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Abstract

This study explores the effect of replacing 10 % and 20 % of portland cement with BBA from
three biomass-fired power plants on new design cement sorptivity, capillary absorption,
electrical resistivity, drying shrinkage, expansion and heat of hydration. The findings show that
although this addition induces an increase in water uptake due to its effect on the pore system,
it does not compromise cement quality, which is international recommendation-compliant. As
these new cements have the same or higher resistivity than the reference material, they are at
least as corrosion-resistant as OPC. Binders bearing BBA exhibit less shrinkage and swelling
than conventional cement and their peak heating, rate of heat release and total heat flow values
are lower, particularly at the higher replacement ratio. The conclusion drawn is that the
durability of the recycled product, which qualifies as a strength class 42.5, type II/A cement, is
unaffected by the partial replacement of clinker with BBA.

Keywords: transport in cement, shrinkage, expansion, heat of hydration, biomass bottom ash,
recycled cements

1. INTRODUCTION

Cement is the binder most abundantly used in construction, with worldwide plant output in 2017
amounting to 4.65-10° tonnes [1]. Due to the high temperatures (~1450 °C) required for its
manufacture (~12% to 15 % of industrial energy consumption [2]), 10 % of worldwide
anthropogenic CO, emissions can be attributed to cement production [3].

Given those figures and against the backdrop of the pursuit of a circular economy, the cement

industry and the scientific community have intensified their search for supplementary
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cementitious materials (SCMs) drawn from fired-clay, agri-food and ornamental stone industry
waste. These endeavours aim to reduce natural resource consumption by lowering the clinker
content in cement; contribute to CO, emissions abatement by moderating the energy consumed
in cement manufacture; and mitigate the environmental impact attributed to the construction
industry [4, 5].

Particular attention has been devoted in recent years to research on SCMs based on
agroindustry waste, for the world output of biomass comes to approximately 140-10° tonnes
yearly [6]. More specifically, laboratory-scale experimentation has focused on burning biomass
waste (primarily bagasse and rice husk and to a lesser extent bamboo ash [7-9]) at different
temperatures, while biomass waste from power or heat and power plants has been studied
much less profusely [10] [11, 12]. The few studies published on the subject have concentrated
on the effect of adding biomass bottom ash (BBA) to cement on the mechanical strength of the
resulting mortars. The findings reported vary with both the origin and composition of the waste
and the replacement ratio used.

Those discrepancies are indicative of the breadth of the scientific-technical gap in the
knowledge of the durability of materials bearing BBA. Understanding is scant, for instance,
around the indirect indicators of durability such as sorptivity, capillarity and electrical resistivity
[13]; micro- or macro-cracking induced by early age drying shrinkage or swelling and its adverse
effect on service life [14]; and the steep thermal gradients generated by heat of hydration, with
the concomitant cracks that may serve as channels for the ingress of aggressive external
agents [15]. Such factors may compromise structural durability, particularly where large volumes
of concrete are involved, such as in dams and dykes where the release of hydration heat is
constrained [15].

Of cardinal importance, then, for furthering the valorisation of waste as a construction material is
an understanding of both the economics and performance of SCM-bearing cement and the
properties of the material that directly impact the durability of the resulting concrete. The
economic significance of concrete member durability was quantified by Nath et al. [16], who
estimated that approximately $18:10°to $21 -10° are spent yearly to repair, rehabilitate,

strengthen and protect concrete structures.



This study consequently aims to contribute to an in-depth understanding of the effect of
replacing 10 % or 20 % of portland cement with BBA on the mechanical strength and durability
of new design cements. The variables studied include 28 d mortar mechanical performance and
cement pore size distribution, sorptivity, capillarity, resistivity, drying shrinkage and swelling,
along with the semi-adiabatic calorimetry determination of heat released during hydration.

2. MATERIALS AND EXPERIMENTAL

2.1. Materials

* Biomass bottom ash (BBA): biomass waste from three Spanish electric power plants was
studied. Two of those plants used non-woody (primarily wheat, rye, oat and corn straw) and the
third woody (eucalyptus, fruit and pine tree) waste to fire their boilers. The former two plants
were labelled S1 and S2 and the third S3. The samples were collected randomly at three
heights in the stockpiles and subsequently dried, ground and analysed for their chemical,
physical and mineralogical characteristics, as reported in an earlier paper [17].

