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ABSTRACT

The environmental impact of Portland cement has led to the exploration of sustainable alternatives in construction materials. This
study investigates the potential of olive waste ash (OWA), a byproduct of olive oil production, as a partial cement replacement in
mortar. Five mixes were prepared with 0%-20% OWA, maintaining constant water-to-cement and sand-to-cement ratios (0.45 and
2:1, respectively). The mortars were evaluated for workability, ultrasonic pulse velocity (UPV), compressive and flexural strength,
water absorption, and volumetric stability (chemical, autogenous, and drying shrinkage and expansion). Predictive models based
on hyperbolic and capillary-diffusive functions were developed to assess compressive strength and moisture transport behavior
over time. Results showed that 10% OWA yielded optimal performance, reducing chemical shrinkage, autogenous shrinkage,
drying shrinkage, and expansion by 25%, 15%, 21%, and 24%, respectively. At this level, the compressive and flexural strengths were
23.5 and 2.8 MPa at 28 days, representing 24% and 15% reductions, respectively, relative to control. Model predictions correlated
well with experimental data (R? > 0.98), confirming the reliability of the findings. This study demonstrates the potential of OWA as
an eco-friendly cement substitute, improving volumetric stability while maintaining structural integrity in non-structural mortar
applications.

1 | Introduction properties and ecological benefits, OWA has attracted attention

in the development of sustainable construction materials, includ-

Mortar is a widely used construction material employed in
diverse applications, such as bedding and plastering of masonry
walls, flexible pavement layers, and soil stabilization systems
[1-6]. Despite its versatility, conventional mortar production
relies heavily on Portland cement, a material known for its
high carbon footprint. In response to the environmental con-
cerns associated with cement manufacturing, there has been a
growing interest in developing eco-friendly cementitious systems
through the incorporation of supplementary cementitious mate-
rials (SCMs). One such promising SCM is olive waste ash (OWA),
a byproduct obtained from the combustion of olive pomace—a
residue from olive oil extraction [7-10]. Due to its pozzolanic

ing concrete, mortar, bricks, and geopolymers [8-12]. How-
ever, alongside sustainability, ensuring long-term durability and
dimensional stability remains essential.

OWA, beyond its pozzolanic contribution, also represents
an important pathway for waste valorization and emission
reduction. The valorization of agricultural byproducts, such
as OWA, reduces disposal burdens and offsets clinker con-
sumption, contributing to carbon footprint reduction. Similar
strategies have been applied to other waste-derived ashes. For
instance, replacing natural sand with up to 20% municipal solid
waste incineration bottom ash (MSW-IBA) in self-compacting
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mortars reduced CO, emissions by about 5%-6%, production
costs by 14%, and energy consumption by 5%, while still meeting
engineering requirements for strength and workability, despite
noticeable reductions in compressive and flexural strengths [13].
Incorporating IBA with Al,O; micro-powder in high-strength
mortars enhanced compressive strength by 3.8%-21.3% and flex-
ural strength by 1.1%-9.8%, while reducing drying shrinkage
by up to 28% and chloride migration by up to 39% [14]. In
ultra-high-performance concretes, IBA combined with Al,O,
micro-powder improved compressive and flexural strengths by
12%-25%, reduced drying shrinkage by 20%, and achieved envi-
ronmental benefits including a 7% CO, reduction, 11% energy
savings, and 1% cost savings [15]. These findings highlight the
dual role of such waste ashes in improving durability while
advancing sustainable construction practices, supporting the
rationale for exploring OWA in cement-based systems.

Mortar is particularly prone to volume changes resulting
from various shrinkage mechanisms—chemical, autogenous,
and drying—as well as expansion and creep-induced cracking
[16, 17]. These deformations can compromise structural integrity
if not adequately addressed.

Drying shrinkage, caused by water loss during the hardened
phase, is a dominant factor affecting dimensional stability [18].
Studies show that partial cement replacement with materials
such as high-calcium wood ash and fly ash can reduce drying
shrinkage [19, 20]. In the context of OWA, its use in mortar
and concrete has demonstrated potential in reducing long-term
shrinkage and enhancing durability, especially at low replace-
ment levels [1, 3, 10].

Autogenous shrinkage, or self-desiccation, results from inter-
nal water consumption during early hydration, without external
moisture exchange [21]. It is influenced by several factors, includ-
ing aggregate stiffness, sand-to-cement ratio, and surface rough-
ness of the aggregates [22]. While fillers like clay and limestone
fines have been shown to increase autogenous shrinkage [23, 24],
the use of OWA has shown promise in mitigating it [25].

Chemical shrinkage occurs when the volume of hydration prod-
ucts is lower than that of the reactants (cement and water) [26]. It
can be measured by dilatometry, pycnometry, or gravimetry [27].
Recent studies confirm that OWA, particularly at 10% replace-
ment, can significantly reduce chemical shrinkage [25], with
effects comparable to silica fume, fly ash, and slag [28]. Expan-
sion, conversely, occurs when water absorption leads to matrix
swelling. OWA incorporation has been reported to reduce expan-
sion in cement pastes, further enhancing durability [12].

In addition to volume stability, the physical and mechanical
performance of mortar containing OWA is also critical. Studies
on OWA and other derived ashes have shown mixed results. For
example, when OWA was combined with rice husk ash, syner-
gistic pozzolanic reactions contributed to measurable strength
gains [29, 30]. In contrast, stand-alone OWA replacements often
resulted in strength losses, particularly at higher dosages, due to
their relatively low reactivity [31, 32]. Some studies also suggest
that the mode of replacement (sand vs. cement) plays a decisive
role: sand replacement may provide a filler effect and improve

strength [33], whereas cement replacement without comple-
mentary reactive SCMs often reduces performance [34]. These
contrasting findings highlight that the effects of OWA are
highly context dependent, underscoring the need for systematic
evaluation.

In addition to agricultural waste valorization, sustainability in
cementitious systems has also been pursued through recycled
aggregate concrete (RAC) reinforced with fibers [35]. Advanced
in situ 4D CT imaging techniques have enabled real-time visu-
alization of crack propagation, fiber distribution, and interface
optimization in carbonated RAC, while dynamic loading stud-
ies have provided constitutive models for toughness and energy
dissipation [36-39]. Although distinct from the present focus on
OWA-modified mortars, these works collectively emphasize the
broader importance of linking material sustainability with struc-
tural performance.

2 | Research Significance

Despite previous studies on OWA in cementitious systems, there
remains a gap regarding the comprehensive evaluation of vol-
umetric stability in mortar across different replacement levels.
Earlier research has mainly emphasized strength or durability
indicators, with limited attention to shrinkage and expansion
behaviors. This study advances the field by systematically assess-
ing the effects of 0%-20% OWA replacement on flowability,
UPV, compressive and flexural strength, water absorption, and
four volumetric parameters: chemical shrinkage, autogenous
shrinkage, drying shrinkage, and expansion. By combining
experimental results with correlation analysis, the study clarifies
the interrelationships between chemical shrinkage and other
volumetric deformations, providing a more integrated under-
standing of dimensional stability in OWA-modified mortars.
Furthermore, the incorporation of predictive modeling using
hyperbolic and capillary-diffusive functions enables accurate
simulation of compressive strength and moisture transport
offering a reliable analytical complement to laboratory testing.
Overall, this dual experimental-analytical framework estab-
lishes OWA not only as a sustainable alternative to cement but
also as a material whose volumetric stability performance can be
quantified and predicted with confidence.

