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Abstract The performances of expanded clay aggre-
gate and wood ash as internal curing water reservoirs
were studied in the mortar phase of a hypothetical high
performance concrete with a low water-to-binder
ratio. The two materials substituted the 15 and 30%
of the sand volume. Two different binders, Portland
cement and high-volume fly ash blended cement, were
used. The compressive strength and the volume
stability of the mortars in sealed and air-drying
conditions were studied. Furthermore, the desorption
capacity of the internal curing water reservoirs and the
internal humidity inside the mortars during the first
days after casting were analysed. The results shown
that the reduction in the self-desiccation shrinkage was
higher when the expanded clay aggregate was used,
even in air-drying curing conditions, due to its higher
desorption  capacity in  low-relative-humidity
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environments in comparison to that of the wood ash.
However, wood ash had a stronger beneficial effect on
early age autogenous shrinkage without significantly
increasing the drying shrinkage. The two alternative
aggregates influenced the strength moderately. Con-
sidering the technical, economic, and environmental
implications of using the two lightweight aggregates,
wood ash is recommended.

Keywords Internal curing agent - Curing
sensitivity - Residues - By-product - Circular economy

1 Introduction

Lightweight concrete containing lightweight aggre-
gates (LW As) has been successfully used for decades
to decrease the dead load of different infrastructures.
With this, the dimensions of the structural members
can be reduced, less reinforcement is required, and
longer spans are allowed [1]. Furthermore, less
cracking and better durability in some of these
infrastructures were attributed to the effect of internal
curing [2]. Internal curing consists of the provision of
water to a cementitious material from some of its
constituents, sustaining cement hydration and pre-
venting self-desiccation [3]. Self-desiccation is the
precursor of autogenous shrinkage [4], which is a
considerable problem in high-performance concrete
(HPC) with a low water-to-binder ratio [5, 6]. In
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lightweight concrete, the LWA is the constituent that
provides the extra water, that is, it works as an internal
curing water reservoir (ICWR). This is possible owing
to the high absorption and desorption capacities of
LWA. However, the internal curing effect is not
always clear in existing lightweight concrete struc-
tures, as the materials used were not specifically
designed for this purpose [7]. The use of pre-wetted
LWA for the internal curing of HPC was not suggested
until the early ‘90 s [8].

Many studies have already concluded that different
types of natural and artificial LWAs are suitable to be
used as ICWRs in HPC. Among them, those based on
zeolite [9, 10], pumice [11, 12], shale [13, 14] and clay
[15, 16] are the most popular. Field experience has
also been documented [17]. However, inconveniences
in conventional LWAs regarding absorption and
desorption properties, which are key for the internal
curing process, have been reported. For instance,
natural zeolite has been considered ineffective for
mitigating paste self-desiccation owing to its fine
porous structure [18]. In addition, the complete
saturation of lightweight expanded clay aggregate is
difficult to achieve in practice, and a vacuum pump
may be needed. For instance, light expanded clay
aggregate (LECA) can absorb water from paste in a
fresh state and block the conveying lines of pump
concrete [19].

These technical inconveniences, together with the
increasing interest in the development of cleaner
alternatives in the concrete sector, have encouraged
the proposal of some industrial by-products to work as
ICWRs [20]. The waste-based alternative ICWRs
must show proper water absorption and desorption
properties, similarly to conventional LW As. Thus, any
type of ash could be an adequate candidate for this
purpose. For instance, the potential use of coal bottom
ash as an ICWR has been suggested [21]. However,
the use of other types of ash for this purpose has
seldom been researched.

