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Abstract: Various investigations have been presented on the possibility of
using agro-allied industry waste in concrete, with the goal of achieving a
cleaner environment and environmentally friendly construction. Biomass fly
ash (BFA) and limestone clinker are waste from steam/power plants and the
cement industry, respectively, and are of high relevance to economic and
environmental problems. The effect of including biomass on the rheological
and pozzolanic properties of Portland limestone cement (PLC) pastes are
presented. The BFA was used as partial replacement for PLC as
supplementary cementitious materials (SCMs). The rheological properties
(vield stress, viscosity and thixotropy) of the cement paste were determined
using a parallel-plate rotational rheometer. The pozzolanic properties were
determined using thermogravimetric analysis (TGA) by measuring the amount
of calcium hydroxide (CH), and calcium silicate hydrate (CSH) of the
hydrated paste, as well as the reaction kinetics. Different characterization
techniques including X-ray diffraction (XRD), X-ray fluorescence
spectroscopy (XRF), and scanning electron microscopy (SEM) were used to
study the microstructure and mineralogy of the BFA. It was observed that the
mineral composition of the biomass fly ash is like class C fly ash. At 15% of
cement replacement the paste exhibits better rheological properties: lower
yield stress and lower viscosity up till 120 min after mixing, which is an
important factor in ready-mix concrete plants. However, a better pozzolanic
behavior was observed at 20% cement replacement. From the results obtained,
the properties of the paste containing BFA is very sensitive to water/binder
ratio (w/b). Above 20% cement replacement, it is suggested to use viscosity
modifying agent (VMA) to get a better rheology and pozzolanic behavior.

Keywords: Portland limestone cement; biomass fly ash; sustainability;
rheology; pozzolanic.

1 Introduction

The last two decades have witnessed increased pressures to cut down carbon emission for cleaner
environment and energy security. This has led to the diversification of energy sources from fossil fuels
into renewable and sustainable sources. Scientists around the globe have reacted to this pressure by
focusing on waste recycling and reuse. To this end, the European Union (EU) prioritizes research based
on European sustainable development policies (European Directive 2008/98/EC) [1] on the use of
biomass for heating and cooling, and generating electricity, towards waste reduction, recycling, and
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reuse (3Rs). In a broader view, the research is to consider the availability, conversion
techniques/efficiencies, and emission abatement of biomass [1]. Solid biomass conversion is one of the
major technologies that has been implemented in many steam and power plants [2], however, one of
the problems associated with this technology is the disposal and management of the ash generated
during biomass combustion.

There are various sources of solid biomass including agriculture wastes, wood or bark, and
wastewater treatment plants. It has been reported that agroindustry waste accounts for about 140 billion
metric tons annually generated around the world [3]. In the last few years, biomass combustion majorly
focuses on the combustion of rice husk ash, and sometimes bamboo ash [4-5]. In more recent times,
focus has shifted to biomass waste from power and steam plants that run on wood fuels. The quality
and quantity of ashes depend on the biomass source in addition to the combustion technology. In a
fluidized bed technology, the combustion usually takes place at a temperature below 900 <C, while in
the grate furnace technology, the combustion temperature could be as high as 1200 <C. This combustion
temperature influences the quality, amount of organic and volatile compounds in the BFA [6]. At a
combustion temperature above 1200 <C, the biomass ash from sugar cane bagasse was reported to
contain crystalline quartz, and cristobalite, with less volatile compounds. At a lower temperature, the
ash contained high amorphous silica [6].

In the last two decades, fly ash obtained from the combustion of coal-fired plants have been used
in concrete as a supplementary cementitious material to modify and improve the strength and durability
of the concrete. In addition, the partial replacement of cement with fly ash yields a reduction in the
guantity of cement required for concrete thereby reducing the amount of global carbon emission from
cement-based industry. On the other hand, most of the coal-fired power plants are closing due to the
inherent carbon emission from coal burning. The shortage in supply of fly ash caused by the closure of
the coal powered plant would lead to shortage in fly ash and therefore less durable and sustainable
concrete. The need to find alternative sources of fly ash has led to research the feasibility of using
sustainable and environmentally friendly ash in concrete [7]. This sustainable ash is termed BFA.