3 | Experimental Work

3.1 | Materials and Mixture Proportions

A variety of materials were used in this investigation, including
Ordinary Portland Cement (CN PA-L 42.5 Type I), natural sand,
water, and OWA. The OWA was produced from olive pomace, a
byproduct of the olive oil extraction process. The olive pomace
was collected from an olive press in Zgharta, North Lebanon,
and combusted in a closed boiler system under ambient air at a
controlled temperature of 500°C for approximately 8 h. Temper-
ature was regulated using a thermocouple-based PID controller,
and the pomace was spread in shallow layers to ensure uniform
heating and oxygen access. After natural cooling, the resulting
ash was ground in a Los Angeles abrasion machine and sieved
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FIGURE1 | OWA production procedure.

TABLE1 | Particle size distribution of OWA and cement.

4- OWA sieved on
Nb 200

TABLE2 | OWA and cement chemical composition (% by mass).

Cumulative % passing

Sieve (mm) OWA Cement
19 100 100
12.5 99 100
4.75 94 100
2 85 100
1.18 72 100
0.85 63 100
0.6 54 100
0.425 46 100
0.3 39 100
0.15 25 100
0.106 23 100
0.075 13 100
0.063 12 92
0.03 0 0

through a No. 200 (75pm) sieve to achieve uniform fineness.
The degree of burnout was evaluated using a loss-on-ignition
(LOI) test, which yielded 14.7%, indicating partial retention of
carbonaceous matter —typical of low-temperature ashing aimed
at preserving amorphous reactive phases rather than complete
oxidation. Combustion gases were not analyzed; however, LOI
served as a practical indicator of combustion efficiency. The pro-
duced OWA exhibited a bulk density of 950 kg/m? and a water
absorption capacity of 28%. The complete preparation process is
illustrated in Figure 1.

The particle size distribution and chemical composition of both
OWA and cement are reported in Tables 1 and 2, respectively. The
chemical composition of OWA indicates that the highest % corre-
sponds to CaO (36.13%), followed by SiO, (24.73%). These higher

Oxide OWA (%) Cement (%)
Sio, 24.73 18.53
AL O, 3.41 3.93
Fe,0, 3.83 3.07
CaO 36.13 61.78
MgO 2.81 1.74
SO, 0.03 2.92
K,O 9.56 0.47
Na,O 1.42 0.18
LOI 14.70 6.31
Other 3.38 1.09

proportions support the hypothesis that OWA can act as a poz-
zolanic material [25].

Five mortar mixtures with five percentages of 0%, 5%, 10%,
15%, and 20% of OWA replacing cement were produced. The
water-to-cement ratio and the sand-to-cement ratio are main-
tained at 0.45 and 2, respectively, to ensure suitable workabil-
ity while preserving sufficient strength or minimizing strength
loss in the mortar specimens. Table 3 reveals the proportions and
quantities of the mortar components. To assess workability, the
flow table test is conducted as per ASTM C1437 guidelines [40].
This method offers key indicators on the consistency and flow
features of the mixture by measuring the spread of the mixture
during table drops.

3.2 | Testing Procedure and Specimen
Preparation

For each test, three specimens are prepared and tested, and the
average values are reported. The variability among replicates was
within +6% of the mean. The UPV and compressive strength of
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TABLE 3 | Material breakdown and batch quantities of mortar mixes.

Quantities (kg/m?3)

Mortar code Cement OWA w/C S:C Cement OWA Water Sand
M0% 1 0 0.45 2 657 0 296 1314
M5% 0.95 0.05 0.45 2 624 33 296 1248
M10% 0.9 0.1 0.45 2 591 66 296 1183
M15% 0.85 0.15 0.45 2 558 99 296 1117
M20% 0.8 0.2 0.45 2 526 131 296 1051

FIGURE2 | (a)UPV test; (b) compressive strength test; and (c) flexural strength test.

FIGURE3 | Testsetups for (a) TWA and (b) CWA.

mortars are tested on 50 X 50 X 50 mm? cubes adhering to ASTM
C597 and ASTM C138 [41, 42] accordingly. For flexural strength
testing, beams of 40 x 40 x 160 mm? are used according to ASTM
C348 standards [43]. The corresponding tests are illustrated in
Figure 2.

In the TWA evaluation, 100 x 100 x 100 mm? cubes are tested
in accordance with ASTM C1585 guidelines [44]. After cast-
ing, demolding, and curing the samples until the specified test-
ing dates, the samples are oven-dried for 48 h, as indicated in
Figure 3a. Upon the removal of the cubes from the oven, the
dry weight is then measured as (M,). Afterward, the cubes are
completely submerged in water for 5 min, and the initial weight
is monitored as (M,). This step is conducted again after 10, 20,
60, 120, and 450 min. The TWA percentage can be calculated as
follows:

Cube specimen

T

10cm

Sealing
material

Wat
ater 5mm

My =My 100 1)
M 1

Concerning the CWA assessment, 100 X 100 X 100 mm? cubes are
used following ASTM C1585 specifications [44]. The same meth-
ods of curing and drying applied for TWA evaluation are also fol-
lowed in this test. To inhibit the water absorption, the samples are
subsequently sealed on all sides, as depicted in Figure 3b. The dry
weight of these samples is registered as M. The cubes present a
submerged weight of M after 1 min of submersion. This process
is then repeated after 3, 5, 10, 30, 60, 120, and 140 min, followed
by measurements for the next 3 days. Based on the experimental
findings, the equation of CWA is expressed as:

M) - M|

!
cwA=—2 1 2
o 2
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where

M) — M| = cumulative water absorption (kg)
A = surface area of the cube through which water
penetrates (m?)

d = density of water (kg/m?)

The chemical shrinkage test is carried out in accordance with
ASTM (1608, which measures the internal volume reduction
in mortar due to cement hydration reactions [45]. The essen-
tial apparatus includes a 250 mL glass bottle, a 2 mL graduated
pipette, a rubber stopper, and a spatula. In this procedure, 30g
of the mortar mix is placed into the bottle, resulting in a mixture
depth of approximately 1.8 cm, as illustrated in Figure 4. Water
is then gently added to saturate the contents up to the top of
the bottle. The pipette is inserted through the stopper and posi-
tioned within the bottle, after which a drop of oil is placed on the
pipette’s surface to minimize evaporation. Chemical shrinkage is
determined by monitoring the water level drop inside the pipette,
with the initial measurement set as the zero reference point [46,
47]. Observations are recorded hourly during the first 24 h and
subsequently every 2 days over a 90-day period. The shrinkage is
then computed using the following formula:

AV _ AL o
|4 L

where

AV = change in volume in the pipette (mL)
AL = change in length in the pipette (um)
V' = initial volume of the sample (mL)

L = initial length of the sample (m)

For the drying shrinkage test, molds of 25x 25X 300 mm? are
tested according to ASTM C157 [48]. The data are recorded
every 2 days for 90 days. Autogenous shrinkage is measured on
sealed 25 25X 300 mm? specimens in accordance with ASTM
C192, using water-impermeable plastic films to prevent mois-
ture escape [49]. The method of measuring the autogenous
shrinkage is often similar to that used for measuring the dry-
ing shrinkage. Concerning the expansion test, the specimens are
cast in 25 25 x 3003 mm molds. After demolding, each sample
is completely submerged in water at a constant temperature of
20°C +1°C. The same procedure used to monitor drying shrink-
age data is also applied for measuring expansion. The records
are monitored with the length change comparator apparatus, as
shown in Figure 5.