The X-ray fluorescence-determined chemical composition of all three BBAs revealed that they
contained 65 wt% to 75 wt% CaO+MgO+SiO,, 13 wt% to 17 wt% K,O and 2.5 wt% to 5 wt%
Al,O3z+Fe,0s. According to the Vassilev diagram [18-20], those values are indicative of type S,
subtype medium acid (MA) biomass. All three also exhibited a reactive silica content of over
25 %: 48.5 % (S1), 44.7 % (S2) and 28.2 % (S3) [17].

* Sand: the CEN-standard sand used to prepare the mortars had a particle size ranging from
2.0 mm to 0.08 mm, as specified in EN 196-1 [21].

* Cement: the EN 197-1 [22]-compliant CEM 1 42.5 R ordinary portland cement (OPC) used was
furnished by Lafarge, a Spanish cement manufacturer sited in the province of Toledo.

2.2. Blends

The blended cements were prepared in a high-speed powder mixer to guarantee homogeneity.
They were batched by weight, with OPC/BBA (S1, S2 and S3) ratios of 100/0 (OPC), 90/10
(OPC+10BBA) and 80/20 (OPC+20BBA), for a total of seven blends. The proportions were
adopted on the grounds of the replacement ratios prescribed for type IlI/A (6 %—-20 %) and type
IV/IA (11 %-35 %) cements in European standard EN 197-1 [22].

The pore size distribution of the cements shown in Figure 1 was obtained by measuring N,

absorption isotherms on a Micrometrics ASAP 2000 analyser. All the cements were observed to



have pore diameters ranging from 0.7 nm to 200 nm. The OPC had a small shoulder at ~2.0 nm
and cements OPC+10BBA and OPC+20BBA had two each, at 1.5 nm or 1.6 nm and ~2.0 nm.

The shoulder at 1.5 nm was attributed to S1 and S2 in their respective blends, and the one at

1.6 nm to S3.
Figure 1. Pore size distribution of the cements studied

The effect of the new additions on the BET specific surface of the cements varied with the type
of waste. On the one hand S2 induced a decline relative to OPC, with values of 1.30 m%g in
OPC+10S2 and 1.20 m?/g in OPC+20S2 compared to 1.37 m/g in OPC and on the other S3
and S1 raised the value, to 1.92 m?/g in OPC+10S3, 2.54 m°/g in OPC+20S3, 1.41 m?/g in
OPC+10S1 and 1.50 m2/g in OPC+20S1. Those data were governed by the specific surface
recorded for the raw waste, which in descending order was S3>S1>S2 [17].
2.3. Standard methods and mortar manufacture
Table 1 lists the physical, mechanical, durability and aesthetic parameters assessed in the new
cements, as well as the methodology and specimen sizes used.
Table 1. Mechanical and durability parameters studied

The parameters listed in the above table were measured on standardised mortars with a
sand:binder ratio of 3:1, as specified in standard EN 196-1 [21].
2.4. Instrumental techniques
The instrumental techniques used to characterise the microstructure of the new cements and
assess heating and heat of hydration are described below.
The pore size distribution of the 28 d mortars was analysed with a Micromeritics Autopore IV
9500 mercury porosimeter featuring operating pressures of up to 33 000 psi (227.5 MPa) and a
pore diameter measuring range of 0.006—175 ym. This trial was conducted to ASTM standard D
4404 [28].
Heat of hydration was calculated using the semi-adiabatic method (Langavant calorimeter)
specified in European standard EN 196-9 [27]. In that method the heating recorded in the
mortar studied is compared to that of an inert reference mortar (mixed 12 months prior) and the
value found is entered into Equation 1 to determine heat of hydration (Q):
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where: where Q is heat of hydration (amount of heat released by the sample in J-g'l); m, the
mass (g) of the mortar tested; t (h) hydration time; C (J-°C) the total heat capacity in the
calorimeter and the mortar tested; « (J'h'l'OC'l) the global thermal transmission coefficient; and
& (°C) the difference between the calorimeter readings for the test and reference materials at
time t.