Past research findings have shown that these ashes are rich in silica and alumina, and they can
contribute to the pozzolanicity of cement-based material in the presence of calcium hydroxide (CH) [8-
10]. However, the source, combustion temperature and type of the BFA influences the properties of the
cement paste or concrete. As an instance, Van Tuan et al. [11] reported a higher compressive strength
when rice husk ash (RHA) was used as partial replacement of cement at 20 % by weight; Feng et al.
[12] reported higher amount of heat of hydration and reduced setting time. On the contrary, Ganesan
[13] and Berodier [14] reported that at 0-30% by weight of RHA as replacement for cement, the
rheology of concrete was affected, but at 20% replacement, a 20% increase in compressive strength was
observed in addition to improved chloride resistance. The change in rheology was caused by the high
internal porosity of RHA. Cabrera et al. [15] suggested a reduction in the level of organic content in
BFA by combusting the ash at a temperature above 1050 <C prior to its use in concrete.

Limestone being a technical and economic superior material, when interground with normal
cement would improve workability and reduced bleeding of fresh concrete [16]. The intergrinding of
limestone powder with ordinary Portland cement (OPC) as a replacement material for cement clinker
during the production of cement at a certain proportion has led to the production of Portland limestone
cement (PLC). The European standards includes provisions for cements containing limestone in
amounts up to 35%. The behavior of concrete made with PLC widely differs from that made with OPC.
Some researchers [17,18] have reported poor workability in concrete made with PLC, evidence by
higher yield stress and plastic viscosity. While others [19] reported that the addition of limestone to
cement reduced the yield stress and plastic viscosity of the concrete. Bentz et al. [20] reported a higher
early strength for concrete incorporating PLC. Lower capillary porosity and higher compressive
strengths were observed when PLC was used in concrete [21]. The intergrinding of cement clinker with
limestone, with fineness modulus higher than normal cement have both physical and chemical effects
on the PLC. These effects influence the kinetics of the cement hydration and the pore structure of the
cement paste that may reduce the concrete’s ability to resist salt crystallization damage [22].

When non-sulfate resisting Portland limestone cement was used in concrete exposed to sulfates at
low temperature, the severity of the Thaumasite form of Sulfate Attack (TSA) increased and it was
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therefore recommended that PLC cement should not be used in sulfate environment with SCMs [23].
The parallel-plate geometry rheometer has been extensively used in the study of cement paste rheology.
The roughness and the gap distance are two major parameters that control the rheometer tests. On one
hand, rough plates tend to increase the Bingham yield stress when compared to the smooth plates; on
the other hand, the plastic viscosity decreases with increasing plate roughness [24]. From the foregoing,
it is required to add SCMs to PLC to produce durable concrete; however, there is a shortage of SCMs
due to environmental protection policies. There is a potential of using BFA as SCMs for sustainability.
Therefore, the purpose of this study is to understand the pozzolanicity and the rheology of the paste
made from BFA and PLC. The outcome of this study will assist the research community in developing
and updating existing design guides on the application of BFA in PLC.

2 Experimental Program

2.1 Materials

The cement used in this study is the PLC type IL (15) (shown in Fig. 1) corresponds to ASTM
C595-17. The notation implies Portland cement clinker intergrinded with 15 % limestone. At this level
of replacement, CO- emission is reduced by 10 % [22]. The oxide contents of the cement determined
using the X-ray fluorescence spectroscopy (XRF) are listed in Tab. 1. The Hitachi S2300 SEM with
EDX25KV was used to determine the morphology of the PLC as shown in Fig. 2.

(b) BFA
Fig. 1. Samples
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Fig. 2. SEM images

The BFA used in this study was collected from the precipitator of a biomass steam plant located
at the Moscow campus of the University of Idaho. The plant runs on forest wastes as its main fuel. Most
of the forest waste (mainly Cedrus atlantica Manetti (cedar) — Pinaceae (pine) waste) come from lumber
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mills around Idaho. The fuel is burnt in a boiler with fluidized bed technology around 950-1050 °C.
This biomass fly ash was medium dark in color (as shown in Fig. 1). The fly ash collected from the
plant was dried in a laboratory oven at 120 °C to remove excess moisture and then sieved through a 75
pm mesh. The relative density of the fly ash particles was determined using a Helium pycnometer and
the surface area by the BET (Brunauer, Emmett, and Teller) method, while the particle size was
analyzed using a Coulter LS particle size analyzer (LS230FM). The microstructure of the BFA and PLC
(shown in Fig. 2) were studied using Hitachi S2300 SEM with EDX25KYV.