3.3 | Predictive Models Used in This Study

3.31 | Hyperbolic Model
To predict the compressive strength and length change character-

istics, the hyperbolic model is proposed. This model is effective in
determining the initial rate and ultimate value for each property,

Pipette 2 m QOil drop

Rubber stopper

15.2cm

ss filled
<1 with water

1.8 c Mortar

(a) (b)

FIGURE4 | (a)Chemical shrinkage evaluation setup and (b) chemi-
cal shrinkage samples.

FIGURE 5 | Length change comparator apparatus.

as indicated in Equation (4). This hyperbolic function is solved
using MATLAB software.

t
+

P(1) =

T C))
kP

where P(t) = property value at age ¢ (length change or compres-
sive strength) (pm/m or MPa); t = curing time (days); k = initial
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rate parameter (pm/m/day or MPa/day); and Py =ultimate
property value (pm/m or MPa).

3.3.2 | Capillary-Diffusive Model

In investigating the durability of cement-based materials, it is
critical to point out that water transport at an early age through
capillarity is predominantly indicated by the sorptivity charac-
teristic. Even though the sorptivity describes the near-surface
absorption, another intrinsic parameter should be determined to
evaluate the water flow through very tiny pores (deeper layers),
which is caused by the diffusion mechanism [50, 51]. The dif-
fusion action principally describes the water movement as well
as the water permeability inside the mixture over longer periods
[52]. A variety of factors contribute to absorption, either via cap-
illarity or diffusion, including pore structure, curing regime, and
preconditioning temperature [53-55]. More precisely, curing in
water results in the opposite effect than curing in open air in a
way to refine the pores, therefore augmenting the impermeability
[53, 54]. Besides, a comparison between exposing the samples to
high temperatures (100°C) and lower temperatures (50°C) clar-
ifies that there is a significant improvement in sorptivity in the
dried samples than in the partially dried ones. This behavior is
related to greater capillary forces, which are applied to the pores
to boost the passage of water [53, 54]. Whereas the diffusion is
not impacted by the different temperatures [53, 54].

Water transport in mortar occurs in two distinct stages. In the
initial stage, a linear relationship is observed between the mass
of absorbed water per unit area (M/A) and the square root of
immersion time (¢!), indicating rapid capillary ingress through
the larger pore network. As water penetrates deeper into the
specimen, the sorption rate gradually decreases due to the sat-
uration of macropores; during this stage, the finer pores become
the dominant pathways for moisture transport. Previous studies
have also reported that the influence of gravitational forces on
water absorption diminishes exponentially over time [53]. In gen-
eral, the cumulative absorbed water, representing the combined

effects of capillary and diffusive processes, can be expressed by
Equation (5). To accurately describe this mechanism, Cuba pro-
posed the capillary-diffusive function, which incorporates both
sorptivity and diffusion parameters to model the absorption rate
[53]. This approach is governed by two primary boundary con-
ditions: (1) the assumption of a constant surface water concen-
tration (C,), and (2) the impermeability of the opposite surface
of the specimen (length =0.1 m). The resulting model, shown in
Equation (6), defines the mass of absorbed water per unit area as
a function of time and was solved using MATLAB software.

% = capillary term + diffusion term 5)
M —Stl/? 3 1 2n +1)*z?
a —Cp(l—exp , )+C0L(1—;§)mexp [—DLT]>
(6)
where

M /A = Mass of water absorption per unit of area (kg/m?*)
C = Distance from the surface of concretewhere the first
sorption is regulated by capillary pores

p = Water density (kg/m?)

S = Sorptivity coefficient (kg/m? - s'/?)

t = Time (s)
C, = Water concentration constant (kg/m?)

L = Depth of the specimen = 0.1 m

D = Coefficient of diffusion (m?/s)

4 | Results and Discussion
41 | Workability

The workability of all mortar samples, measured using the flow
table test according to ASTM C1437, is displayed in Figure 6.

120
94
100 93
@ e, ... 81
........... 75
80 ¢, 74
S O V'S
o
Z 60 y=0.0111%> - 0.3208x* + 0.9931x + 93.833
= 2 —
= R2=10.98
o 40
20
0
0 5 10 15 20
OWA (%)
FIGURE 6 | Effect of OWA on the flow measurements of mortar specimens.
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FIGURE7 | UPV measurements.

In this method, flow is expressed as the percentage increase
in spread diameter relative to the base diameter of the mold
(110 mm), rather than in millimeters as used in slump flow
tests for self-compacted concrete. As noted, the variation in flow
values is relatively small between 0% and 5% OWA (1%). This
minimal reduction can mostly be attributed to the restrained
interference with available free water and particle packing. How-
ever, a drop in workability is observed through the reduction
in the flow table values as the inclusion of OWA increases.
For instance, the flow table varies between 81% and 74% for
samples containing OWA varying from 10% to 20%, respectively,
displaying decrease rates ranging from 13% to 21% relative to
the control mortar. This significant drop is primarily due to the
increased water demand and the morphology of OWA, including
the irregular or round particle shape, and the water absorption
of OWA [33]. Between 5% and 10% OWA, these physical prop-
erties become more impactful, contributing to augmenting the
absorption of free water and limiting mixture packing. Nonethe-
less, beyond 15%, the decline in flow seems less pronounced,
probably attributed to the fact that the mortar reaches a satu-
ration point in terms of high levels of OWA exhibiting limited
effect on water demand and particle interaction. The influence
of the shape of ash particles on the workability behavior is
stated in a previous study [56]. The relationship between OWA
replacement level (x) and mortar flow value (F) was modeled
using a cubic regression. The best-fit equation is obtained as
F(x)=0.011x3 - 0.321x% +0.993x + 93.833 with a coefficient of
determination R?=0.98. This strong correlation demonstrates
the nonlinear reduction in workability—showing negligible
change up to 5% OWA, followed by a sharp decline beyond 5%.

