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Abstract

The growing demand for sustainable construction materials has spurred the use of recycled
aggregates in cementitious composites to reduce the consumption of natural resources
and the generation of construction waste. This study investigates the combined effects
of recycled glass (RG), recycled brick (RB), and recycled concrete (RC) aggregates used
as partial replacements for natural aggregate (NA) on the fresh properties of mortar. A
multi-factor experimental design was employed, with RG, RB, and RC replacing NA at
levels of 5–25%, 15–45%, and 10–30% of the total aggregate content, respectively. The fresh
properties evaluated included the final water-to-cement ratio (w/c), fresh density, and
air content. The results indicated that increasing the proportion of recycled aggregates,
especially RB and RC, increased water demand and air content, which is likely attributed
to their higher porosity and water absorption. Consequently, the final w/c ratio increased,
while the fresh density decreased by up to 12%. In contrast, mixtures with higher NA and
RG contents exhibited improved compactness and higher fresh density. Furthermore, the
Response Surface Methodology (RSM) and sensitivity analysis framework established in
this study provide a robust quantitative tool (R2 up to 0.95) for optimizing the proportioning
of multi-source recycled aggregate mortar. The findings confirm the feasibility of using
multi-source recycled aggregates to develop optimized and sustainable mortar mixtures
with predictable fresh-state performance.

Keywords: fresh mortar properties; recycled fine aggregates; Response Surface Methodology
(RSM); sensitivity analysis; sustainable construction materials

1. Introduction
The rapid expansion of the global construction industry has significantly increased

the demand for natural aggregates (NA) in mortar and concrete production [1,2]. Exces-
sive extraction of NA has raised concerns regarding resource depletion, environmental
degradation, and ecological imbalance. Consequently, sustainable and circular alternatives
have become a major research priority, with recycled aggregates emerging as a promising
solution for reducing environmental pressure while promoting resource efficiency [3].

The growing volume of construction and demolition (C&D) waste has further intensi-
fied the need for recycling strategies within the framework of the circular economy. Since
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2015, research on recycled construction materials has increased substantially due to their
potential to reduce landfill disposal, minimize environmental impacts, and decrease the
demand for virgin resources [4]. Various waste materials, including glass, brick, ceramic,
marble, and recycled concrete, have been investigated as fine aggregates in cementitious
systems [5,6]. While many studies have focused on the mechanical and durability per-
formance of such materials in the hardened state, comparatively limited attention has
been given to their influence on fresh-state properties, particularly when multiple recycled
aggregates are used simultaneously.

Recycled glass (RG) has attracted attention because of its chemical stability, recyclabil-
ity, and very low water absorption [7]. Previous studies indicate that incorporating RG as a
fine aggregate can improve workability due to its smooth surface texture, although strength
reductions may occur depending on particle size and replacement level [8,9]. In some cases,
optimized RG contents have also been associated with improved durability indicators,
such as resistance to chloride penetration [10]. In mixtures combining different recycled
aggregates, small proportions of RG have been reported to enhance packing density and
overall mixture performance [11].

Recycled ceramic and brick (RB) wastes represent some of the most abundant fractions
of C&D debris [12]. These materials have been studied as fine aggregates or supplementary
cementitious components in cement-based systems [13,14]. Their high porosity, rough tex-
ture, and elevated water absorption substantially affect mortar microstructure, especially
the interfacial transition zone (ITZ) [15]. Although higher replacement levels typically
decrease mechanical performance, appropriate curing conditions can enhance ITZ quality
and bonding efficiency [16]. At moderate replacement levels (30%), acceptable performance
may still be achieved through cement paste penetration into pores and the potential poz-
zolanic activity of adhered particles, whereas higher levels generally lead to increased
overall porosity and reduced density [17,18].

Recycled concrete (RC) and mortar fines form another significant portion of C&D
waste. Due to the presence of adhered old mortar, these recycled fines exhibit higher
porosity and water absorption than natural aggregates, which may influence both fresh
and hardened properties of mortar [19]. Their incorporation is feasible but requires a mix
of adjustments and careful water management to compensate for high porosity [20,21].
Advances in aggregate processing and refinement of the water-to-cement ratio (w/c) have
been shown to help preserve workability and cohesion across a range of replacement lev-
els [22,23]. Although reductions in mechanical properties may occur, they can be partially
mitigated through optimized mix design or the introduction of reinforcing additives [24].