Distilled water obtained from the laboratory was used for preparing the cement paste while mixing
the BFA and the PLC.

2.2 Specimen Preparation

The cement pastes were prepared by replacing PLC with varying amounts of biomass fly ash (5%,
10%, 20%, 25% and 30% by weight of Portland limestone cement) in dry condition, as summarized in
Tab. 2. The cement pastes were prepared with 0.3 and 0.5 water/binder (w/b) ratios (by weight). The
cementitious materials were batched by weight and mixed thoroughly in an automatic laboratory mixer.
The mixing procedure involved charging the mixing drum with PLC and then adding the BFA. The
BFA was gently added to the PLC because of its density. The two cementitious materials were then
mixed for 1 min at a low rotation speed of about 60-70 rpm. After dry mixing, the mixing water was
discharged into the mixer and then mixed again for 2 min at a higher rotation speed of about 120 rpm.
No viscosity modifying agent (VMA), nor plasticizer was used in the pastes.

Table 1. Chemical and Physical Properties of cementitious materials

Chemical compositions (%) Portland limestone cement Biomass fly ash

CaO 63.30 13.00

SiO; 18.40 48.60

Al;03 4.40 16.70

Fe;0s 3.20 6.30

MgO 0.80 5.60

SOz 2.80 0.90

MnO 4.40 0.34

P20s - 3.19

Cl - 0.68

TiO, - 0.94

LOI 4.40 2.34

NaEq (Alkali) 0.45 0.18

Insoluble Residue 0.18 1.23

Phase Composition
CsS 50.00
C.S 15.0
CsA 6.00
C.AF 10.0
Physical Properties
Specific gravity 3.09 2.70
Fineness retained on 45 pm (%) 98.70 15.00

2.3 Testing Methods

2.3.1 Characterization of BFA

As previously described, the particle size distribution, density, organic matter content and
mineralogical composition of the fly ash as collected from the steam plant were determined. The particle
size distribution was analyzed using a Coulter size analyzer. The sizes were measured using AeroS dry
powder disperser using 850 mg of BFA under 4-bar air pressure at a feeding rate of 30%.

The chemical and mineral composition of the BFA was determined using X-ray fluorescence. A
0.5 g of the oven dried BFA was mixed with 5 g of lithium tetraborate flux in a ratio of 1 to 10, in a
ceramic crucible and then fused into a glass bead at a temperature of about 1100 °C. The glass bead was

000024-4



Arowojolu et al., SUST, 2023, 3(1): 000024

analyzed using the XRF equipment.

Table 2. Mix proportion and setting time of formulated pastes

Mixture 1D PLC (%) BFA (%) wr/b ratio Initial setting time (min)  Final setting time (min)
M1 100 - 0.3 88.0 146.0
M2 95 5 0.3 93.0 155.0
M3 90 10 0.3 96.0 157.0
M4 80 20 0.3 105.0 165.0
M5 75 25 0.3 115.0 170.0
M6 100 - 0.5 90.0 150.0
M7 95 5 0.5 97.0 156.0
M8 90 10 0.5 102.0 162.0
M9 80 20 0.5 108.0 170.0
M10 75 25 0.5 116.0 189.0

The microstructure of the PLC and the BFA were analyzed using the scanning electron microscopy
(SEM). A disposable pipette was used to disperse a portion of the BFA on a carbon tape-coated copper
sample holder. After blowing off excess samples from the sample mount, the mount was loaded onto
the SEM machine and the imaging was conducted in a secondary electron mode of 15 kV. The
crystalline phase of the BFA was done using X-ray diffraction (XRD) and the XRD patterns were
analyzed using the Bruker EVA 4.3 software.

2.3.2 Consistency Test

The amount of water required for normal consistency and setting time of the cement pastes were
determined by Vicat apparatus according to [25], and the amount of water required for this consistency
was used as the basis for the w/b ratio adopted in this study.