4.2 | Ultrasonic Pulse Velocity (UPV)

Figure 7 presents the UPV measurements for all samples at 1, 7,
28, and 90 days. The results show that UPV values decrease pro-
gressively as the OWA content increases. After 7 days of curing,

the mixtures with 10%, 15%, and 20% OWA exhibit nearly con-
stant UPV values, likely due to the dominance of early-age hydra-
tion and the limited pozzolanic activity of OWA at this stage.
With longer curing, particularly at 28 and 90 days, the pozzolanic
activity of OWA becomes more evident. At 90days, the control
mixture records the highest UPV (4.3 km/s), while the values for
mortars containing 5%, 10%, 15%, and 20% OWA decline to 4.1,
3.8, 3.7, and 3.6 km/s, respectively. These represent reductions
of approximately 4%, 12%, 14%, and 15% compared to the con-
trol. The decrease in UPV is primarily attributed to the dilution
of cement by OWA, which reduces hydration products, and the
higher porosity of OWA mixes that impedes ultrasonic wave prop-
agation [57].

4.3 | Compressive and Flexural Strength

Figure 8 depicts the compressive strength results for all mix-
tures measured at 1, 7, 28, and 90days. As seen, introducing
OWA into the mortar results in a progressive decline in com-
pressive strength compared to the OWA-free mortar. At 28 days,
the compressive strength values for 0%, 5%, 10%, 15%, and 20%
OWA content are 31.1, 28.3, 23.5, 18.2, and 15.4 MPa, respectively,
indicating drops of approximately 9%, 24%, 41%, and 50%. Such
reductions may be assigned to the reduced cement amount in the
matrix, which leads to the loss of hydration products and impairs
the overall strength of the matrix [58]. Additionally, less effective
packing between the cement pastes and aggregates, especially
within the interfacial transition zone (ITZ), can be a reasonable
factor contributing to the observed strength loss [29]. Beyond
these factors, the strength reduction can also be explained in
terms of dilution and latent reactivity effects. The dilution effect
arises because replacing cement with less reactive OWA lowers
the clinker content and thus the immediate formation of hydra-
tion products, particularly calcium silicate hydrate (C-S-H). How-
ever, the presence of amorphous silica and alkali oxides in OWA
suggests a latent pozzolanic potential that may become more
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FIGUREY9 | Effect of OWA on the compressive strength of mortar specimens.

pronounced at later curing ages, partially mitigating early
strength losses [59].

Contextualizing the obtained results, date palm ash (DPA)
demonstrated a lower 28-day compressive strength performance,
indicating a remarkable drop of 20% at a 20% substitution level
[60]. In the case of cement replacement with corncob ash, the
compressive strength fluctuated after 28 days of curing [61].
Replacing up to 10% of cement with corncob ash enhanced
the strength by 25%, whereas exceeding this threshold led to a
decline of roughly 15% relative to the reference concrete [61].
The contribution of wood ash retrieved from the combustion of a
combination of wood-based residues to cement-based materials
as a substitute for ordinary cement was also examined [62].
As a result, beyond the 10% threshold, there is a considerable
enhancement in the 28-day compressive strength of concrete

mixtures by 9%, attributable to the potential filler action of wood
ash, along with its cementitious characteristics [62].

The relationship between OWA replacement level and mortar
compressive strength is modeled through a cubic regression, as
illustrated in Figure 9. The best-fit equation is F(x)=0.003x?
-0.091x? - 0.158x + 31.079 with a high coefficient of determi-
nation R? =0.99. This robust association confirms the nonlinear
drop in compressive strength, with the lowest influence observed
at up to 5% OWA, followed by a continuous decline beyond this
level.

It is worth mentioning that the strength activity index (SAI) is
a key parameter to evaluate the contribution of a resource to
the development of absolute strength of cement-based materials.
In this study, the SAI is calculated by dividing the compressive
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strength of the OWA-based mortar by that of the control mortar
at 28 days. For 5% and 10% OWA content, the SAI values stand
at 91% and 75.5%, respectively, meeting the ASTM C618-00 spec-
ifications [63]. As a result, OWA can maintain its strength, pri-
marily due to its pozzolanic reactivity with calcium hydroxide
released during cement hydration, forming additional calcium
silicate hydroxide (C-S-H) gel that enhances both strength and
durability.

The hyperbolic model used to validate the compressive strength
over time yields strong agreement with the experimental data,
which is supported by the high coefficient of determination
(R*=0.99). This verifies the accuracy of the suggested model in
describing the compressive strength behavior. Moreover, the evo-
lution of both ultimate compressive strength (UCS) and initial
rate of compressive strength (IRCS) is illustrated in Figure 10.
As inferred, all samples follow a trend consistent with the

compressive strength, showing that UCS and IRCS behave iden-
tically. For instance, the reference sample witnesses the high-
est UCS and IRCS values, peaking at 35.7 MPa and 8 MPa/day,
respectively. As OWA content increases, both characteristics
progressively decline—UCS decreases from 32.7 to 17.8 MPa
and IRCS drops from 7 to 5 MPa/day—displaying reductions of
roughly 8%-50% for UCS and 12%-35% for IRCS. The decrease
in UCS may be explained by the formation of voids, which com-
promises long-term strength development [29]. Meanwhile, the
decline in IRCS is attributed to the fact that OWA retards the
early-age hydration process [25].

Furthermore, the flexural strength findings, monitored at 1, 7,
28, and 90 days, are displayed in Figure 11. As observed, the flex-
ural strength gradually decreases as OWA levels increase. More
precisely, the mixtures with 0%, 5%, 10%, 15%, and 20% OWA
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record flexural strengths of 3.3, 3.1, 2.8, 2.3, and 2.1 MPa, respec-
tively. These numerical values reflect percentage decreases of 6%,
14%, 31%, and 38%, respectively. The loss in flexural strength
is attributed to the partial substitution of cement with OWA,
which increases the number of voids within the matrix and weak-
ens the bond between the OWA and cement paste [58]. By con-
trast, in examining the impact of wood ash as a substitute for
ordinary cement in cementitious systems, an 8% substitution
enhanced the 28-day flexural strength by 6% relative to the control
concrete [62].

The variation of mortar flexural strength with OWA replacement
level was also examined using a cubic regression model, as shown
in Figure 12. The resulting best-fit relationship is expressed as:
F(x)=0.0003x3 - 0.0097x2 + 0.019x + 2.992 with a determination
coefficient of R> = 0.99. The regression indicates a distinct nonlin-
ear trend, where the flexural strength remains nearly unchanged

at low OWA contents (< 5%) but decreases markedly when the
replacement level exceeds 10%.