Current standards do not define fixed replacement limits because of the variability in
recycled materials, and reported experimental replacement levels vary widely from 5% to
100% [25,26]. Favorable performance has often been achieved with cement-to-aggregate
ratios in the range of 1:3 to 1:4 [27]. Most existing studies have focused on single or binary
combinations of recycled aggregates [28–30]. In contrast, to the best of our knowledge,
this study is the first to systematically investigate the synergistic effects of three distinct
multi-source recycled fine aggregates (RG, RB, and RC) on the fresh properties of mortar.
Studies examining combinations of recycled concrete, ceramic, and brick fines commonly
report reductions in workability, density, and strength, primarily due to the high porosity
and water absorption associated with these materials [31–33]. Notably, the conclusions
from these studies largely pertain to hardened-state performance, leaving the fresh-state
characteristics of multi-material systems inadequately addressed.

Fresh-state properties such as workability, density, and air content play a crucial role
in determining the final microstructure and ITZ development of cementitious composites.
Strategies such as pre-saturation of aggregates, superplasticizer use, and particle-size
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optimization can mitigate some adverse effects associated with recycled materials [34–36].
Nevertheless, increasing recycled aggregate content often leads to higher air content and
lower fresh density [37,38], primarily due to changes in ITZ characteristics and the increased
porosity resulting from adhered old mortar [39], although these microstructural effects
were not directly verified in the present study.

In recent years, Design of Experiments (DOE) and Response Surface Methodology
(RSM) have been widely used to model nonlinear behaviors and optimize mixture pro-
portions in cement-based materials [40]. These approaches facilitate efficient evaluation
of variable interactions while reducing experimental workload, and their effectiveness in
predicting the performance of recycled aggregate mortars has been confirmed in several
studies [41–43]. Furthermore, sensitivity analysis offers valuable insights into the relative in-
fluence of mixture variables, helping improve model reliability and interpretability [44–46].

Construction and demolition waste (CDW) streams commonly contain mixed frac-
tions of concrete, ceramic, and glass materials. In practice, complete separation of these
components is often technically difficult and economically unattractive. Therefore, this
study considers the simultaneous use of recycled concrete (RC), ceramic (RB), and glass
(RG) aggregates to represent realistic recycling conditions [47,48].

Despite the growing interest in recycled aggregates, limited research has explored the
fresh-state behavior of mortars incorporating multiple types of recycled fine aggregates. In
particular, the combined influence and interaction effects of RG, brick, and concrete fines
on key fresh-state properties such as workability, density, and air content remain largely
unexplored. Therefore, this study investigates the fresh-state performance of mortars
incorporating different proportions of these three recycled fine aggregates as partial re-
placements for NA. Experimental testing is supported by RSM-based modeling to describe
the relationships between aggregate composition and fresh-state responses. Sensitivity
and correlation analyses are further conducted to determine the relative influence of each
recycled material. The main novelty of this research lies in the simultaneous evaluation
of three recycled fine aggregates. Specifically, this study aims to address the following
scientific questions: (1) Are there significant interaction effects between RG, RB, and RC
that influence fresh mortar properties, including the final w/c ratio, fresh density, and
air content? (2) How can the relative impact weight of each recycled component on these
key fresh parameters be quantified? (3) Can reliable predictive models be established to
estimate the fresh performance of mortar for any given combination of these recycled
aggregates within the investigated replacement ranges?

2. Materials and Methods
This section describes the materials used in the study, the mix proportions and mixing

procedure, and the experimental methods adopted to evaluate the properties of fresh mortar.
In addition, the predictive modeling approach and sensitivity analysis used to interpret the
relationships between mixture variables and response parameters are presented.

2.1. Materials and Mix Properties

This section describes the materials used in the preparation of the mortar mixtures and
their main physical properties. Natural and recycled fine aggregates were characterized in
terms of particle size distribution, density, and water absorption to evaluate their suitability
for mortar production. In addition, the mix proportions and the mixing procedure adopted
for the preparation of the mortar specimens are presented to ensure the reproducibility of
the experimental program.
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2.1.1. Materials

Portland cement type II (strength class of 42.5) was used as the primary binder in
this study. The specific gravity of the cement was 3.15 g/cm3, in accordance with typical
values reported in ASTM [49] standards. NA was used as the reference fine aggregate
with a fineness modulus of 2.9. In addition, three types of recycled fine aggregates were
incorporated in the mixtures, including crushed waste glass, crushed brick (ceramic ma-
sonry waste), and RC derived from construction and demolition debris. The fineness
modulus of the recycled aggregates (3.36–3.41) was slightly higher than that of NA (2.9)
and marginally outside the ASTM C33 [50] recommended range (2.3–3.1), indicating a
relatively coarser grading that may influence packing density and water demand in the
mortar mixtures. Similar gradation characteristics for recycled aggregates have also been
reported in previous studies [51,52].