The tests were conducted on an IBERTEST IB32-101 Langavant calorimeter.

3. RESULTS AND DISCUSSION

3.1. Mechanical strength

According to the compressive strength data in Table 2 for the mortars studied, irrespective of
the addition and replacement ratio, all exhibited 28 d strength = 42.5 MPa. The strength loss
relative to OPC prompted by the inclusion of BBA was lower than the replacement ratio, with a
decline of 0.6 % to 5.8 % in OPC+10BBA and of 13.5% to 14.7 % in OPC+20BBA. That
behaviour could be attributed primarily to two factors: the pozzolanicity of the new additions [17]
and the greater total porosity of the new mortars (see Table 2), an outcome also observed by
Kumar [29]. Rosales et al. [30] recorded similar findings, with a ~12 % decline in compressive
strength in materials bearing 20 % light material-free BBA (40 % caked olive mill waste and
60 % woody biomass from poplar, olive and pine trees). Those authors also observed that at
the aforementioned replacement ratio, strength tumbled by up to 60 % relative to the reference
cement if the BBA was not crushed or the light material was not removed. The present findings
showed somewhat better values than observed by Garcia and Coutinho [31] and Sklivaniti et al.
[32], who recorded 28 d compressive strength declines very close to the replacement ratio
(~5 % to 10 %) for woody waste from a Portuguese power plant and a much steeper loss (20 %
to 32 %) for cements with 2 % to 10 % olive pruning waste.

Table 2. Mechanical performance and pore system properties in 28 d mortars
Irrespective of whether the addition was S1, S2 or S3, at a replacement ratio of 10 % flexural
strength was 2.5 % to 6.3 % higher than in OPC. Although strength declined at 20 %, loss was
less intense than observed for compressive strength. The explanation for these observations
lies in the faster rise, in materials bearing pozzolans (BBA in this case), of flexural than
compressive strength, yielding cement-based materials more elastic than OPC [33, 34]. The

decline observed here at a 20 % replacement ratio was similar to the 10 % dip relative to the



control mortar reported by Rosales et al. [30] for mortars with 20 % caked olive dreg BBA
bearing no light materials.
3.2. Total porosity and pore size distribution
Table 2 also gives the total porosity and mean pore size values for the 28 d mortars. The
mortars prepared with BBA-bearing cement exhibited a rise in total porosity relative to OPC,
although percentage-wise it was lower than the replacement ratio, at 1.6 % to 9.0 % for
OPC+10BBA and 5.3 % to 9.4 % for OPC+20BBA. The mean pore size dropped, for whilst the
volume of macropores (® > 0.05 ym) barely varied, the capillary fraction (0.007 < ® < 0.05 pm)
rose substantially to 1.2 to 1.8 times the volume found in OPC (Figure 2).

Figure 2. Pore size distribution in 28 d mortars
The decline in pore size was consistent with reports by other authors using ground bagasse ash
[35], biomass bottom ash [36] or bagasse ash [37] as pozzolanic additions in new cements.
3.3. Electrical conductivity
The decline in electrical conductivity the mortars studied over time depicted in Figure 3 was
attributable primarily to cement phase hydration and BBA pozzolanicity. The concomitant
formation of a more compact and contorted pore system hindered the mobility of dissolved ionic
species [38]. Three regions can be distinguished on the graph: the first, up to 3 d, in which the
OPC+BBA mortars exhibited higher conductivity than OPC, particularly in the 24 h materials; a
second, up to 21 d, in which OPC+10BBA and OPC conductivity values were similar, whilst
OPC+20BBA conductivity was slightly higher than in the reference; and a third where
OPC+10BBA< OPC=OPC+20BBA.