4.4 | Total Water Absorption (TWA)

Figure 13 depicts the evolution of the TWA percentage at 28 days
of curing. As elucidated, all mortar specimens experience a sharp
rise in TWA during the early stages (first few hours). Among all
the mixtures, the reference mortar indicates a minimum TWA
percentage of 6.4%. However, the introduction of OWA negatively
affects water ingress, contributing to an increase in TWA as the
OWA content rises. After 72h, the experimental TWA for the
mixtures containing 5%, 10%, 15%, and 20% OWA is 11.9%, 14.5%,
16.3%, and 17.4%, respectively, which are equivalent to rises of
86%, 127%, 154%, and 172%. This increase in TWA is attributed to
the fact that OWA is a porous body with a lower specific gravity
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FIGURE15 | Tested and modeled mass of water absorbed per unit of area at 28 days.

than traditional cement [52]. These physical properties provide
mortar with additional voids, which serve as channels for water
to penetrate, entailing strong interaction between water and the
OWA particles. These two effects interplay to result in higher
TWA [64]. Importantly, the considerable augmentation in TWA
observed stabilizes during the next 3days, reflecting that the
pores are thoroughly accessed by water, reaching the saturation
point and are unable to further absorb more water over the
long-term periods [54]. It is worth noting that the observed
increase in TWA with higher OWA may have implications for
long-term durability. Elevated absorption levels could make
these mortars more vulnerable to degradation mechanisms such
as freeze—thaw cycling and chloride ingress. Although these
durability aspects were not assessed in this study, they should be
prioritized in future studies on OWA-based mortars. Compared
to OWA-based blended mixtures, bamboo leaf ash revealed a
similar water absorption behavior, primarily attributed to the
incorporation of additional pores within the specimens [65, 66].

Furthermore, corn cob ash facilitates water transport by 20%
at higher replacement levels, accompanied by a 15% decline in
density compared to the control mixture [61].

The dependence of total water absorption on OWA replacement
level was approximated using a cubic regression model, as illus-
trated in Figure 14. The fitted equation can be expressed as:
F(x)=0.0014x> - 0.069x? + 1.374x + 6.419 with a high coefficient
of determination R?=0.99. The regression reveals a clear non-
linear trend, demonstrating that water absorption increases pro-
gressively with higher OWA contents, consistent with the rise in
material porosity.

4.5 | Capillary Water Absorption (CWA)

Figure 15 illustrates the measured and estimated mass of water
absorbed per unit of area over 72 h as a function of the square root
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TABLE4 | Various characteristics

capillary-diffusion model at 28 days.

determined by the

Mortar S (kg/m?-slh) D (m?/s) C,(kg/m3) C (m)

MO0% 0.098 6.55%x 1078 45.77 0.0045
M5% 0.130 8.10x 1078 199.80 0.0007
M10% 0.180 10.5x 1078 225.21 0.0002
M15% 0.210 11.3x107% 248.13 0.0003
M20% 0.240 12.6x 1078 265.88 0.0013

of time (¢14) at 28 days. As seen, the CWA consistently increases
with increasing OWA content. For instance, the CWA rises from
9 to 28 kg/m? as the OWA content increases from 0% to 20%,
reaching a peak growth of 211% at 20% OWA. This suggests that
incorporating OWA accelerates the water absorption by capillary
action, often caused by the increased number of pores within the
mortar specimens. The influence of OWA on material porosity
has been previously reported in the literature [65]. To describe
how capillary water absorption varies with OWA content, a cubic
polynomial was fitted to the data (Figure 16). The relationship
is: F(x)=0.0076x> - 0.283x2 + 3.581x + 9.075 with a high coeffi-
cient of determination R?>=0.99. The model highlights a clear
nonlinear rise in capillary uptake as OWA increases, consistent
with greater pore connectivity at higher replacement levels.

The capillary-diffusive model is employed to fit the experimen-
tal data and determine the CWA characteristics. This predictive
model results in a high degree of correlation (R?) of 0.99 for
all mortars across various replacement levels. Table 4 presents
the parameters obtained from the capillary-diffusive model. It
appears that S and D follow a similar upward trend, implying that
as the OWA levels increase, both S and D also rise consistently.
This behavior is highly related to the diffusion mechanism, which
allows for the flow of water via the capillary pores, thus demon-
strating the strong correlation between those two properties (S
and D) [50]. For instance, the reference mortar exhibits the lowest
sorptivity and diffusion across all the specimens. After 72 h, the

control mixture records S and D measurements of 0.098 kg/m?.
slh and 6.5 x 1078 m?/s. Nevertheless, these parameters rise with
increasing OWA content, reaching peak values of 0.24 kg/m?.
sl and 12.6 x 1078 m?/s for the mortar with 20% OWA. These
growths are equal to 144% and 92% relative to the OWA-free mor-
tar. The porous nature of the OWA is probably a major conse-
quence of this effect, as it introduces more pores into the matrix,
therefore promoting water uptake [57]. This indicates that the
presence of OWA facilitates water flow through the mortar, either
at the surface (via capillary action) or in deeper layers (by dif-
fusion process), producing a matrix that becomes more conduc-
tive to rapid water absorption and deep penetration [51-53].
This may increase the susceptibility of OWA-based mortars to
long-term deterioration mechanisms such as chloride penetra-
tion and moisture-driven damage. Further durability testing is
therefore needed to establish the service-life performance of these
systems.

4.6 | Chemical Shrinkage

The chemical shrinkage findings throughout 90 days are pre-
sented in Figure 17. Notably, the values decrease for mortars with
up to 10% OWA, followed by a slight increase in measurements
for OWA content beyond this level. At 90 days, the control mor-
tar exhibits a chemical shrinkage value of 620 pm/m. This value
ideally drops to 464 pm/m for the samples containing 10% OWA,
achieving an ultimate reduction of 25%. As aforementioned, the
chemical composition analysis reveals the existence of a consid-
erable concentration of SiO,, which enables OWA to undergo a
pozzolanic reaction [25]. In fact, OWA slowly reacts with calcium
hydroxide (CH), a hydration product, thus delaying the early-age
hydration mechanism and allowing the mortar to resist the chem-
ical shrinkage [28]. However, once cement replacement by OWA
exceeds 10%, chemical shrinkage tends to amplify, achieving a
magnitude of 744 pm/m, which reflects an average increase of
20% relative to the reference mortar. The growth in chemical
shrinkage at higher replacement levels is attributed to the rise
in voids within the matrix, which demands additional water for
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band ~ +45). In the mid-range (200- 500 pm/m), dispersion tight-
ens as most residuals fall within —25 to +25 pm/m (typical band
~ +15-20). At the far right (600-700 pm/m), variance is smallest;
residuals are mostly —20 to +10 pm/m, with a mild negative bias
(mean 5-10 pm/m). This fan shape near small shrinkage is con-
sistent with hyperbolic behavior near the asymptote and supports
the adequacy of the model fit.

Additionally, the suggested model also determines shrinkage
characteristics, including the ultimate length change (ULC) and
the initial rate of length change (IRLC) for all mixtures. As illus-
trated in Figure 18, mortars with up to 10% OWA content indicate
a pronounced decline in ULC magnitudes, whereas an increase
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FIGURE 17 | Tested and modeled chemical shrinkage measurements over 90 days.
70 IRLC-Chemical shrinkage 1000
~#-ULC -Chemical shrinkage i 900
60 L
I 800
% 1
= 50
g 700 R
£ 40 600 £
El 500 2
O Q
3 30 400 =
20 300
200
10
100
0 0
M0% M5% M10% M15% M20%
FIGURE 18 | Model outputs for chemical shrinkage measurements
(IRLC and ULC).

hydration, thus exacerbating the chemical shrinkage [67]. Com-
paratively, fly ash—an industrial byproduct from coal combus-
tion in power plants—plays a principal role in controlling the
chemical shrinkage mechanism of cementitious systems [68].
Specifically, replacing ordinary cement with 25% fly ash lessened
chemical shrinkage by around 20%-30% after 28 days of curing,
therefore minimizing the creep risk of the structural body [68].
Literature confirms that combining certain pozzolanic resources,
including silica fume, fly ash, and blast furnace slag, can collec-
tively promote the shrinkage-reducing effect, producing a more
stable element [69].