The recycled materials were collected from construction waste and subsequently
processed through crushing and sieving operations. For the preparation of recycled sand
materials, a crushing machine (Model VLG 1500 350, Hoseinzadeh Co., Rasht, Iran) was
used. The manufacturer was requested to calibrate and adjust the crushing equipment to
ensure the production of recycled aggregates with a maximum particle size of 4.5 mm. The
crushed material was subsequently sieved to obtain the required fine aggregate fraction
for mortar production. The particle size distribution of the recycled fine aggregates was
adjusted within the range of 0–4.75 mm in order to achieve a grading comparable to
that of NA. No specific measures were taken to mitigate the alkali–silica reaction (ASR).
The gradation curves of the fine aggregates are presented in Figure 1, while the physical
properties of the aggregates are summarized in Table 1. The particle size distribution was
evaluated based on ASTM C144 [53] recommendations. According to the gradation curves,
NA and RG aggregates generally fall within the recommended grading limits. However, the
RB and RC aggregates slightly deviate from the lower boundary of the grading envelope,
particularly in the particle size range of approximately 0.1–1 mm.
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Figure 1. Particle size distribution of fine aggregates.
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Table 1. Physical Properties of Aggregates.

Aggregate Type SSD Density
(kg/m3)

OD Density
(kg/m3) Water Absorption (%) FM 1 Porosity (%)

NA 2622.5 2571.0 2.00 2.90 5.43
RG 2504.9 2501.7 0.13 3.41 0.31
RB 2186.4 1858.3 17.65 3.36 48.88
RC 2337.4 2143.0 9.07 3.37 24.14

1 Fineness modulus.

Considering the heterogeneous nature of recycled construction materials and the prac-
tical limitations in controlling all physical properties during processing, minor deviations
from standard grading limits are generally considered acceptable and have been reported
in previous studies [54]. Moreover, the overall gradation adjustment of recycled aggregates
indicates that their incorporation does not significantly alter the general grading charac-
teristics of the aggregate system compared with NA. Appropriate grading control also
contributes to satisfying standard graduation requirements and facilitates a more reliable
evaluation of the behavior of the mortar mixtures.

Finally, the physical properties of the aggregates, including oven-dry density, satu-
rated surface-dry (SSD) density, and water absorption, were determined in accordance with
ASTM C128 [55] (using the vacuum method) and ASTM C136 [56]. A significant differ-
ence between natural and recycled aggregates was observed in terms of water absorption
capacity. The natural fine aggregate exhibited a relatively low water absorption of approxi-
mately 2% in the oven-dry state. In contrast, RB and RC aggregates showed considerably
higher absorption values of 17.65% and 9.07%, respectively, mainly due to their porous
microstructure and the presence of adhered mortar [57–59]. The reported values were
measured on oven-dried aggregates before moistening to the SSD condition. Conversely,
RG aggregate exhibited very low water absorption (0.13%) due to its dense, nonporous
structure. The low porosity of RG (0.31%) explains its negligible water absorption due to its
dense structure. In comparison, NA showed moderate porosity (5.43%), resulting in water
absorption higher than RG but lower than RB and RC. The porosity of RB (48.88%) was
nearly twice that of RC (24.14%), consistent with their higher water absorption capacities.
Consequently, the high porosity of RB and RC increased water absorption and adversely
affected mortar consistency.

2.1.2. Mix Proportion and Mixing Procedure

An initial w/c of 0.562, consistent with ASTM C109/C109M [60] proportions, was
adopted as the reference value. Minor adjustments to the mixing water were made to
achieve a target flow of 110 ± 5% in the flow table test. Consequently, the w/c ratio used
throughout the optimization and modeling in this study represents the total mixing water
content. Accordingly, the 10 min rest is defined as controlled pre-wetting rather than SSD
saturation, and the calculation of “Absorbed water” in Table 2 has been clarified to ensure
transparent interpretation of the final w/c ratio and absorption adjustment. The binder
content was kept constant at 6.31 kg for all mixtures [61]. Recycled fine aggregates were
used as partial replacements for NA at different levels depending on the aggregate type.
RG, RB, and RC replaced NA at levels of 5–25% [62,63], 15–45% [64,65], and 10–30% [66,67]
by mass, respectively. The comprehensive mix proportions are summarized in Table 2.
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Table 2. Mortar mix proportions (kg).