Figure 3. Electrical conductivity versus time

The pozzolanic effect of BBA was particularly visible in the third region, where resistivity (the
inverse of conductivity) varied more in the additioned mortars than in the OPC, with increments
ranging from 3.6 Q-m/day to 5.6 Q-m/day in OPC+10BBA and 4.0 Q-m/day to 5.8 Q-m/day in
OPC+20BBA, compared to 1.80 Q-m/day in OPC. That effect was consistent with observations
by Caneda et al. [39], who reported more complex and slower microstructural development in
mortars additioned with coal tailings than in the reference.
The resistivity recorded here for the OPC+10BBA mortars, irrespective of the type of addition,

was 3.2 % to 10.9 % higher than observed in OPC. That value is in line with the ~6 % rise in



electrical resistivity relative to OPC observed by Garcia and Sousa-Coutinho [31] for mortars
with 10 % power plant woody biomass ash. In contrast, 28 d electrical resistivity in the
OPC+20BBA mortars was equal to (OPC+20S3) or <2 % lower than (OPC+20S1 and
OPC+20S2) in OPC, for the pozzolanic reaction was insufficient to offset the effect of cement
dilution.
The better 28 d performance may be associated with several factors: a decline in alkali and OH’
content in the pore system induced by the additions, which would hinder ion mobility in the pore
solution [40]; the prevalence of the effect of pore aqueous phase ion composition in cement-
based materials in the early stages of hydration and its decline after hardening [40, 41]; and the
BBA-mediated modification of the pore system [39].
Figure 3 also revealed the possible correlation between conductivity and time defined in a study
by Andrade et al. [42] as per Equation 2:
0=0," ()1 2)
where: o is conductivity at a given age; op is conductivity at the first age determined; t is time,
and q is the ageing factor that represents hydration progress. The fourth parameter, g, is
essential to establishing the durability models proposed by Andrade and D’Andrea [43] and laid
down in Spain’s Structural Concrete Code, EHE-08 [44]. The q values given in Table 3 were
observed to be higher for the new OPC+BBA type II/A cements than for type | conventional
cement, as observed by Andrade and D’Andrea [42] for cement types II/V and II/P.

Table 3. Ageing factor and resistivity values for new 28 d mortars
The inference drawn from the values for 28 d electrical resistivity was that the inclusion of BBA
had no adverse effect on that durability indicator, for all the materials exhibited values lying
within the 100 Q-m to 200 Q-m range defined in a number of proposed classifications as
moderate reinforcement corrosion risk (M) [45, 46].
3.4. Shrinkage
The shrinkage values in Figure 4 for mortars dried for 40 d in air at 20 °C and 60 % RH show
that early age shrinkage was less intense in the S2 mortars and more intense in the S1 and S3
materials than in OPC. The shrinkage rate continued to grow from 2d to 35d and then to

flatten, in which region the BBA-bearing mortars were observed to shrink less than the OPC



specimens. The difference was wider at higher replacement ratios, with 1.3 % to 6.5 % less
shrinkage relative to OPC at a ratio of 10 % and 8.1 % to 11.9 % at 20 % replacement.
Such lesser shrinkage in the additioned mortars would be due to the interaction among a
number of factors over time. Lower heat of hydration would translate into less shrinkage, further
to the relationship between these two properties observed by Hu et al. [47] and Zhan et al. [48].
Fineness affects shrinkage [48], with greater fineness (OPC+20S3> OPC+10S3> OPC+20S1>
OPC+10S1> OPC> OPC+10S2> OPC+20%S2) associated with more shrinkage, particularly at
early ages. A third factor is the BBA-mediated pozzolanic reaction, observed by Chi [49]
between bagasse ash and the portlandite resulting from cement hydration.

Figure 4. Drying shrinkage in mortars dried in air for 40 d at 20 °C and 60 % RH
The present findings were consistent with observations reported earlier by Chi [49], who found
~10 % more shrinkage in the reference than in mortars with 20 % or greater bagasse ash as
cement replacements. In contrast, other authors recorded greater shrinkage in mortars
additioned with agro-industrial waste (palm oil fuel ash [50] and olive biomass bottom ash [30]),
due primarily to the greater porosity of the additions and its effect on new mortar microstructure.
3.5. Expansion
The expansion observed in the mortars after immersion in water for 40 d at a temperature of
20 °C graphed in Figure 5 shows that the volume of all the mortars tested rose due to the
sorptivity of C-S-H gels, which tend to sponge when in contact with fluids [51, 52]. The mortars
bearing these new additions expanded less than the OPC due to their lower C-S-H gel content,
the result of cement dilution with the inclusion of BBA and the pozzolanicity of the latter, which
increases with age, with 180 d pastes exhibiting amounts of gel similar to those found in OPC
[53]. The smaller C-S-H gel content played a significant role in this process, prevailing over the
effect of water absorption.