The hyperbolic model aids in discerning the chemical shrink-
age behavior. The calculated and tested data are perfectly fit-
ted, as evidenced by the great coefficients of determination
(0.92<R*<0.98) for multiple OWA percentages. Figure 17
includes an inset residual plot (lower-left) for the hyperbolic fit,
showing residuals scattered about the zero line with no system-
atic curvature. At low modeled shrinkage (30-150 pm/m), the
spread is largest, ranging from about —60 to +65 um/m (typical

is found in mortars with higher OWA content. For instance, the
ULC value drops from 692 pm/m for M0% to 497 pm/m for M10%,
showing a reduction of 28%, while for M20%, the increase stands
at 24%. These fluctuations are related to the quantity of water
needed for the complete hydration process [58]. Similarly, OWA
impacts the IRLC, showing reductions up to 10% OWA, but esca-
lating again at higher replacement levels. More accurately, M10%
exhibits a reduction rate of 7%, whereas M20% shows a growth
of 12%. This behavior is driven by the fact that early-age chem-
ical shrinkage primarily depends on the hydration mechanism,
which is mostly influenced by the incorporation of OWA [67]. It
is worth noting that 10% OWA can be appropriate as the optimal
percentage, where a substantial minimization of both ULC and
IRLC of chemical shrinkage gain is observed.

4.7 | Drying Shrinkage

Figure 19 illustrates the drying shrinkage behavior of all mortars
monitored during 90 days. The obtained results indicate fluctua-
tions in drying shrinkage readings. Specifically, incorporating up
to 10% OWA reduces drying shrinkage. For instance, the control
mixture displays a shrinkage of 1496 pm/m. This value declines
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to 1400 and 1175 um/m for the addition of 5% and 10% OWA,
representing decreases of 6% and 21%, respectively. The improve-
ment in drying shrinkage may stem from the pozzolanic reac-
tion of OWA, which efficiently promotes the formation of more
C-S-H gel; thus, densifying the matrix. This densification leads
to a reduction in the number of voids, diminishing the amount
of water available for evaporation upon drying, thus mitigating
shrinkage development [70, 71]. However, beyond 10% of OWA
addition, particularly at 15% and 20% of replacement, the dry-
ing shrinkage rates become higher than those of the reference
mortar. The growth in drying shrinkage is mostly related to the
excessive replacement of cement with OWA, which contributes
to the formation of large and interconnected pore networks. The
progressive escape of water reduces the material’s stiffness. As
a result, the matrix becomes less capable of resisting internal
and disjoining stresses between pores, which promotes structural
contraction [72].

In comparison, DPA functions as an efficient filler, occu-
pying the pores in the matrix and thereby promoting the
shrinkage-reducing effect, achieving a 22% drop after 28 days.
This enhancement is associated with reduced moisture loss [73].
The findings of another work justified the substantial impact
of RHA on the drying shrinkage performance of concrete at a
cement replacement dosage of 20% by weight. At 90 days of cur-
ing, drying shrinkage increased by 33% with decreasing RHA
particle size [74]. This is mainly attributed to a higher relative
humidity, which counteracts the drying shrinkage.

The hyperbolic model shows a strong agreement between exper-
imental and estimated drying shrinkage data. The coefficients
of determination (R?) are 0.985, 0.992, 0.987, 0.985, and 0.994
for mortars M0%, M5%, M10%, M15%, and M20%, respectively.
An inset residual plot for the hyperbolic drying-shrinkage fit,
with residuals plotted against modeled shrinkage, is presented
in Figure 19. The cloud is largely pattern-free and centered near
zero. For small magnitudes (~200-600 pm/m), residuals span

Tested and modeled drying shrinkage measurements over 90 days.

about —110 to +120 pm/m (typical band ~ +60-70 pm/m). In the
mid-range (~800-1600 um/m), dispersion tightens to roughly
+40-50 pm/m. At the largest magnitudes (~1800-2300 pm/m),
most points lie within +25-35 pm/m, with a slight positive bias
(mean ~ +5to +10 pm/m). This variance tapering with shrinkage
magnitude and the absence of curvature indicate that the hyper-
bolic model captures the drying-shrinkage trend well across the
90-day period.

Figure 20 depicts the ULC and IRLC magnitudes for all mor-
tars. Compared to the control mixture (M0%), the ULC values
decrease slightly for 5% and 10% OWA. In contrast, they increase
significantly for mixtures with 15% and 20% OWA. Quantitatively,
the control mixture records a ULC value of 1760 pm/m, which
declines by 2% and 19% for mixtures with 5% and 10% OWA,
respectively. The enhancement of long-term drying shrinkage
can be linked to the pozzolanic reaction of OWA, which amelio-
rates the matrix serviceability by lowering drying shrinkage, as
explained earlier [49]. Nonetheless, incorporating 15% and 20% of
OWA increases the ULC values, attaining 2137 and 2720 pm/m,
corresponding to growth of 21% and 55% relative to M0%. This
is because of the limited capability of OWA to compensate for
the loss of cement amount, which generates additional capillary
pores, thus facilitating water loss [75]. High water evaporation
within the paste reduces stiffness. As a result, the matrix resists
internal pressures less effectively, which amplifies deformation
under drying conditions [76]. Moreover, the IRLC generated by
the model among all samples at various replacement levels wit-
nesses a consistent pattern with the observed drying shrinkage
trend. Hence, the IRLC measurements decrease when OWA is
added at levels up to 10%, achieving a drop of 25% for the sam-
ple M10%. This effect demonstrates that lower replacement levels
improve the resistance to initial drying shrinkage. On the con-
trary, adding OWA negatively impacts the IRLC, which rises and
peaks at 18% for the sample M20%. Based on these trends, it can
be concluded that a 10% replacement level is optimal for control-
ling drying shrinkage.
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FIGURE 20 | Model outputs for drying shrinkage measurements (IRLC and ULC).
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FIGURE 21 | Tested and modeled autogenous shrinkage measurements over 90 days.

4.8 | Autogenous Shrinkage

Figure 21 displays both the calculated and experimental autoge-
nous shrinkage over 90 days. As noticed, lower OWA substitution
levels (5% and 10% OWA) desirably enhance the autogenous
shrinkage. For instance, the autogenous shrinkage values
decrease from 898 to 762 pm/m as the OWA content increases
from 0% to 10%, achieving a 15% decrement. The effectiveness of
OWA in reducing this type of shrinkage is largely due to the com-
bined effect of the greater C-S-H gel formed and the filler effect
of OWA, as it consists of a significant quantity of fine particles
filling the voids, making the pores more refined. The interplay
between these two factors collectively promotes water retention
and internal stress resistance, thus mitigating the development
of autogenous shrinkage driven by self-desiccation [17, 19].