2.3.3 Isothermal calorimetry and thermogravimetric analysis of cement pastes

The evolution of heat is a measure of the hydration progress in the cement paste. Thermally isolated
boxes were used for the quasi-adiabatic calorimeter to study the evolution of heat of hydration of the
cement paste. Thermocouples were installed in the boxes to continuously monitor the temperature with
the aid of an automatic data acquisition system. A 5 mg sample of the freshly mixed cement paste was
placed in a glass holder and placed in the calorimeter at a temperature of 23 + 0.01 °C and the hydration
kinetics measured for the first 7 days until a steady state of temperature change was reached. The data
from the calorimeter was collected using an automatic data acquisition system. The heat released for
the first 30 minutes was discarded to allow for stability in the sensors’ signal.

The TGA (TGA 55, TA instruments) was conducted simultaneously with the isothermal
calorimetry because they are both dependent on the age of the pastes. The TGA temperature was ramped
at 10 °C/ min from 25 °C to 600 °C in an inert Nitrogen environment. The mixed pastes were cast into
50 x 50 x 50 mm cubes and cured according to recommendations [26]. The TGA was done at different
ages (1 day, 7 days, 14 days, 28 days, and 90 days) by taking a 5 mg sample from the hardened cement
pastes to evaluate the degree of hydration at these ages. The amount of CH consumed during the
hydration process was calculated by taking the difference between the initial and final amount of CH in
the paste.

2.3.4 Rheology Test

The rheology of the cement pastes was measured using a shear rheometer (Bohlin instruments C-
VOR shear rheometer) with stainless parallel plate geometry 25 mm diameter and crosshatched surfaces.
Since the rheological properties of the cement paste are sensitive to temperature, the Peltier plate of the
rheometer was used to maintain the temperature of the lower plate at room temperature of (25 °C) during
the tests.

To ensure the same thickness of specimen was used in all the test, the cement paste was placed in
a ring mold of 25 mm diameter and 2.8 mm height, and the ring placed on the lower plate of the
rheometer, and the ring was removed. After the removal of the ring, the upper plate of the rheometer
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was lowered at a gap distance of about 2800 pm, until it gently touched the surface of the plate. The
gap positioning was then set to 1050 pam, in which excess paste would be squeezed out and cleaned.
The final gap position was set at 1000 jam and the test was initiated. After reaching a 1000 pm gap, no
further adjustment was done to the gap setting and the instrument was ready to run.

4.00

3.50

3.00

2
&
<
3
4
=
£
°
=

0 400 800 1200 1600 2000
Particle Diameter (jum)

(a) Particle size distribution

J
S
A ALl n,“l")'«'é. M ’ }‘1’?\.4."0 ) / L LA L
(PRI L B T VAL AT
CazAl;0s
Lime e CaO
Reinhardbraunsite e CasSi;O1oH2
Allvaudite ® Nas 702Fe3P30;

gl ‘t\.‘\\r‘f-_«l‘.‘,‘,l‘,".?l_kf

Intensity (Counts)

Refinement Halled (R/E=2.05) #

40 50 60 70 80
Two-Theta (deg)

(b) XRD diffractogram of BFA
Fig. 3. Particle size distribution and XRD diffractogram of BFA

The shear cycles used in this test consisted of two consecutive cycles without rotational pre-shear
step. In the first cycle, the shear rate was ramped from 0 to 300 s within 60 s, and it was ramped back
to 0 in 60 s in the second cycle. In all tests, the gap position was kept constant, and each test was
conducted three times, but with different mixing batch and different times after mixing: 0 min., 30 min.,
60 min., and 120 min. The flow curves obtained from the test was analyzed using the Bingham
rheological model: z =7, +7v; where z, isthe yield stress, #r is the viscosity, v is the shear rate
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and 7 is the shear stress. The thixotropy of the cement paste was calculated by the reduction of shear
stress during the constant shear rate as given by:

T :(“‘TZ] (1)
@

Where T is the thixotropy, 7z, isthe shear stress at 300 s before retention and 7, is the shear
stress at 300 s after retention.