Figure 5. Expansion in mortars immersed in water at 20 °C

3.6. Total absorption
Table 4 gives the water absorption in the 28 d mortars, which was observed to rise relative to
OPC with BBA replacement, by 1.0% to 6.7 % for OPC+10BBA and 2.8 % to 7.2 % for
OPC+20BBA. The data recorded were in keeping with the linear relationship between water

absorption and total porosity, at a correlation coefficient of =0.90 (Table 4), as reported earlier



by other authors [46, 54]. The water absorption values for the mortars studied were below the
10 % ceiling recommended for high quality cement-based materials [12, 55].
Table 4. Water absorption
3.7. Capillary absorption
The capillary absorption curves plotted in Figure 6 proved to be similar for all three mortars
studied, while also showing that the inclusion of BBA, irrespective of origin, induced a rise in
water uptake due to the higher volume of capillary pores (Figure 2). These curves were
characterised by three stages. The first or primary absorption stage ran from 5 min to 360 min
(0.29 — 2.45 h°'5), during which capillary suction, the prevailing mechanism, determined rapid
absorption. In secondary absorption, from 1 d to 7 d (4.90 — 13.11 h°'5), suction slowed due to
the filling of the larger pores [55] and the hydration and rehydration of paste components,
modifying the microstructure with an impact on pore connectivity [56, 57]. In the third stage (>
13.11 h°'5) the sample was saturated and maintained a constant weight, with diffusion governing
water uptake in the air pores [58].
Figure 6. Capillary absorption curves in mortars
Table 5 gives the initial (Ip) and secondary (Is) sorptivity values using the fourth root of time, as
recently proposed by Villagran et al. [59] to obtain a higher correlation coefficient (R2> 0.98)
than delivered by the square root of time. According to those authors, C-S-H gel swelling
modifies the pore size distribution in cement-based materials in contact with water, reducing
hydraulic diffusion as a result of restricted material deformation. The data tabled show that
during both initial and secondary sorptivity the inclusion of BBA hastened water penetration as a
result of capillary suction, yielding sorptivity values 6.5 % to 10.75 % higher in OPC+10BBA
mortars and 17.6 % to 38.2 % in OPC+20BBA mortars than in OPC. That rise in sorptivity was
slightly below the values reported by Rosales et al. [30], who recorded increases in this
parameter of around 48 % when they additioned cement with 20% of olive tree- and other plant
material-based BBA.
Table 5. Sorptivity and correlation coefficients calculated from the linear relationship between
capillary absorption and the fourth root of time
The findings given in the table were the direct result of the effect of BBA on the pore size

distribution of the new mortars (Figure 2 and Table 2), i.e., a higher volume of capillary pores



(® < 0.05 ym) and lower mean pore size. Translated into the graphs in Figure 7, the data attest
to the linear relationship between these two pore system parameters (capillary pore volume and
mean pore size) and mortar sorptivity, a relationship observed earlier by Martys and Ferraris
[60]. The same trend was recorded by other authors using woody bottom ash [31], fly ash [61],
granite sludge [46] and granulated blast furnace slag [62] as partial cement replacements.

Figure 7. Correlation between pore system parameters and mortar sorptivity
Alexander et al. [63], Ho et al. [64] and Jiménez and Montero [65] propose a classification for
judging concrete durability from its sorptivity values. In that scheme, concretes with sorptivity of
under 6 mm/h®® are durable, although other authors [66] have proposed lowering the threshold
to 3 mm/h®® for reasons of safety. Browne [67], in turn, proposed another classification for
concrete quality, requiring sorptivity of 0.1 mg/mm?-min®® to 0.2 mg/mm?min®® to qualify as
medium quality. Based on the aforementioned classifications, the new mortars can be said to
deliver good performance in terms of capillary water uptake, with the inclusion of BBA proving to
be non-detrimental in that respect.
3.8. Heat of hydration
The fluctuation in heat of hydration for all the mortars analysed is shown in the insert in
Figure 8. The slope on the linear regression line for the upward arm plotted in the larger figure
represents the heating rate. The heat curve can be divided into two stages: a first ending at
peak heating which, depending on the mortar, ranged from 16 h to 21 h after the onset of
hydration and a second, extending from that peak time after which heating progressively
declined.