Mix No. Mix ID NA RG RB RC Absorbed
Water

Extra Water for
Consistency Total Water

1 Ctrl 22.08 0.00 0.00 0.00 0.44 0.04 4.03

2 G15 18.77 3.31 0.00 0.00 0.38 0.13 4.06
3 B30 15.46 0.00 6.62 0.00 1.48 0.53 5.55
4 C20 17.66 0.00 0.00 4.42 0.75 0.49 4.79

5 G5 B15 C10 15.46

1.10

3.31 3.63 1.22 0.41 5.18
6 G5 B15 C20 13.25 3.31 4.42 1.25 0.64 5.44
7 G5 B15 C30 11.04 3.31 6.62 1.41 0.82 5.78
8 G5 B30 C10 12.14 6.62 2.21 1.61 0.98 6.13
9 G5 B30 C20 9.94 6.62 4.42 1.77 0.97 6.29

10 G5 B30 C30 7.73 6.62 6.62 1.93 1.29 6.76
11 G5 B45 C10 8.83 9.94 2.21 2.13 1.07 6.75
12 G5 B45 C20 6.62 9.94 4.42 2.29 1.08 6.91
13 G5 B45 C30 4.42 9.94 6.62 2.44 1.29 7.28

14 G15 B15 C10 13.25

3.31

3.31 2.21 1.05 0.51 5.11
15 G15 B15 C20 11.04 3.31 4.42 1.21 0.61 5.37
16 G15 B15 C30 8.83 3.31 6.62 1.37 0.70 5.61
17 G15 B30 C10 9.94 6.62 2.21 1.57 0.22 5.34
18 G15 B30 C20 7.73 6.62 4.42 1.73 0.89 6.16
19 G15 B30 C30 5.52 6.62 6.62 1.88 0.96 6.39
20 G15 B45 C10 6.62 9.94 2.21 2.09 1.02 6.65
21 G15 B45 C20 4.42 9.94 4.42 2.25 0.99 6.78
22 G15 B45 C30 2.21 9.94 6.62 2.40 1.38 7.33

23 G25 B15 C10 11.04

5.52

3.31 2.21 1.01 0.65 5.21
24 G25 B15 C20 8.83 3.31 4.42 1.17 0.77 5.49
25 G25 B15 C30 6.62 3.31 6.62 1.33 0.87 5.74
26 G25 B30 C10 7.73 6.62 2.21 1.53 1.08 6.15
27 G25 B30 C20 5.52 6.62 4.42 1.69 1.21 6.45
28 G25 B30 C30 3.31 6.62 6.62 1.84 1.54 6.93
29 G25 B45 C10 4.42 9.94 2.21 2.05 1.07 6.66
30 G25 B45 C20 2.21 9.94 4.42 2.21 1.35 7.11
31 G25 B45 C30 0.00 9.94 6.62 2.36 1.69 7.59

Initial reference w/c ratio = 0.562; Cement = 6.31 kg; Initial water = 3.55 kg.

Before mixing, all aggregates were oven-dried at 110 ± 5 ◦C to achieve the oven-dry
(OD) condition. The drying process was continued until a constant mass was reached,
defined as a mass change of less than 0.1% between two consecutive weighings performed
at a two-hour interval. The mixing procedure was carried out using a laboratory mixer
(Model CO 302, Azmoonsaz Mabna, Tehran, Iran) in two stages to control the moisture
condition of the aggregates and achieve a controlled pre-wetted state (near SSD condi-
tion). The theoretical water absorption compensation reported in Table 2 represents the
calculated mass of water required to bring each aggregate fraction from an oven-dry to
a saturated surface-dry (SSD) state based on the 24 h absorption capacities reported in
Table 1. This calculated water was introduced during the pre-wetting stage to minimize
water withdrawal from the active cement paste during mixing, while the final total mixing
water was adjusted to maintain the target flow value of 110 ± 5%. As noted previously,
the 10 min rest serves as a kinetic mitigation step for initial suction, not as a claim of full
microstructural saturation within that timeframe. Accordingly, the total water reported in
Table 2 represents the sum of the initial mixing water, the water required to compensate for
aggregate absorption, and the additional water introduced to achieve the target consistency.
The final w/c ratio reported in this study was calculated based on this total water content.