3 Results and Discussion

3.1 Characterization of biomass fly ash

The density of the biomass fly ash was determined to be 2.70 g/cm?® with a standard deviation of
0.0017 g/cm?® while that of the PLC was 3.09 g/cm?®. These values showed that BFA is significantly
lighter than the PLC, but its density is well within the values specified for conventional fly ash. Its
specific surface area was 3483 cm?/g. The particle size distribution (as shown in Fig. 3) of the BFA
showed that its average particle sizes are typically below 50 pm. Although, it should be noted that the
BFA was sieved to remove particles larger than 75 pm before adding it to the PLC.

The mineral composition and loss on ignition of the BFA are summarized in Tab. 1. The LOI value
of the BFA was 0.34%. This value was low because the BFA is a by-product of high temperature
(1100 °C) burning of fuel collected over electrostatic precipitator. The constituent’s oxide of the BFA
obtained from the XRF showed that the BFA could be classified as type C fly ash since the sum of SiO;
+ AlLOs + Fe205 is greater than 50 % but lesser than 70 %.

The XRD diffractogram of the BFA is shown in Fig. 3. It can be observed from the XRD peaks,
that the main components of the BFA are quartz, alumina, and calcite. The calcite (carbonates) is
naturally present in wood; hence it would be available in BFA. Some level of amorphous ash was also
observed in the XRD which is likely due to the incomplete combustion of the biomass to ash. Although,
the biofuel was burned at a high temperature of 1100 °C, there is always a level of inefficiency of carbon
conversion in the furnace because of mass transfer and reaction kinetic.

From the SEM images of the BFA shown in Fig. 2, the particles were spherical in shape, although
some level of irregularity could be observed in the BFA particles.
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[F%) - e wn
hn = hn =
1 1 L 1

‘Water required (%)

el
(=]
1 L

[ )
N

M1 M2 M3 M4 M35
Samples

Fig. 4. Water requirement for normal consistency

3.2 Water requirements for normal consistency of the paste

The variation of water requirements for normal consistency of cement pastes is shown in Fig. 4. It
can be observed that the water requirement increases with the level of cement replacement. When water
is added to cementitious materials, part of it was used to fill the pore spaces between the cement particles,
another part is adsorbed by the cement and the rest is chemically bonded for hydration process. The
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amount of the water used in filling the pore spaces depends on the shape and sizes of the cement particles,
and the absorbed water depends on the specific area of the cement particles. Based on this analogy, the
water requirement for the first mixture formulation (M1) was the lowest because only one stage of
hydration would occur. However, in all other mixtures (M2, M3, M4, M5) containing BFA, because of
the secondary hydration involving the BFA and CH from the primary hydration would increase the
water demand capacity of the paste. As the amount of BFA increased in the mixtures, more water would
be adsorbed by the cement particles thereby reducing available water for hydration. The partially
hydrated particles would form a thin film deposit on the un-hydrated particles and make it possible for
water to fill the pore spaces within the cement particles. It is difficult to establish a trend between cement
replacement and the amount of water required for normal consistency, since the relationship is not linear.

3.3 Setting time

The setting time of concrete is an important parameter in concrete operation to allow for placing,
vibrating, and finishing freshly mixed concrete. In some situations, like bridge repair, early setting time
would be required to reduce bridge closure duration, and in other situations, delayed setting times would
be of interest. The setting time of the paste varied with the w/b ratio, and the level of cement replacement.
As an instance, for M4 with 20% BFA and 0.3 w/b ratio, the initial and final setting times were delayed
by 17 min and 19 min, respectively. However, for M9 with 20% BFA and 0.5 w/b ratio, the initial and
final setting times were delayed by 20 min and 26 minutes, respectively. Therefore, it could be stated
that the BFA delayed the setting times. BFA reacts with the C3A in cement and build up a covering
layer on the surfaces of the cement particles and the setting time would be extended. At higher wi/b ratio,
the extra water would stay in the cement paste, if the water is not used up during hydration. The presence
of this water in the paste is dangerous as it could provide a reaction medium for a secondary reaction
due to the ingress of deleterious compounds.