Figure 8. Mortar heating vs time from 3 hto 25 h

Table 6 lists the terms of the linear regression equation (Equation 3 below) between time and
heating, along with peak heating and the time it occurred.
H=v,4,Xt—B 3)
where: H is heating in °C at a given time t; v, is the heating rate in °C/h; t is hydration time
between 3 h and 20 h; and B is a constant.
The table clearly shows the steady decline in peak heating with rising replacement ratios, with
values 8.6 % to 12.8 % lower in mortar OPC+10BBA than in OPC and 13.8 % to 17.7 % lower

in mortars OPC+20BBA. Similar behaviour has been reported in cements containing other



pozzolanic materials such as paper mill sludge [68], fly ash [69], fired clay-based sanitary ware
[15] construction and demolition waste [70] or milled ash [71] at varying replacement ratios.
Table 6. Heat of hydration in mortars versus time
The curves showing the time at which peak heating was reached in the additioned mortars were
shifted to the right relative to the curve for OPC (Figure 8), denoting a delay induced by the
additions. Peak heating time was approximately 1.23 times longer than OPC for the
OPC+10BBA mortars and 1.28 times for the OPC+20BBA materials. Lesser and slower heating
enhances durability, particularly when large volumes of bulk concrete are involved, for one of
the factors with the heaviest impact on that property is the heat of hydration generated in the
first 10 h to 20 h, given the steep thermal gradients induced by the low thermal conductivity of
these matrices.
The slope on the heating - hydration time (3 h to 20 h) curve (v¢,) declined as the replacement
ratio rose (Table 6), an indication that dilution prevailed over the pozzolanic reaction in this
initial stage. The linear equations (Equation 1) relating heating versus time for all the mortars
had R? values of 20.98. Heating rate in the new mortars relative to the OPC value was 0.55 to
0.63 times lower for the OPC+10BBA and 0.51to 0.57 times lower for the OPC+20BBA
mortars. Asensio et al. [70] also observed lower heating rates in mortars with 10 % and 30 %
construction and demolition waste than in pure OPC mortars, with rates ranging from 0.60 to
0.42 times less in the additioned than in the unadditioned materials.
Heat of hydration in the mortars analysed is plotted against time (up to 120 h = 5 d) in Figure 9.
Figure 9. Total heat of hydration in mortars versus time
Heat of hydration rose rapidly in the first 24 h, and then more slowly, peaking at 35 h and
remaining essentially flat through the end of the test. As the replacement ratio rose, the heat
released after 120 h was 3.7 % to 6.3 % lower in mortar OPC+10BBA and 10.1 % to 11.8 %
lower in OPC+20BBA than in OPC. The decline observed was consistent with a trend reported
by authors [46, 72, 73] studying the early age effect of low pozzolanicity mineral additions (fly
ash and granite sludge), as well as by Sanchez de Rojas et al. [74, 75] and Rodriguez et al.
[68], analysing additions with higher pozzolanic activity such as spent FCC and paper sludge.

That behaviour can be explained by the linear relationship between heat of hydration and the



replacement ratio observed by Shanahan et al. [76], who proposed a linear model (Equation 4

below) to predict heat of hydration in cements additioned with fly ash and metakaolin.

Qr =A-Xppa +B (4)

where: Q; is heat of hydration at time t, in J/g; A is the slope of the linear curve; Xgga is the

biomass bottom ash content in wt% and B is a constant.

Table 7 gives the value of the terms in Equation 4 for 41 h and 120 h by type of addition.

Table 7. Regression equations and terms for the relationship between replacement ratio and
heat of hydration released by mortars

Figure 9 also shows that further to EN 197-1 [22] specifications, all the new eco-efficient

cements would be classified as ordinary cements, for their 41 h heat of hydration was >270 J/g.