Initially, all aggregates were dry-mixed for 1.5 min. Approximately half of the mixing
water was then added, followed by 2 min of mixing. The mixture was subsequently
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allowed to rest for 10 min to facilitate partial water absorption and achieve a near-SSD
condition. This resting stage served as a short-term pre-wetting step, supported by previous
research indicating that recycled fine aggregates absorb water rapidly within the first few
minutes [68,69]. Studies by García-González et al. [70] and Mora-Ortiz et al. [71] also
showed that short conditioning periods are sufficient to influence the moisture state and
stabilize the fresh properties of recycled aggregate mortars. Therefore, a 10 min rest was
deemed adequate to mitigate the high initial water absorption kinetics (suction effect) of
porous fractions like RB while avoiding the prolonged soaking associated with full 24 h
SSD preparation [72–74]. After this period, cement was added and mixed for 1.5 min,
followed by the remaining water and an additional 3 min of mixing. Fresh mortar tests
were conducted immediately after mixing.

Recycled aggregates produced through mechanical crushing generally exhibit irregu-
lar particle shapes and angular geometries. Previous studies have reported that RC typically
possesses rough and angular surfaces due to the presence of adhered mortar, while crushed
RB tends to be highly angular and porous. In contrast, crushed RG is generally angular with
relatively smoother surfaces compared with other recycled aggregates. The visual inspec-
tion of the aggregates used in this study showed morphological characteristics consistent
with those commonly reported in the literature for similar recycled materials [75–78].

Aggregate replacement in this study was performed on a mass basis, in line with
common mortar mixture design practices. Owing to the lower density of recycled ag-
gregates compared with NA, this approach may alter the aggregate volume fraction and
packing density. Consequently, part of the observed performance variations may be associ-
ated with volumetric and packing effects in addition to the intrinsic characteristics of the
recycled materials.

2.2. Methods

This section describes the experimental methods used to determine fresh mortar
properties, followed by sensitivity analyses performed on the experimental data. The
sensitivity analysis evaluates the influence of each input parameter and the corresponding
replacement levels on the responses derived from experimental observations.

2.2.1. Water Estimation for Fresh Mortar

A constant flowability of 110 ± 5% was maintained for all mixtures as per ASTM
C109/C109M [60]. This consistency was the governing criterion for determining the total
water demand of the mixtures. Initially, a trial batch of approximately two liters was
prepared, and several adjustments were made experimentally to reach the target flow. The
optimum water content obtained from these preliminary trials was then adopted for the
main batches to ensure uniform consistency among all samples.

2.2.2. Consistency of Fresh Mortar

The consistency of fresh mortar was controlled using the flow table test conducted in
accordance with ASTM C1437 [79], using a flow table apparatus (Tak Azma, Tehran, Iran).
In this study, maintaining a constant flow value was considered a key input parameter
to ensure comparable workability among all mixtures. The mortar flow was adjusted
to 110 ± 5%, corresponding to a spread diameter of approximately 210 ± 5 mm on the
flow table.

The spread diameter was measured in two perpendicular directions, and the average
value was used as the representative flow. If the measured flow deviated from the required
range, the mixing water was gradually adjusted until the target flow was achieved. Main-
taining this constant flow level ensured uniform workability conditions, allowing a reliable
comparison of other fresh mortar properties among the different mixtures.
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https://doi.org/10.3390/buildings16132635


Buildings 2026, 16, 2635 8 of 22

2.2.3. Density of Fresh Mortar

The bulk density was determined following ASTM C138 [80]. A standard container
(Azmoonsaz Mabna, Tehran, Iran) was filled in three layers, each compacted with 20 tamp-
ing strokes to eliminate voids. The density was calculated using Equation (1):

ρ =
m
V

(1)

where ρ is the bulk density (g/cm3), m is the mass (g), and V is the volume (cm3). To
minimize weighing errors, the mass of each sample was measured using a precision
electronic balance (Electronic Balance JA600I, A&D Company, Shenzhen, China, maximum
capacity: 6000 g, readability: 0.1 g).