3.4 Calorimetric analysis and hydration kinetics

The measured temperature from the calorimeter is shown in Fig. 5. The highest temperature of 43°C
was observed in the mixture without BFA (M1) after about 13 h when the paste was mixed as the level
of replacement of PLC with BFA increased, the heat of hydration reduced. The heat of hydration also
reduced with increased in w/b ratio as shown for mixtures M6, M7, M8, M9 and M10. In the same
manner, a shift in the peaks of the hydration curve was also observed. The shifts in the peaks have been
attributed to the influence of alkalis and chloride presented in the BFA [6, 27].
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—— M3 N M4
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—t+— M7
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Fig. 5. Heat of hydration curves for cement pastes

The hydration process is a thermodynamic reaction accompanied by the evolution of heat. At the
initial stage of hydration, C3A and CsS predominantly responsible for the evolution of heat as they react
first. From the Tab. 1, CsS occupies about 50 % phase in PLC which explains the rapid evolution of
heat in the cement paste, but the secondary hydration of the cement due to the presence of BFA would
reduce the amount of heat generated. In mass concrete construction, since low amount of heat is required,
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the application of BFA to cement would be beneficial, but a cause for concern would be the delayed
hydration that would result in slower rate of strength gain as shown in Fig. 4, M10 mixture had the
lowest heat of hydration which is caused by the delayed hydration because of the reaction between CH
and BFA. When PLC was replaced by 25% of BFA, the heat of hydration has reduced by 67%.
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Fig. 6. Typical TGA/DTG thermograms for (2) M1 @ 28-days; (b) M2 @ 28 days (c) M3 @ 28 days (d) M3
@ 90 days

The degree of hydration and hydration products were measured using the TGA/DTG at different
ages. Typical TG/DTG thermograms for the cement pastes are shown in Fig. 6. The profiles depict
typical hydration reactions occurring in the hydrated pastes when subjected to a temperature increase,
by measuring the mass loss for each hydrated product. The two important parameters required to
monitor the degree of hydration are the weight loss corresponding to the thermal decomposition of CH
and the amount of chemically bound water [28]. In the TGA/DTG thermograms of Fig. 6, the first
important peak relates to the loss of free water in the hydrated cement paste which occurs between 0
and 105 °C. At a temperature of 35 °C, the water in large pores get evaporated and above this
temperature, the retained water in capillary pores of the paste was released by capillary tension [29]. At
temperatures between 150 and 400 °C, a weight reduction was observed which is due to the evaporation
of the physically combined water from the calcium silicate hydrate (CSH) gel and the alumino silicate
gel. The loss mass at this temperature range was also reported by [30]. The second most important peak
on the TGA/DTG thermogram occurs at a temperature range of 430-510 °C, which corresponds to the
dehydroxylation of CH that was formed during the hydration of C3S and C,S in the PLC. The amount
of CH decomposition is a measure of the pozzolanicity and effectiveness of the hydration. Pozzolanic
reaction is the primary reaction between amorphous siliceous materials and CH to form the CSH. The
third important peak in the TGA/DTG thermograms occurs at a temperature range of 723 - 835 °C
which corresponds to the thermal dissociation of the calcite (CaCQOgz). The presence of CaCQs in the
paste is related to carbonation process. Carbonation is the reduction of the pH of concrete which
destroys the passive film layer that protect embedded steel reinforcement in concrete and makes it
susceptible to corrosion.

In all the mixtures, the CH and CaCO; content were determined at different ages and summarized
in Tab. 3. The comparison of Tab. 3 and Fig. 5 shows that the intensities of the peak corresponding to

CH reduced as the BFA content and age of curing increased. The reduction in the CH content indicates
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that more CSH gel is being produced because the BFA supplies the amorphous siliceous required for
secondary hydration. At age 90 days, a total consumption of CH was not observed. In contrast, the
amount of CaCOs in the mixture increased with age but decreases with the level of BFA replacement.
The increase in the CaCO; was because of the longer age of the mixed paste in which the low CO; in
the atmosphere reacted with the CH left in the paste. This reaction process increases with time, thereby
increasing the amount of CaCOs. However, for the same curing age, higher amount of the BFA in the
mixture reduced the amount of CaCOj3; content because of the lower CH content that has been used up
during the pozzolanic reaction between the CH and the BFA. Similar results for the CaCO3 have been
reported by [6, 27, 30]. In addition, Tab. 3 shows the uncombined water at various ages of all specimens.
The uncombined water is defined by the unreacted water due to the limited number of pores in the
cement gel, which is the major component of the hydration process.