4. CONCLUSIONS

The conclusions that may be drawn from this study are set out below.

- New cements bearing 10 % or 20 % biomass bottom ash meet the strength requirements
laid down in the standards in place for cement type II/A, strength class 42.5 N or 42.5 R.

- Theinclusion of BBA reduces mean pore size relative to OPC, more intensely at the higher
replacement ratio.

- At areplacement ratio of 10 %, BBA raises electrical resistivity by 3.1 % to 10.9 % relative
to OPC, whilst at 20 % the effect is nil. Irrespective of the replacement ratio, BBA raises the
ageing factor, affording these new binders greater corrosion resistance than observed in
OPC.

- The partial replacement of cement with BBA reduces drying shrinkage and expansion in
the new materials, lowering the risk of early age cracking that could compromise their
durability and shorten their service life.

- Water absorption is higher in the new cements than in OPC, by 1.0 % to 6.7 % at 10 %
replacement and 2.8 % to 7.2% at 20 % replacement. All the materials studied have lower
than the 10 % water absorption ceiling recommended for high quality mortars.

- Inclusion of BBA raises capillary suction relative to OPC by 10.7 % at 10 % replacement
and 38.2 % at a 20 % ratio. The inclusion of this waste does not lower mortar quality,
however, for all the materials analysed lie in the medium quality range defined in

international recommendations.



- Mortar heating rate, largely governed by waste content, is 0.51 times lower than the OPC
value in mortar OPC+10BBA and 0.63 times lower in mortar OPC+20BBA. In other words,
the higher the percentage of waste, the longer it takes to reach peak heating.

- Mortar peak heating values decline linearly with the percentage of BBA, by 8.6 % to 12.8 %
in mortar OPC+10BBA and 13.8 % to 17.7 % in mortar OPC+20BBA.

- Heat of hydration is up to 6.3 % lower in OPC+10BBA cement than in OPC and up to
11.8 % lower in OPC+20BBA, narrowing the likelihood of early age cracking.

As adding BBA at less than or equal to 20 % has no adverse effect on the durability parameters

analysed, this waste can be used in the design of new binders equivalent to conventional type

II/A cements. Such findings may spur the implementation of circular economy tenets in the

cement industry.
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Table 1. Mechanical and durability parameters studied

Property

Standard

Specimen size

Water/

(cm) cement ratio

Compressive and flexural EN 196-1 [21]
strength
Electrical resistivity UNE 83988 [23] 4%X4X16 0.50
Sorptivity UNE 83980 [24]
Capillary absorption UNE 83982 [25]
Drying shrinkage

UNE 80112 [26] | 2.5x2.5x28.5 0.47
Water-induced swelling
Heat of hydration EN 196-9 [27] - 0.40

Table 2. Mechanical performance and pore system properties in 28 d mortars

Mechanical strength (MPa)

Pore system

Mortar i i
Compressive Flexural Total porosity | Mean size [4V/A]
(% vol.) (um)
OPC 68.22 + 1.73 9.01+0.43 11.59 0.0863
OPC+10S1 65.35 + 2.10 9.24 +0.43 12.37 0.0838
(-4.21) (+2.55) (+6.73) (-2.90)
OPC+20S1 58.35+ 1.51 8.74 + 0.09 12.52 0.0779
(-14.47) (-3.00) (+8.02) (-9.73)
OPC4+10S2 64.26 + 0.75 9.38 +0.46 12.63 0.0859
(-5.80) (+4.11) (+8.97) (-0.46)
OPC+20S2 59.01 + 0.37 8.47 +0.34 12.68 0.0695
(-13.50) (-5.99) (+9.40) (-19.47)
67.84 +1.43 9.58 +0.41 11.78 0.0762
OPC+10S3
(-0.56) (+6.33) (+1.64) (-11.70)
17 +0.94 7.96 +0.2 12.2 .0704
OPC+20S3 58.17+0.9 96 + 0.26 0 0.070
(-14.73) (-11.65) (+5.26) (-18.42)