2.2.4. Air Content of Fresh Mortar

The air content of fresh mortar was determined using both an experimental and
a computational approach to improve the reliability of the measurements and to better
understand the influence of aggregate properties. The experimental determination was
performed using the pressure method in accordance with ASTM C231 [81], in which the air
content is directly measured using a calibrated air entrainment meter. The device measures
the volume of air content in a known volume of fresh mortar by applying pressure and
recording the response through a calibrated manometer. The fresh mortar air content was
measured using an air content testing device (Azmoonsaz Mabna, Tehran, Iran) complying
with Type B of ASTM C231. To validate the experimental measurements, a complementary
computational approach based on ASTM C185-99 [82] was also applied. In this method,
the air content is estimated by comparing the experimentally measured bulk density of the
fresh mortar with the theoretical density calculated from the mixture composition.

The bulk density ρ (g/cm3) of the fresh mortar was obtained experimentally, as de-
scribed in the density test. The theoretical density ρth represents the density of the mixture,
assuming that no air voids are present, and is calculated based on the mix proportions and
the specific gravity of each constituent material. The theoretical density is determined by
considering the mass contribution and density of all mixture components:

ρth =
mc + mw + mNA + mRG + mRB + mRC

Vc + Vw + VNA + VRG + VRB + VRC
(2)

where mc, mw, mNA, mRG, mRB, and mRC are the masses of cement, water, NA, RG, RB, and
RC, respectively, and Vc, Vw, VNA, VRG, VRB, and VRC are their corresponding volumes, re-
spectively. The difference between the theoretical density and the experimentally measured
density reflects the volume of air content within the fresh mortar.

This comparison is particularly important when recycled aggregates are incorporated
into mortar mixtures. Recycled materials such as crushed brick and RC aggregates typically
exhibit lower density and higher water absorption than NA due to their higher porosity
and irregular internal structure. These characteristics may influence the packing density
of particles, the distribution of water within the mixture, and consequently the formation
and stability of air bubbles, although these effects were not directly quantified in terms of
particle morphology or pore structure.

Therefore, an important aspect of this study is to investigate whether the air content
is sensitive to variations in the density and water absorption characteristics of recycled
aggregates and whether the magnitude of this sensitivity depends on the physical properties
of the constituent materials. Understanding this relationship is essential for interpreting
the behavior of fresh mortar mixtures containing recycled aggregates and for identifying
the parameters that most strongly influence the air content of the system. To quantify these
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effects, a sensitivity analysis was subsequently performed based on the predictive models
developed for the fresh mortar properties.

2.2.5. Predictive Modeling and Sensitivity Analysis

RSM was implemented in Design-Expert software (Version 12, Stat Ease Inc., Min-
neapolis, MN, USA) to model the following responses: final w/c ratio, density (g/cm3), and
air content (%). The independent variables considered in the modeling process were the
quantities of mixture aggregates, including NA (kg), RG (kg), RB (kg), and RC (kg). These
parameters were selected due to their significant influence on the physical characteristics
of the mixture and their combined effects on the fresh mortar properties.

Quadratic and two-factor interaction (2FI) models were validated via ANOVA, and
R2 coefficients were employed to verify the statistical significance of the developed
models, whereas the model-experiment agreement was evaluated through the linear
correlation coefficient.

After validating the predictive models, a sensitivity analysis was performed to quantify
the influence of each input variable (NA, RG, RB, and RC) on the predicted responses (Air
Content, Density, and Final w/c ratio) within the design domain. For this purpose, a local
sensitivity analysis based on the perturbation method was applied.

Because the predictive models express each response variable Yj as a function of the
input variables Xi, the sensitivity of each input parameter was evaluated at a selected refer-
ence point Xre f . In this method, small perturbations are applied to each input parameter
while keeping the remaining variables fixed at their reference values. The sensitivity index
was calculated using the following equation [83]:

Sensitivity Index =

∣∣∣Yj

(
Xre f

+
)
− Yj

(
Xre f

−
)∣∣∣

2∆Xi ×
∣∣Yj

∣∣ × 100 (3)

where Xre f
+ and Xre f

− represent the perturbed input vectors in which all variables remain
constant except Xi, which is increased and decreased by +∆Xi and −∆Xi, respectively,
relative to the reference point. Here, ∆Xi denotes the perturbation magnitude applied to
the input variable Xi, and Yj represents the predicted value of the response variable at
the reference point Xre f . This procedure provides a quantitative measure of the relative
influence of each input parameter on the predicted responses and helps identify the most
influential variables affecting the fresh mortar properties.