Table 3. Hydration product by weight from TG/DTA

Sample Uncombined water (%) CH (%) CaCOs (%)
7days 28days 90days 7days 28days 90days 7days 28days 90 days
M1 10.21 11.48 11.96 7.86 7.36 6.98 3.98 4.85 5.89
M2 9.66 10.85 10.93 7.65 7.02 6.53 3.84 412 5.36
M3 8.65 10.35 10.87 7.01 6.64 6.24 3.67 4.09 4.98
M4 7.48 9.65 10.02 6.93 5.87 6.01 3.45 4,01 4.89
M5 5.78 8.96 9.97 6.58 5.45 5.89 3.41 4.00 4,78
M6 11.86 12.34 12.91 7.82 7.26 6.87 3.32 3.97 4.38
M7 10.63 11.65 12.30 7.12 6.89 6.58 311 3.89 4.02
M8 9.54 10.42 10.88 6.58 6.11 5.88 2.98 3.68 3.99
M9 8.63 9.52 9.98 6.02 5.91 5.15 2.81 3.21 3.68
M10 6.98 7.53 8.32 5.99 5.45 4.92 2.65 3.08 3.45

3.5 Rheological parameters

3.5.1 Flow characteristics cement paste

Typical flow curves (shear stress vs shear rate) at 5, 60 and 120 mins after mixing for the cement
pastes are shown in Fig. 7. From the flow curves, it can be observed the all the mixtures have different
rheological properties. The fluidity of the paste increased as the amount of the BFA in the mixture
increased. However, lower fluidity was observed in the mixtures containing 20 and 25 % BFA. This is
because the BFA particles are finer than PLC, which can effectively fill the pores within the cement
particles. As a result, the interstitial pore water between the cement can be released and added to the
free water in the paste thereby increasing the flowability of the paste. In contrast, as the amount of BFA
increased, more water would be adsorbed because of the large specific area of the BFA and would
reduce the water require for the particles to flow easily, resulting in lower fluidity. The above illustration
explains the variation observed in the shear stresses relative to the shear rate.
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Fig.7. Typical fitting models

3.5.2 Shear cycles, viscosities, and yield stresses

Fig. 7 shows typical shear cycles for the cement paste loaded in the automatic mode. In Fig. 6, it
can be observed that there is no major difference between the up and down curves for all cement pastes.
Both the up and down assumed the positive slope with almost perfect Bingham linear fluid model. At
shear rate between 205 - 220 s, the up and down curves intersect because of some structural breakdown
in the paste particles. This structural breakdown is also referred to as the thixotropic effect.
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Fig. 8. Yield stress of mixtures within 120 min

The viscosities and the yield stresses are two important parameters used to measure the plasticity
of freshly mixed concrete. The shear stresses and viscosities of the pastes were determined by fitting a
linear Bingham equation to the shear stress versus shear rate curves and viscosity versus shear rate
curves, respectively. Other rheological models like revised Bingham fluid model and Herschel-Bulkey
fluid model could be used, but it has been reported that the Bingham fluid model was the best for cement
paste containing fly ash [31-32].  Since there is no major difference between the up and down curves,
the up curve was used to determine the yield stresses and viscosities. The fitting results and the
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rheological properties for all the mixtures are shown in Fig. 8. From Fig. 8, it can be observed that the
yield stress reduced with the addition of BFA. However, when the BFA content was above 20%, the
yield stress increased. The trends in the flow parameters observed agree with the results of [33-34]. At
higher w/b ratio, the pastes behave in a similar manner like the 0.3 w/b ratio, except that the yield
stresses were lower than that of 0.5. Although, mixtures with higher w/b ratio showed better rheological
properties, other properties of the mixtures discussed in previous sections are negatively affected by the
high w/b ratio.