Note. — In brackets: Relative strength respect to OPC expressed as percentage



http://ees.elsevier.com/conbuildmat/download.aspx?id=1174245&guid=4831314e-c1e6-4930-b74a-141750a952e8&scheme=1

Table 3. Ageing factor and resistivity values for new 28 d mortars

Mortar Con(EI(tézc.trir:/)i_t%/ (o0) f z?c% girn(?q ) R2 Re(s(izs.:ri:;ity
OPC 0.0213 0.315 0.953 142.00
OPC+10S1 0.0248 0.360 0.9554 154.00
OPC+20S1 0.0299 0.375 0.960 139.25
OPC+10S2 0.0223 0.322 0.952 146.00
OPC+20S2 0.0251 0.334 0.959 140.00
OPC+10S3 0.0251 0.370 0.958 157.00
OPC+20S3 0.0284 0.384 0.951 142.17
Table 4. Water absorption
Mortar Water absorption | Variation relative to f(I;irnv?/gigfgtgiisrﬁ?oﬁqysatggl
(wt%6) OPC porosity

OPC 5.66

OPC+10S1 5.85 +3.25

OPC+20S1 591 +4.33

OPC+10S2 6.04 +6.70 WAZS i )(().Fs;t1+1.65

OPC+20S2 6.07 +7.24

OPC+10S3 5.72 +1.02

OPC+20S3 5.82 +2.80

Note. - WA: Water absorption (wt%); Pt: total porosity (vol. %)




Table 5. Sorptivity and correlation coefficients calculated from the linear relationship between

capillary absorption and the fourth root of time

Sorptivity
Mortar Initial absorEtion Secondary S* S*
(mm/s®?) absorption (mm/s®?®) | (mg/mm**min®®) | (mm/h°®)
0.212 0.066
OPC 0.107 0.83
(R?=0.999) (R?=0.990)
OPC+10S1 0.228 0.0974 0.114 0.89
(R’=0.994) (R°= 0.990) ' '
OPC+20S1 0.251 0-135 0.126 0.98
(R*= 0.995) (R*= 0.991) ' '
OPC+10S2 0.223 0.117 0.116 0.87
(R%= 0.999) (R’= 0.990) ' '
0.284 0.119
OPC+20S2 2 2 0.143 1.11
(R%= 0.993) (R%= 0.987)
0.237 0.092
OPC+10S3 0.119 0.92
(R?=0.993) (R?=0.987)
OPC+20S3 0.294 0-112 0.148 1.15
(R’= 0.996) (R°=0.991) ' '
Note. - *S: sorptivity calculated as per ASTM C1585 for time 0.20 h®® to 2.45 h®;
R“>0.98

Table 6. Heat of hydration in mortars versus time

. Terms of Equation 3

Mortar Time (h) Hmax (°C) 5

Veal B R
OPC 16.05 32.7 3.49 9.18 0.982
OPC+10S1 19.17 29.9 2.21 5.74 0.983
OPC+20S1 20.01 28.2 1.98 3.99 0.986
OPC+10S2 19.90 28.5 2.04 6.54 0.984
OPC+20S2 20.15 26.9 1.85 4.71 0.983
OPC+10S3 19.82 29.6 1.92 5.36 0.983
OPC+20S3 20.90 27.1 1.80 5.14 0.981

Note. Hnax: peak heating; v, : heating rate (°C/h); t: time (t); B: constant in Equation 3
(°C); R?: correlation coefficient




Table 7. Regression equations and terms for the relationship between replacement ratio and

heat of hydration released by mortars

. Hydration time Terms of Equation 4
Correlation
(h) A B R?
41 -1.50 313.85 0.996
OPC vs OPC+XS1
120 -1.58 320.57 0.999
41 -2.00 312.53 0.975
OPC vs OPC+XS2
120 -1.92 320.57 0.998
41 -1.68 317.33 0.956
OPC vs OPC+XS3
120 -1.61 320.57 0.961
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Figure 7. Correlation between pore system parameters and mortar sorptivity
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Figure 8. Mortar heating vs time from 3 hto 25 h
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Figure 9. Total heat of hydration in mortars versus time