3. Results and Discussion
3.1. Effect of Recycled Aggregates on the Final Water-to-Cement Ratio

The final w/c ratio increased consistently as the replacement level of recycled aggre-
gates increased. As shown in Table 3, mixtures containing RB and RC required noticeably
more water to achieve the target flowability of 110%, whereas RG led to only a moderate
increase in water demand. For instance, in mixtures incorporating 5% RG and 15% RB, the
final w/c ratio rose from 0.82 to 0.92 when the RC content increased from 10% to 30%. This
corresponds to increases of 28%, 34%, and 44% in w/c compared with the control mixture
at RC contents of 10%, 20%, and 30%, respectively.
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Table 3. Results of the fresh-state properties of mortar.

Mix No. Mix ID Recycle Percent (%) Fresh Density
(g/cm3) Final w/c Ratio Air Content

ASTM C185 (%)
Air Content

ASTM C231 (%)

1 Ctrl 0 2.21 0.64 3.25 3.32

2 G15 15 2.15 0.62 4.02 4.13
3 B30 30 2.09 0.88 3.78 3.84
4 C20 20 2.14 0.76 3.48 3.57

5 G5 B15 C10 30 2.11 0.82 4.31 4.32
6 G5 B15 C20 40 2.07 0.86 4.49 4.54
7 G5 B15 C30 50 2.03 0.92 4.79 4.83
8 G5 B30 C10 45 2.03 0.97 4.44 4.60
9 G5 B30 C20 55 2.01 1.00 4.73 4.75
10 G5 B30 C30 65 1.97 1.07 5.18 5.22
11 G5 B45 C10 60 1.98 1.07 4.75 4.86
12 G5 B45 C20 70 1.96 1.10 5.13 5.21
13 G5 B45 C30 80 1.93 1.15 5.57 5.70

14 G15 B15 C10 40 2.09 0.81 4.42 4.56
15 G15 B15 C20 50 2.06 0.85 4.69 5.09
16 G15 B15 C30 60 2.02 0.89 5.38 5.45
17 G15 B30 C10 55 2.07 0.85 4.71 4.88
18 G15 B30 C20 65 2.00 0.98 5.03 5.35
19 G15 B30 C30 75 1.97 1.01 5.67 5.90
20 G15 B45 C10 70 1.97 1.05 5.18 5.26
21 G15 B45 C20 80 1.95 1.08 5.76 5.84
22 G15 B45 C30 90 1.90 1.16 6.46 6.63

23 G25 B15C10 50 2.06 0.83 4.70 5.04
24 G25 B15 C20 60 2.03 0.87 5.14 5.95
25 G25 B15 C30 70 1.99 0.91 5.99 6.21
26 G25 B30 C10 65 1.99 0.98 5.19 5.34
27 G25 B30 C20 75 1.96 1.02 5.68 5.99
28 G25 B30 C30 85 1.91 1.10 6.67 6.84
29 G25 B45 C10 80 1.95 1.06 5.94 6.25
30 G25 B45 C20 90 1.90 1.13 6.75 6.88
31 G25 B45 C30 100 1.86 1.20 7.70 7.81

The observed increase in water demand is primarily associated with the higher water
absorption capacity of recycled aggregates, particularly RB and RC, as measured in this
study (Table 1). In addition to the high porosity and water absorption of RB and RC, the
grading deviation shown in Figure 1 (the relative deficit of particles in the 0.1–1 mm range)
may further contribute to the increased water demand. This gap in particle size distribution
reduces packing density, thereby requiring more cement paste to fill the intergranular
voids and indirectly increasing the effective water demand to maintain the target flow.
RB contains numerous capillary pores formed during the firing of clay bricks, while RC
aggregates typically include remnants of old mortar and microcracks. These features
may allow the particles to absorb part of the mixing water, which reduces the amount
of free water available for lubrication between particles and could ultimately increase
the effective water demand of the mixture. Similar observations have been reported in
previous studies on recycled aggregate mortars and concretes [84,85]. In the present study,
the increase in w/c appears slightly more pronounced, likely due to the simultaneous use
of multiple recycled aggregates, especially RB and RC, which together intensify the overall
water absorption of the system. By contrast, RG aggregates have a relatively smooth and
impermeable surface with negligible water absorption; therefore, their influence on the
final w/c ratio is considerably smaller than that of RB and RC.
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3.2. Effect of Recycled Aggregates on Fresh Mortar Density

The variation in fresh mortar density for different mixtures is presented in Table 3. A
clear reduction in density was observed as the proportion of recycled aggregates increased.
Even at relatively low RB and RC contents of 15% and 10%, increasing the RG replacement
from 5% to 25% resulted in density reductions of about 4.5%, 5.4%, and 6.8%, respectively,
compared with the control mixture. When the contents of both RB and RC were increased
simultaneously, the density reduction became more pronounced. For example, in mixtures
containing 45% RB, the density decreased by approximately 10.5–12.5% as RC increased
from 10% to 30%. Similar reductions in fresh density with increasing recycled aggregate
content have been widely reported in the literature [84,86].