Nevertheless, higher replacement percentages (15% and 20%
OWA) impair the autogenous shrinkage, intensifying and peak-
ing at 985 pm/m for the sample containing 20% OWA, reflecting
an increment of 10%. This intensity is probably linked to the
fact that a great quantity of OWA promotes the internal water
movement within the mortar, thus augmenting the autoge-
nous shrinkage values. Overall, the implementation of 10%
OWA engages the most desirable autogenous shrinkage per-
formance [77, 78]. Similarly, the pozzolanic activity of DPA
is essential in mitigating the overall autogenous shrinkage by
35% reported at 90 days. This behavior is achieved through the
presence of additional C-S-H gel generated, which withstands
internal stresses generated in the cement matrices and pro-
duces more stable structures with a lower shrinkage rate [60].
Similarly, RHA diminishes the self-desiccation mechanism due
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FIGURE 22 | Model outputs for autogenous shrinkage measurements (IRLC and ULC).

to capillary-driven water release. A previous study confirmed
that RHA particle size possessed a direct influence on the rate
of autogenous shrinkage. As the particle size decreased, the
reduction in autogenous shrinkage became less pronounced,
varying from 41% to 23% for sizes ranging from 43 to 8.5 pm [79].

In addition, the calculated data strongly agree with the
tested data, as confirmed by high coefficients of determina-
tion (R%>0.9) among all mixtures with OWA varying replace-
ment percentages, ranging from 0% to 20%. Inside Figure 21,
the upper-right inset shows the residual plot for the hyper-
bolic model: points hover around the zero line with no obvi-
ous pattern; the scatter is widest at small modeled shrink-
age (x150-300 pm/m, about 90 to +110 pm/m), tightens in the
mid-range (~400-700 pm/m, mostly within +40-50 pm/m), and
is narrowest at the largest magnitudes (~#800-950 pm/m, about
+25-30 pm/m), supporting the adequacy of the fit.

As plotted in Figure 22, the ULC values considerably decrease for
samples with 0 to 10% OWA, declining from 1210 to 975 pm/m,
corresponding to a reduction rate of 19%. However, a slight rise
in ULC is observed when increasing the OWA levels from 15%
to 20%. At 90days, the M20% mixture presents a ULC value
of 1242 pm/m, which is equivalent to a modest growth of 3%
compared to the OWA-free mortar. A relevant explanation of
these fluctuations can be summarized as the long-term autoge-
nous shrinkage pertaining to the remaining moisture available
for its evolution [80]. Similarly, OWA substantially improves the
IRLC values, highlighting its effect on alleviating initial auto-
genous shrinkage gain. In particular, adding 10% OWA reduces
the initial rate of autogenous shrinkage by 14%. This early-age
shrinkage resistance is referred to as the retardation of the hydra-
tion mechanism caused by OWA [81]. Actually, OWA particles
potentially slow the reaction between OWA and CH, reduc-
ing the early hydration; therefore, this limits the progression of
self-desiccation of the mortar [70]. Nevertheless, this action is
not found in mixtures containing 15% and 20% OWA, where the
M20% mixture records a 21% rise. It is worth mentioning that the
most favorable reduction in autogenous shrinkage occurs at 10%
OWA, which resembles other types of shrinkage.

4.9 | Expansion

The expansion data (both modeled and tested) of all mortars mea-
sured during 90 days are illustrated in Figure 23. The observed
trend aligns closely with that found in other types of shrinkage.
Meanwhile, the inclusion of up to 10% OWA content markedly
mitigates the expansion of the mortar specimens, achieving a
magnitude of 1038 pm/m, which is equivalent to a 24% drop. This
behavior is fundamentally attributable to the pozzolanic activ-
ity of OWA, which in turn reacts completely with the hydra-
tion product CH, which seems reduced within the matrix. Sub-
sequently, the limited quantity of CH can restrict its reaction
with the available expansive compounds in OWA; therefore, with-
standing the swelling effect [82]. However, when OWA content
exceeds 10% (15% and 20%), the trend reverses. For instance, the
samples M15% and M20% exhibit higher values than those for
the control mixture. More precisely, the expansion value peaks at
1525 pm/m, corresponding to an augmentation of 12%. When the
remaining CH in the matrix is insufficient to react with the excess
OWA, other reactions may occur. In particular, reactive compo-
nents in OWA, such as calcium oxide (CaO), can contribute to
expansive reactions, especially the formation of ettringite [83]. A
comparable improvement in expansion was also observed with
RHA, along with various secondary materials that were intro-
duced into concrete mixtures [79].

The modeled and experimental expansion readings exhibit strong
agreement, with a correlation coefficient of 0.99 across all substi-
tution levels, confirming the reliability of the predictive model.
Inside Figure 23, the lower-right inset shows the residuals for
the hyperbolic expansion fit. They are centered near zero with no
obvious curvature: scatter is widest at small modeled expansion
(0-300pm/m, —100 to +40 pm/m), tightens in the mid-range
(300-900 pm/m, mostly +30-40pm/m), and narrows at the
largest values (1000-1500 pm/m, ~—50 to +20 pm/m) with a
slight negative bias (~—10 pm/m). Overall, the inset supports the
adequacy of the model over 90 days.

As observed in Figure 24, the ultimate linear change (ULC)
decreases with moderate OWA replacement but increases at
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FIGURE 24 | Model outputs for expansion measurements (IRLC and ULC).

higher levels. The control mixture (M0%) records a ULC of
1617 pm/m, which drops to 1490 pm/m (~8% reduction) at 5%
OWA and further to 1249 pm/m (~23% reduction) at 10% OWA.
In contrast, the ULC rises again to 1826 pm/m at 15% OWA and
1875 pm/m at 20% OWA, corresponding to increases of 12% and
16% relative to the control. This nonlinear trend indicates that
OWA has a dual effect. At lower replacement levels (<10%),
its pozzolanic reaction consumes calcium hydroxide and con-
tributes to matrix densification, reducing the potential for expan-
sive products. However, at higher OWA dosages, the reduced
clinker content and increased porosity create conditions favor-
able to water ingress and delayed reactions with OWA con-
stituents such as CaO, thereby amplifying expansion [84]. A sim-
ilar pattern is observed for the IRLC values, which decrease to
18% at 10% OWA (~25% lower than the control) but subsequently

rise, reaching 21% at 20% OWA. This reinforces the interpretation
that moderate OWA replacement enhances dimensional stability,
whereas higher dosages promote excessive pore connectivity and
swelling potential. The early-age increase in expansion remains
primarily associated with hydration kinetics, while the long-term
behavior reflects the balance between pozzolanic refinement and
porosity-driven water uptake [85].