Fig. 8 shows the variation of the yield stresses with time. From Fig. 8, it can be shown that after
120 min of mixing, there was no change in the rheological parameters of the mixtures with 10% BFA.
The yield stresses and viscosities for this mixture are almost constant for both 0.3 and 0.5 w/b ratio.
These mixtures can be said to retain their plasticizing behavior from mixing until 90 min. The ability
of concrete to retain its plasticizing property is highly desirable in premix concrete plants, to allow for
handling, transporting, and finishing of the concrete.
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Fig. 9. Thixotropy of cement pastes with 0.3 w/b ratio

3.5.3 Cement paste’s thixotropy

The thixotropy of the cement pastes is calculated as described in previous section. Fig. 9 shows
the variation in thixotropy of the paste with BFA content for M1 through M5. It can be observed that
the thixotropy reduced with increase in the BFA content.

During the dormant stage of cement hydration, a reversible in the rheological properties of cement
paste is usually noticed. This reversibility can be erased when the paste is subjected a strong shearing
stress and the paste would regain its original state of stress. Skripkiunas et al [32] reported that the
thixotropy of cement paste depends on specific surface area and particle size distribution of the cement
particles. Since the BFA is finer than the PLC, the BFA particles would act as lubricant by for the PLC
thereby reducing the thixotropy of the cement paste. This better thixotropy properties would make it
possible for concrete made with BFA to regain its fluidity when disturbed during concrete placing and
finishing.

3.6 Practical applications

In this study, only one source of BFA was studied, but with various replacement level and w/b
ratios, and yet significant variation in rheological properties and pozzolanic properties were observed.
Also, the cement formulation used in the PLC which has been adopted in many European countries, but
the USA is yet to fully adopt it in construction. The mixtures studied did not contain any viscosity
modifying agent (VMA). The addition of VMA to the mixtures would totally alter the rheological
properties of the mixtures by readjusting the particle agglomeration and dispersal. In a hypothetical
situation, there would be a wide variation in the behavior of the mixtures if VMA were added or the
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particle size of the cementitious materials changed. Nonetheless, the outcome of this study shows that
there is a need for concerted effort on cement chemistry for a better understanding of pozzolanic and
behavior of sustainable and environmentally friendly cementitious materials. The practical applications
of the BFA might be used in various applications such as concrete sidewalks and concrete pavements.
The structural application of BFA concrete needs more in-depth investigation on the long-term behavior
under severe loading conditions.

4 Conclusions

In this study, the influence of a specific type of biomass fly ash (Cedrus atlantica Manetti —
Pinaceae waste) on the rheology and pozzolanic properties of Portland limestone cement pastes were
studied. This type was extracted from lumber mills located in the state of Idaho that is being used in
power plants in many locations. Variations in pozzolanic behavior and rheological parameters were
observed as the BFA content in the cement paste increased. From these outcomes, the following
conclusions can be reached:

The BFA (mainly cedar — pine waste) has mineral composition like class C fly ashes based on
ASTM standard. As the BFA content in the mixtures increased, the hydration rate reduced, with a lower
heat of hydration. This is due to secondary hydration taking place within the paste.

The addition of BFA to the cement paste increased the amount of calcium silicate hydrate formed
during the pozzolanic reaction. As the amount of BFA increased, the CH content of the paste decreased,
and the CaCOs decreased. However, the CaCOs content increased with time due to prolong exposure to
the atmosphere. At age 90 days, a total consumption of CH was not observed. In contrast, the amount
of CaCOs in the mixture increased with age but decreases with the level of BFA replacement.

It is suggested to use BFA in mass concrete construction, since low amount of heat is required,
however delayed hydration will be observed.

When PLC was replaced by 25% of BFA, the heat of hydration has reduced by 67%.

The flow behavior of the cement pastes fits well with the Bingham linear model. Increasing the
amount of BFA in the mixtures does not alter the rheological model of the cement paste. A better
rheological property was observed in mixtures containing 10% BFA. However, the rheological
properties were greatly affected by higher BFA content. 10% BFA replacement in the cement mixture
offers the best rheology.

At 15% of cement replacement the paste exhibits better rheological properties: lower yield stress
and lower viscosity up till 120 min after mixing, which is an important factor in ready-mix concrete
plants. However, a better pozzolanic behavior was observed at 20% cement replacement. From the
results obtained, the properties of the paste containing BFA is very sensitive to water/binder ratio (w/b).
Above 20% cement replacement, it is suggested to use viscosity modifying agent (VMA\) to get a better
rheology and pozzolanic.
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