The production of different biomass ashes is
increasing as the generation of energy by burning of
plant-derived organic matter (mainly forestry and
agricultural wastes) is increasing because of its
renewable and CO, neutral nature [22, 23]. The most
promising beneficial use of biomass ash is its addition
to agricultural soils to reduce their pH (liming effect)
and to provide nutrients [24]. However, despite this
feasible option, most biomass ash is still disposed of in

landfills [25]. This can cause serious respiratory
problems in communities near dumps, as the biomass
ash particles are light and can be spread by the wind
[26]. Leaching concerns have also been addressed
[27-30]. Therefore, a more beneficial use must be
determined. In fact, life cycle assessments of different
alternatives in the construction sector have been
proposed [31]. Many studies have proposed the use
of biomass ash as a supplementary cementitious
material in concrete [32-34], which has been sug-
gested to be the most beneficial possible use [24].
However, only a few studies have investigated the
possibility of using coarser particles such as wood
bottom ash as a substitute for conventional aggregates
[35]. For instance, positive effects have been detected
in non-structural materials such as adhesive mortars
[36]. However, Lessard et al. [37] detected detrimental
effects on the workability and strength of dry-cast
concrete when substituting conventional aggregate
with dry biomass bottom ash by weight. Beltran et al.
[38] also detected detrimental effects on strength,
water permeability, chloride penetration resistance,
and shrinkage under air-drying conditions when
incorporating biomass bottom ash produced in olive
harvesting, despite having substituted the conven-
tional aggregate by volume and compensated the
water absorption of the particles. Cabrera et al. [39]
reviewed the findings regarding the use of biomass
bottom ash as a binder or aggregate in different
cement-based materials. Nevertheless, the effect of
biomass bottom ash on the self-desiccation of concrete
has not been studied, despite the high water absorption
capacity of this by-product. Only a few studies have
detected the internal curing effect when using powder-
size biomass ash particles as ICWRs [40—42].

2 Research significance

This study aims to investigate the performance of
wood bottom ash as an ICWR in concrete by
comparing it with LECA, a conventional LWA. Their
capacity for mitigating autogenous shrinkage, effects
on drying shrinkage, and compressive strength have
been reported. Furthermore, an efficiency factor that
considers technical aspects and the cost and carbon
dioxide emissions of each mix is proposed. Other
experimental studies on wood bottom ash as ICWR
have not been reported in literature.
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3 Material characterisation and mix design

All the materials used in the present work had a
maximum particle diameter size of 4 mm. Thus, the
experimental program was carried out on mortar
mixes that did not comprise coarse aggregates but
rather the paste and fine aggregates of a hypothetical
HPC.

The crushed conventional sand (S), with a fineness
modulus of 2.78, was substituted with 15 and 30%
volume proportions of light expanded clay Arlita
aggregate (LECA) and wood ash (WA). The LECA is
a commercially available product. It is brownish in
colour, rounded in shape and with a fineness modulus
of 5.06. The WA is produced during the combustion of
pine bark and other residues from the manufacture of
wood boards. The burning process takes from 15 min
to 1 h, depending on the moisture of the feed residue,
and the burning temperature reaches 1000 °C. It is
black in colour, flaky in shape and with a fineness
modulus of 2.74. The specific gravities of S, LECA
and WA are 2.47, 0.71 and 1.14 g/cm?, respectively.
The water absorption capacities of S and WA after
24 h of immersion are 2.43 and 36% by weight (6 and
41% by volume), whereas the absorption of LECA
recorded after water immersion for 24 h in a pres-
surised vacuum chamber is 53% by weight (38% by
volume). This wetting procedure is chosen for the
LECA for the particles to be closer to saturation,
although it should be noted that this procedure is
complicated for site applications. A test method based
on NY 703-19 E [43] was chosen for the determina-
tion of the specific gravities and absorption capacities
of S, LECA and WA. Following this procedure, the
aggregate samples were dried with filter paper towels
after their saturation with water. The absorption
kinetics of the aggregates are shown in Fig. 1.