410 | Correlations Between Chemical, Drying,
Autogenous Shrinkage, and Expansion

Each length change parameter—drying, autogenous, and
expansion —correlates with chemical shrinkage as it reflects the
internal volume reduction driven by cement hydration during
early ages. This volume drop contributes to the development
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expansion. Note: Model applicability is limited to 0%-20% OWA and 1-90 days.

of capillary tensile stresses in the pore structure, thereby influ-
encing the evolution of other volumetric stability characteristics
in the mortar specimens. The regression fits and coefficients of
determination are shown in Figure 25 over the curing period.
For drying shrinkage, a strong linear relationship with chemical
shrinkage is observed, with R? values of 0.95, 0.99, 0.95, 0.99,
and 0.99 for mixtures M0%, M5%, M10%, M15%, and M20%,
respectively. The volume reduction caused by chemical shrink-
age enhances internal stresses in the mortar, which increases its
tendency to shrink during drying [86]. A likewise positive linear
relation exists between autogenous and chemical shrinkage,
with high coefficients of determination (R?=0.99, 0.99, 0.99,
0.95, and 0.97 for mixtures M0%, M5%, M10%, M15%, and M20%,
respectively) reflecting early-age self-desiccation effects [87].
In contrast, expansion is negatively correlated with chemical
shrinkage, supported by R? values ranging between 0.98 and 0.99.
This inverse relationship arises because both phenomena are
moisture-dependent: chemical shrinkage results from internal
water consumption, whereas expansion is driven by external
water ingress [88].

To statistically evaluate these correlations, for each mixture
(M0%-M20%) and each pair of volumetric responses, a regression
analysis with hypothesis testing is conducted. The hypotheses are
defined as follows:

« Null hypothesis (H,): The first tested property (chemical
shrinkage) does not predict other corresponding volumetric
response (autogenous, drying, or expansion). In other words,
the regression slope is stated as zero.

« Alternative hypothesis (H, ): A linear association exists. The
first tested property exhibits an important sensitivity on the
second tested property; this is the case when the regression
slope is different than zero.

The results (F-test at « =0.05) are presented in Table 5. A p
value > 0.05 indicates insufficient evidence of a linear associa-
tion (i.e., chemical shrinkage does not significantly predict the
given shrinkage/expansion response within the studied range). A
p value <0.05 indicates a statistically significant nonzero slope,
confirming a linear relationship between chemical shrinkage
and the corresponding shrinkage/expansion response. Across
all OWA levels, the correlations are statistically significant (all
p<0.05) for chemical vs. drying shrinkage and chemical vs.
autogenous shrinkage, confirming strong positive associations
with high R? (0.97-0.99). For chemical shrinkage vs. expansion,
p values are likewise very small, and the fitted slopes are negative,
consistent with the observed inverse trend. Thus, it can be stated
that chemical shrinkage serves as a statistically reliable predictor
of drying/autogenous shrinkage and expansion.
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TABLE 5 | p values of volumetric stability correlations across various OWA replacement levels.
Parameter M0% M5% M10% M15% M20%
Chemical vs. Drying shrinkage 3.08x107° 1.16x107° 1.14x107° 1.10x107° 7.69x107°
Chemical vs. Autogenous shrinkage 6.47x 1078 1.36x 10710 4.58x1078 4.12x1073 1.38x10°°
Chemical shrinkage vs. Expansion 4.54x 1077 1.8x 10716 2.22x1077 3.09x 1071 1.59x 1078
TABLE 6 | ANOVA statistical results at 28 days.
Property Compressive Flexural Chemical Drying Autogenous Expansion
F 8.33 4.52 129.87 100.90 359.52 220.67
p value 0.020 0.066 3.174x107° 8.208 x 107° 6.193x 1078 4.155%x 1077

Although the observed correlations are strong, they should not
be interpreted as strict causality. Chemical shrinkage is an
important parameter influencing volumetric stability, but other
mechanisms—such as pore refinement, ITZ behavior, and mois-
ture transport—also contribute. Thus, chemical shrinkage may
be regarded as a key indicator of dimensional change tendencies
rather than the sole driving factor [46]. It should be mentioned
that the regression models presented here are derived exclusively
from the present dataset, which may restrict their general appli-
cability. Nevertheless, comparable correlations between chemi-
cal shrinkage and other volumetric parameters have also been
observed in fiber-reinforced mortars [89, 90], supporting the idea
that chemical shrinkage plays a central role in governing vol-
umetric changes across different cementitious systems. Future
work should expand chemical shrinkage testing to diverse SCM
systems to validate and generalize these correlations, thereby
improving their predictive value for engineering applications.

To align with standard practice (28-day reference age in ASTM-
based evaluation), a one-way ANOVA (« =0.05) was performed
on the 28-day results to assess the effect of OWA replacement
level. The outcomes are summarized in Table 6. OWA con-
tent significantly affected compressive strength (p =0.02) and all
volumetric deformation measures: chemical shrinkage, drying
shrinkage, autogenous shrinkage, and expansion, with p values
<0.001 in all cases, indicating clear between-group differences
at 28 days. In contrast, the effect on flexural strength at 28 days
was not statistically significant (p = 0.066 > 0.05), suggesting only
a modest sensitivity of flexural strength to OWA within the inves-
tigated range.

5 | Conclusions

This study evaluated the influence of OWA as a partial cement
substitute (0%—-20%) on the physical, mechanical, and volumetric
stability properties of mortar, supported by predictive modeling.
Based on the findings, the following conclusions are drawn:

« Optimal replacement level: A 10% OWA substitution was
identified as the most effective dosage, reducing chemi-
cal shrinkage, autogenous shrinkage, drying shrinkage, and
expansion by 25%, 15%, 21%, and 24%, respectively, com-
pared to control mortar.

« Mechanical and absorption performance: While compres-
sive and flexural strengths declined with increasing OWA
content, the 10% mix maintained compressive strength of
23.5MPa and flexural strength of 2.8 MPa at 28 days, values
that align with benchmarks for non-structural mortars (e.g.,
ASTM C270 Type M >17.2MPa). At the same level, TWA
increased from 6.4% (control) to 14.5% (~127% higher), while
CWA rose from 9 to ~18-19 kg/m? (~100% higher). These
increases reflect higher porosity, which is consistent with
trends reported for mortars blended with other SCMs such
as fly ash, wood ash, and rice husk ash.

Predictive modeling: Hyperbolic and capillary-diffusive
models successfully captured time-dependent compres-
sive strength and moisture transport, with strong agree-
ment to experimental data (R?>0.98). This demonstrates
their reliability as predictive tools for OWA-modified
mortars.

» Scope and limitations: This study focused on volumet-
ric stability, absorption behavior, and mechanical perfor-
mance of mortars with w/c = 0.45 and 0%-20% OWA. Dura-
bility aspects such as sulfate resistance, carbonation, and
freeze—-thaw behavior were not investigated and should
be explored in future research along with microstructural
analyses (XRD for phase composition and SEM for parti-
cle/matrix morphology and ITZ features) to corroborate poz-
zolanic activity and elucidate mechanisms underlying the
observed trends.

Overall, the results provide both experimental and modeling evi-
dence that controlled incorporation of OWA can improve volu-
metric stability while maintaining acceptable mechanical perfor-
mance, supporting its potential as a sustainable supplementary
material in mortar production.
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