the present study, time taken from mortar preparing
to placing samples in the equipment was approxi-
mately 8 minutes.

During stage I of hydration, the total replacement
of hydrated lime by lime mud did not significantly
affect the heat release rate. (52) also observed this
behavior by partially replacing Portland cement by
lime mud dried at 75°C. Note that LM0 mortar max-
imum thermal energy value was 2.5 mW/g and that
of LM 100 mortar was 2.0 mW/g.
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Ficure 14. Stage | of hydration of LM0 and LM 100 mortars.

Figure 15 shows the induction (stage II) and ac-
celeration (stage III) periods of LM0O and LM100
mortars. It is observed that in LM100 mortar the
hydration by induction period is a little longer and
causes a slight delay in heat release at stage I11. Thus,
setting time is delayed by approximately 15 minutes
compared to LMO. It is also noted that in LMO mor-
tar the setting start and end times occur in 2 and 4
hours, respectively. In LM100 mortar, these times
occur in 2.25 and 4.25 hours.

According to (53), setting is defined as the cement
paste stiffening when passing from a fluid to a rigid
state, being a physical consequence of the chemi-
cal processes that occur inside the paste. The pick
start time marks the point at which the paste is no
longer workable. The end of setting time represents
the time required for the paste to completely solidi-
fy. Therefore, it is noted that LM 100 mortar may be
workable for a longer period of time than LM0 mor-
tar (approximately 0.25 hours or 15 minutes).

In addition to heat flux curves, by integrating the
obtained data from the calorimeter, according to the
procedure described in ASTM C1702, curves of to-
tal released heat or accumulated hydration heat up
to 48 hours were obtained (Figure 16). The amount
of released heat in LMO mortar was 131 J/g and in
LM100 it was 128.1 J/g. Note that when completely
replacing hydrated lime by lime mud, the amount of
released heat decreased by about 3%.
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FiGure 15. Stages II and III of LM0 and LM 100 mortars hydration.

According to (53), hydration heat may be favora-
ble in certain situations, for example, when pro-
viding activation energy for hydration reactions in
cold places, and unfavorable in others, for example,
in large volume structures structural cracking. The
greater the hydration heat, the greater the thermal
retraction and, consequently, the greater the cracks
appearance. Thus, in addition to the aesthetic factor,
cracking compromises the durability of structural
elements, as it allows the entry of aggressive agents
that cause destructive chemical reactions, such as
carbonation and acids and sulfates attack.
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Ficure 16. Hydration heat of LM0 and LM 100 mortars.

The mortars micrographs were taken by SEM ob-
servations after 28 days curing at room temperature
in the laboratory. Figures 17 and 18 show LMO and
LM100 mortars micrographs, respectively. Accord-
ing to these images, both mixes do not have signif-
icant differences in their microstructures features
and that is consistent with their similar mechanical
strength results.

The indicated points in Figures 17-b and 18-b
show the formation of acicular-shaped ettringite
crystals (Spot 1), calcite crystals (Spot 2), hexago-
nal sheets of portlandite (Spot 3) and CSH (Spot 4)
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Ficure 18. LM 100 mortar micrograph with a) 1000x and b) 2000x magnification.

in both mortars, mineral phases which are responsi-
ble for mechanical strength. Such phases were also
identified by (36) when evaluating the influence of
primary sludge from pulp and paper production on
the properties of Portland cement pastes and mortars
and by (52) when analyzing the influence of lime
mud dried at 75°C on cement hydration.

Microstructural characteristics are consistent with
thermogravimetric analysis, which have indicated
a lower presence of portlandite in LM100 mortar
compared to LMO, and this phase is less apparent
in micrographs, while calcite is widely observed in
both mortars.

4. CONCLUSIONS

Based on the results obtained in experimental pro-
gram, the following conclusions can be drawn:
¢ The chemical composition of lime mud has

indicated that the residue is predominantly
composed of CaO present in form of CaCO,,
that is, lime mud is practically a limestone;
Replacing hydrated lime by lime mud in mor-
tars production maintains the water demand
for the normal consistency level;

No significant difference was observed among
mortars compressive strengths, despite the
replacement rate, except at 25% substitution
that was slightly higher at 28 days, because
the filler effect provided by the residue con-
tributed in a similar way to hydrated lime re-
activity;

Besides, a similar response in terms of mass
density at fresh and hardened states, entrained
air content and water retention was found in
all mixes regardless substitution level of hy-
drated lime by lime mud;

However, capillarity coefficient and adhesion
capacity to substrate were negatively affected
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when hydrated lime was totally replaced by
lime mud (LM100 mortar), as both parame-
ters are quite dependent on a pores structure
development;

e Results from TGA, XRD, isothermal calorim-
etry and micrographs observations by SEM
showed similar microstructure features for
both plain lime mud composition (LM100)
and reference mix (LMO), which can confirm
their close results in terms of mechanical be-
havior;

Finally, it is concluded that it is possible to replace
hydrated lime by lime mud in multiple-use mortars
production and obtain a material with satisfactory
characteristics for Civil Construction applications.
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