The desorption capacities of the LECA and the WA
were studied based on ASTM C1498 [44]. The results
are shown in Fig. 2, where it can be seen that the
desorption capacity of the LECA is inferior to that of
the WA at a high relative humidity (97%) whereas
superior at a low relative humidity (60%). Actually, at
60% relative humidity, WA reaches a moisture
equilibrium higher than 10% whereas LECA com-
pletely dries. The capacity of biomass ashes to retain
some water absorbed in this range of ambient
humidities has been reported by other studies where
their moisture buffering values were studied [45]. The
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Fig. 1 Water absorption kinetics of S, LECA, and WA. The
values chosen for calculating the ICW content are circled in blue
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Fig.2 Desorption of LECA and WA in environments with 97%
and 60% relative humidity

different performance of the two aggregates at the two
relative humidities are related with their pore structure
and furtherly discussed in Sect. 5.2.

The three aggregates were pre-wetted with an
amount of water equivalent to the described water
absorption capacities 24 h before mixing and then
protected from moisture loss. In the case of LECA, the
particles were exposed to vacuum pressure, so they
contained a similar amount of water as WA. This
water is intended to internally cure the paste of the
mortars; thus, it is referred to as internal curing water
in the conventional sand (ICW-S) and internal curing
water in the lightweight aggregates ICW-LWA). The
proportion of ICW-LWA in the mortars (fine aggre-
gate substitution rate) was established based on Bentz
et al. [46].

Two different binders were used: ordinary Portland
cement (OPC) with a density of 3.12 g/lem® and
blended cement (BC) composed of equal volume parts
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of OPC and Class F fly ash (FA) with a density of
2.21 g/cm3 . Then, two series of mortars were
designed. The series with OPC as binder is named as
cement mortar (CM) and the series with the blended
cement is named as blended cement mortar (BCM). A
high range water reducing admixture (HRWRA) with
a density of 1.05 & 0.02 g/cm’ and a solid residue of
20.3 & 1% was dosed at 0.80% in terms of solid
residue/OPC to enhance the fluidity of the mortar and
attain a self-compacting behaviour. The mixing water
(W) to binder ratio by volume remained constant for
all the mixes. The mixing water did not include the
ICW referred to in the previous paragraphs.

The combination of the two different binders with
all the alternative aggregates and corresponding
substitution ratios resulted in a total of 18 different
mortar mixes (Table 1).

4 Testing methods

The internal humidity of the mortars was evaluated by
measuring the humidity in a hole in cylindrical sealed
specimens. The hole, also cylindrical, has diameter of
25 mm and a height of 60 mm and was formed in fresh
state. A thermo-hygrometer was put into the hole and
adjusted with a rubber plug. The test was carried out in
2 specimens per mix. Other researchers have measured

Table 1 Mix proportions (kg/m3)

the internal relative humidity in concrete following
similar procedures [42, 47-49].

The compressive strength of the mortars was tested
based on the UNE-EN 196-1 method [50] at seven
different ages from 1 to 91 days after casting, whereas
the strain was tested based on UNE 80,112 standard
[51]. All the fabricated specimens were protected from
moisture loss while being kept in moulds. Demoulding
was carried out 18 h after casting so that the first
records could be obtained as close as possible to the
final setting time. After demoulding, the specimens
were equally divided into two groups, which were
cured in two different conditions: sealed (covered with
aluminium foil) and in an air-drying 60% relative
humidity environment. The temperature was kept
constant in both curing environments at 22 + 2 °C.
The values of temperature (22 £ 2 °C) and low
relative humidity (60%) were chosen in accordance
with standards regarding the measurement of drying
shrinkage [51, 52].

The compressive strength was tested on four
specimens per mix and curing condition. The strain
of the mortars was measured on three specimens per
mix and curing condition, with dimensions of
25 mm x 25 mm x 285 mm and a gauge length of
250 mm. The changes in length at different ages were
divided by the initial length (250 mm, as indicated in
UNE 80,112 [51]); thus, the microstrain (ue) was

OPC FA S ICW- LWA ICW- HRWRA Effective Effective Total Total

S LWA w/b w/b w/b w/b

Vol% wt% Vol% wt%

CM-0 925 0 1112 27 0 0 239 15 0.85 0.27 0.94 0.30

CM- 925 0 945 23 48 25 239 15 0.85 0.27 1.01 0.32
LECAIS

CM- 925 0 778 19 96 51 239 15 0.85 0.27 1.07 0.34
LECA30

CM-WAIS5 925 0 945 23 77 28 239 15 0.85 0.27 1.02 0.33

CM-WA30 925 0 778 19 154 56 239 15 0.85 0.27 1.1 0.35

BCM-0 463 327 1112 27 0 0 246 8 0.85 0.32 0.94 0.35

BCM- 463 327 945 23 48 25 246 8 0.85 0.32 1.02 0.38
LECA15

BCM- 463 327 778 19 96 51 246 8 0.85 0.32 1.09 0.41
LECA30

BCM-WAI15 463 327 945 23 77 28 246 0.85 0.32 1.03 0.39

BCM-WA30 463 327 778 19 154 56 246 0.85 0.32 1.08 0.41
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obtained. The strain in the sealed condition, that is,
autogenous shrinkage, was recorded while a consid-
erable self-desiccation occurred. This was 14 days in
the case of CM, where self-desiccation was due to the
hydration of Portland cement, and 56 days in the case
of BCM, where pozzolanic reactions could cause long-
term self-desiccation [53].

It should be noted that the experimental program of
the present study was carried out in two different
laboratories. The baseline mixes (CM-0 and BCM-0)
were fabricated and tested in both laboratories (with
the previously indicated number of specimens tested
in each laboratory), using the obtained results to
compare the possible scatter of the experimental data.

5 Results and discussion
5.1 Compressive strength

The use of WA decreased the strength of mortars
owing to the weakness of the particles. However, the
use of LECA had a negligible effect on compressive
strength (Fig. 3). This suggests that LECA is quite
strong despite its porosity owing to the characteristic
hard shell of this type of aggregate [54]. In sealed
conditions, the internal curing effect triggered by any
of the two pre-wetted LW As might partially compen-
sate for the loss in strength by promoting cement
hydration (Fig. 3a).

The tendencies of the CM mixes were similar when
comparing both sealed and air-drying curing condi-
tions. However, the ICW stored in the LECA was
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retained in air-drying curing conditions, which could
contribute to the late strength development (Fig. 3b).
In contrast, the water loss through evaporation in
mortars with WA may be slightly higher, and thus the
strength development in air-drying curing conditions
stops at an earlier age (approximately 14 days). This
phenomenon can be related with the results obtained in
the desorption test. As the internal relative humidity
inside the strength specimens (40 x 40 mm cross-
section) is high, the WA desorbs water at a higher rate
than LECA. Thus, the water initially stored in WA
migrates to the surface of the specimens and evapo-
rates at an early age. On the contrary, the water inside
the LECA remains enclosed for a longer time, until the
internal humidity in the specimens eventually
decreases to a sufficiently low value. This different
performance between the two aggregates is furtherly
explained in Sect. 5.2.

The strength development in BCM is distinctive as
the pozzolanic reaction of FA makes its contribution
from the age of 14 days onwards (Fig. 4a). However,
in air-drying curing conditions, this effect was dras-
tically reduced in the baseline mix and in mortars with
WA (Fig. 4b). Mortars with LECA were able to
develop strength in low RH conditions until the age of
28 days, surpassing the long-term strength of the
reference mix. This may be due to the capacity of
LECA to retain the stored ICW even when the mortars
are exposed to air-drying and only release it when
pozzolanic reactions are developed at a high rate. It
must be noted that the LECA completely dries when
exposed to a 60% relative humidity environment
(Fig. 2), but the humidity inside the compressive
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Fig. 3 Compressive strength of OPC mortars in a sealed curing and b air-drying curing conditions
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Fig. 4 Compressive strength of BC mortars in a sealed curing and b air-drying curing conditions

strength specimens exposed to this environment might
be higher to that value for an extended period of time.
Therefore, it is believed that the humidity threshold
that need to be surpassed for the LECA to release its
water at a high rate is not surpassed, or at least not at an
early age, and this enhances the sustainment of
hydration. When using WA, this sustainment of
hydration is only observed in sealed specimens, as
their pore structure might lead to an earlier, more
progressive water desorption when the mortar is
exposed to air-drying curing conditions.

In any of the binder compositions and curing
conditions, the performance of all the LWAs was
similar for the two different substitution rates. This
phenomenon was especially noticeable in the BCM
mixes, as their pastes were less strong and therefore
their aggregates had a less predominant influence on
the overall strength.

5.2 Internal relative humidity and autogenous
strain

The internal relative humidities of the CM mixes are
shown in Fig. 5. The relative position of the mixes
with LECA and the mixes with WA indicates that the
former has a higher desorption capacity in the self-
desiccated paste. This correlates with the result
obtained in the desorption test, where the WA tended
to release the water at a slower rate in a low relative
humidity environment.

The internal relative humidity of BCM mixes was
studied following the same procedure as that applied
for the CM mixes. Due to the low content in Portland
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Fig. 5 Internal relative humidity inside the mortars

cement and the delay nature of pozzolanic reactions
related with the presence of fly ash led these mixes to
show no decrease in relative humidity (it was main-
tained at 99%) for the first 14 days after casting.
This desorption performance is the cause for the
highest reduction in autogenous shrinkage to occur in
CM when the highest ratio of LECA was used
(Fig. 6a). The desorption of the ICW from this
aggregate is low until the internal humidity signifi-
cantly dropped, but quick and effective afterwards (see
Figs. 2 and 5). The distinctive performance of the
LECA could be due its structure, which consisted of an
inner complex, tortuous, and partially interconnected
highly porous network surrounded by a dense outer
shell that could act as a barrier (bottleneck effect) [55].
This idea is supported by the difficulty in saturating the
LECA and the relatively high water absorption
capacity they showed when wetted under vacuum
pressure (Fig. 1). The significant reduction of the
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internal humidity in the CM is believed to occur during
the first hours after casting, before the measurements
started at the age of 18 h (Fig. 7a). However, BCM
maintains high levels of humidity until the pozzolanic
reactions increase their rate after one week [56]
(Figs. 6b and 7b). Thus, the internal curing effect of
LECA in BCM is much more visible in the long term
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(Figs. 6b and 7c). The lowest content of LECA
mitigates self-desiccation by a smaller magnitude
than the highest content of this LWA, especially in
CM, similar to the lowest WA content. Actually, the
shrinkage of C-LECALS is slightly higher than that of
the reference mix at 14 days, what could be due to the
poor compensating effect of the internal curing

BCM at late age

LECA

Fig. 7 Desorption of the internal curing water from the different LWA to the different pastes
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together with a lower modulus of elasticity of the
mortar when the LWA is incorporated. Nevertheless,
the effect of the 15% substitution ratio was higher in
the case of BCM. A wider pore structure in the blended
paste may ease the enlargement of the sphere of
influence of the LWA, leading to a higher volume of
protected paste (Fig. 7c, e, f). Furthermore, the
reduction in autogenous shrinkage when using WA
seemed to be more proportional to the amount of ICW
that was provided, probably caused by a more gradual
desorption of the ICW. The openings of the pores of
the WA may be wider than those in the LECA;
therefore, there was no need for a strong self-
desiccation to trigger the release of the ICW (Fig. 7e).
This characteristic enabled the early swelling detected
in BCM-WA30 (Fig. 6b).

5.3 Shrinkage in air-drying curing conditions

The distinctive performance of the highest substitution
ratio of LECA was also found when the shrinkage was
measured in air-drying conditions. It should be
considered that in this situation, self-desiccation
coexisted with drying. The quick and effective
desorption of ICW mitigated self-desiccation and
increased external drying. Therefore, similar shrink-
age values were registered less in internally cured
mixes when the highest content of LECA was used
(Fig. 8a, b). In the case of BCM, a delay in the
appearance of self-desiccation was found in sealed
conditions because of the lower content of OPC and
the late development of pozzolanic reactions. How-
ever, long-term self-desiccation due to pozzolanic
reactions may not occur in the air-drying conditions.
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Fig. 8 Shrinkage in air-drying conditions for a CM and b BCM
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An early humidity decrease in the thin shrinkage
specimens caused by both self-desiccation and exter-
nal drying could have triggered the premature desorp-
tion of the LECA-ICW. This ICW mitigated self-
desiccation; therefore, lower values of shrinkage were
registered during the first days after casting in the
BCM. Some authors have also detected less early
shrinkage in air-drying conditions when using a
LECA-type LWA [57], whereas others proved the
better performance of LECA regarding drying shrink-
age in comparison with other LWAs [58]. However,
the use of a 15% substitution ratio of LECA or any
content of WA only has a slight effect on the shrinkage
in air-drying conditions. In fact, the higher initial total
water content of mixes with WA led to a modest long-
term increase due to a higher evaporation rate (Fig. 8a,
b).

It should be noted that the specimens used had a
high surface-to-volume ratio, so the drying rate was
much higher than that in a real construction element.
This should be considered for a correct evaluation of
the studied mixes, as the drying effect only affected
the surface of an element and could be mitigated by
external conventional curing [59].

6 Efficiency of LECA and WA

Other authors have already proposed efficiency factors
to assess the performance of different internal curing
water reservoirs and facilitate the comparison between
them. For instance, Zhutovsky et al. [60] developed an
efficiency factor as in Eq. (1):
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__ W
S ¢ Wowa
where 7 is the efficiency factor, W, is the internal
curing water required to eliminate self-desiccation (g),
S is the degree of saturation (%), ¢ is the water
absorption capacity (Wt%), Wi wa is the lightweight
aggregate content (g), and SR is the autogenous

shrinkage reduction (%).

This efficiency factor evaluates only the technical
performance of the internal curing water reservoir,
what is still useful when dealing with conventional
lightweight aggregates. However, considering the
economic and environmental costs is especially con-
venient when waste based materials are to be used.
Thus, in this study, the technical performance of the
proposed mixes was evaluated in combination with
their economic cost and global warming potential
(GWP) by the efficiency factor described in Eq. (2),
based on other works [61, 62]. The only properties that
were considered for the assessment of the technical
performance are the compressive strength in sealed
conditions at 90 days (f.) and the final autogenous
shrinkage (AS) (at 14 days for CM and 56 days for
BCM). The compressive strength and shrinkage in air-
drying conditions were excluded, as they were only
representative of the concrete next to the surface in an
improperly cured concrete element [63]. The coeffi-
cients 0.6 and 0.4 are chosen to reflect that a higher
priority is given to shrinkage over strength when
dealing with the internal curing of high performance
concrete. In new concretes with a low water to binder
ratio, the autogenous shrinkage is a critical problem
that may affect their durability. This is considered as a
major issue as it is directly related with the concrete
sustainability, the efficient use of resources and the
reduction of wastes.

n SR (1)

L _AS ref
0.4 ﬁ.ref+0'6 S

cost . GWP (2)
cost ref  GWP ref

Efficiency factor =

“ref” denotes the value of the property (f., AS, cost
or GWP) for the reference mix, i.e. CM-0.

The cost and GWP of each component are listed in
Table 2. The GWP (cradle-to-door) was taken from an
inventory [64]. The economic costs were taken from a
database of prices for construction materials [65] and
other sources [61, 62]. The economic costs and GWP

Table 2 Economic cost (€/kg) and GWP (kg CO,/kg) of the
materials used

Material Cost (€/kg) GWP (kg CO,/kg)
OPC 0.115 0.950

FA 0.06 -

S 0.009 0.005

Water 0.001 0.001

LECA 0.087 0.393

WA - -

HRWRA 4.330 1.880

of the by-products used (FA and WA) were considered
as zero.

The efficiency factors obtained using the CM and
BCM mixes without internal curing as a reference are
listed in Table 3.

All the BCM mixes showed higher efficiency
factors than their CM counterparts because of their
high volumes of FA, a by-product that is considered
free of GWP. Furthermore, the highest LECA content
reached the highest efficiency factors for both CM and
BCM. This is due to its effective work as an ICWR,
considerably reducing the autogenous shrinkage while
maintaining its compressive strength. Nevertheless,
the use of WA also increased the efficiency factor,
always reaching higher values than mixes without
internal curing.

In addition to the parameters included in the
efficiency factor, other issues should be considered
when analysing the convenience of using LECA or
WA as ICWRs. For instance, in this study, LECA was
saturated under vacuum pressure. This procedure
significantly increased the absorption and avoided
possible ongoing water absorption, which could lead
to excessive densification of the interfacial transition
zone. This phenomenon could hinder the subsequent
water migration from the aggregate to the paste, that
is, internal curing [66]. However, vacuum saturation is
a more complicated wetting procedure than other
methods, such as sprinkling, in which WA could reach
comparable values of absorption. Therefore, the use of
the latter is considered to be advantageous in this
regard. Another issue that should be addressed is the
optimisation of the WA production process. In this
study, no specific controlled measures were taken for
its production, such as the selection of burnt waste or
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Table 3 Efficiency factors of the internally cured mixes

Reference LECAI1S5 LECA30 WAIS WA30
CM (related to CM reference) 1.00 0.87 2.79 1.02 1.14
BCM (related to CM reference) 2.93 3.11 4.68 3.21 4.21
BCM (related to BCM reference) 1.00 1.02 1.46 1.05 1.36

burning temperatures. Recycling this by-product
should be done so that the properties of the WA and
the concrete that contain it can be predicted.

7 Conclusions

The effects of WA and LECA on the shrinkage and
strength of mortars with different binders were
studied. The following conclusions were drawn:

e The highest LECA content reduced the final
autogenous shrinkage of both CM and BCM. The
effect on BCM was delayed because the ICW only
migrated from the LWA to the paste when the
pozzolanic reactions occurred at a higher rate.
However, this delay was not perceivable in air-
drying curing conditions, where short-term shrink-
age was reduced in both CM and BCM. The higher
decrease in internal humidity in the thin specimens
due to the coexistence of self-desiccation and
external drying may have been the cause of this
phenomenon. The effect of the internal curing
water provided by the LECA on the compressive
strength was especially remarkable in BCM in air-
drying conditions, where mixes with this LWA
continued to improve their performance after
28 days, unlike the reference mix.

e The WA seemed to release its ICW gradually, so it
was able to reduce the autogenous shrinkage both
in the short and long term, especially in mortars
with FA. The internal curing via this LWA had no
considerable influence on the development of the
compressive strength, and it even slightly
increased the shrinkage in air-drying curing
conditions.

In addition to the technical characteristics of the
two LWAs, it should strongly be highlighted that WA
is a forestry by-product that needs new beneficial
applications to be developed. LECA is an already

established LWA that is commonly used in light-
weight concrete, but its embodied energy is high.
Therefore, despite the LECA showing better perfor-
mance as ICWR, the use of WA is recommended. A
good characterization including the water absorption
and desorption kinetics is needed to describe the
potential performance of any WA as an ICWR, as the
characteristics of this by-product depend on the
material source and the burning temperatures reached
during the industrial process where they are produced.
Nevertheless, further research regarding this by-pro-
duct as ICWR is recommended as a future line framed
in the objective of a circular economy.
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