This reduction is primarily attributable to the inherently lower particle density and
higher internal porosity of recycled aggregates compared with NA, as measured in this
study (Table 1). In addition to the low specific gravity of RB and RC, the grading deviation
shown in Figure 1 reduces particle-packing efficiency. This results in a looser aggregate
skeleton and higher initial void content, further contributing to the reduction in fresh
density. Similar density reductions in mortars containing recycled aggregates have been
reported by Silva et al. [85] and Rosado et al. [51]. However, the present study shows
a more pronounced decrease, which can be attributed to the combined use of multiple
recycled materials, leading to the formation of a more porous aggregate skeleton and
reduced packing efficiency.

Among the recycled materials used in this study, RB exhibited the lowest specific
gravity due to its porous ceramic microstructure, consistent with the findings of Debieb and
Kenai [87]. In the case of RC, the presence of adhered mortar increases porosity and reduces
particle density [81]. From a microstructural perspective, recycled aggregates introduce
a more porous internal framework into the mortar matrix. The adhered mortar layers
in RC and the interconnected pores in RB increase the total void volume of the mixture.
Furthermore, the ITZ surrounding recycled aggregates is generally more heterogeneous
and porous than that around NA particles, which may reduce particle packing efficiency
and ultimately lower the density of fresh mortar. Similar observations regarding the
weak and porous ITZ associated with recycled aggregates have been reported in previous
studies [88,89]. However, since no direct microstructural characterization (e.g., SEM) was
performed in this study, this interpretation remains speculative and should be verified in
future work.

3.3. Air Content

The air contents obtained for the different mixtures are presented in Table 3. The
incorporation of recycled aggregates led to a noticeable increase in air content relative to
the control mixture, a trend commonly reported in recycled aggregate mortars [37,90]. The
increase was more pronounced in mixtures containing higher proportions of RB and RC.
For instance, in mixtures with 45% RB, the air content increased by up to approximately
70% compared with the control mixture.

This behavior may be partly attributed to the irregular particle shape, rough surface
texture, and high internal porosity of the recycled aggregates. These physical characteristics
may disrupt particle packing efficiency and promote the formation of micro-voids during
mixing [88]. Previous studies [37,38] have similarly linked recycled aggregates to elevated
air content, citing their heterogeneous microstructure as a key factor in air entrapment.
Specifically, the porous ceramic structure of RB and the residual mortar adhered to RC
particles increase the total void volume within the mortar matrix [90]. Furthermore, the
microstructural nature of the ITZ plays a critical role. The ITZ surrounding RB and RC
particles is generally more complex and porous than that of NA, facilitating the formation
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and stabilization of microscopic air pockets [39,88,89]. Nevertheless, this explanation
should be interpreted with caution, as no direct microstructural characterization was
carried out in the present study.

Finally, a comparison between calculation-based (ASTM C185) and instrument-based
(ASTM C231) measurements showed strong agreement across all mixtures. Due to the
idealized assumptions in the ASTM C185 procedure, which relies on the maximum density
of constituent materials, the air-content values from the instrument-based method were
consistently slightly higher. This discrepancy highlights a known limitation of indirect
calculation methods when applied to highly porous recycled aggregates; internal porosity
and variations in water absorption can distort the theoretical specific gravity values used in
ASTM C185, potentially introducing errors if aggregate properties fluctuate. Nevertheless,
in this study, the average relative error between the two methods was approximately
3%, confirming that the rigorous pre-characterization of aggregate densities mitigated
these limitations, thereby confirming the reliability and validity of the instrument-based
approach for evaluating the air content of these specialized mortar mixtures.

3.4. RSM Modeling and Model Performance

To further analyze the relationships between mixture composition and fresh mor-
tar properties, RSM was applied to develop predictive models, followed by statistical
evaluation and cross-validation to assess their reliability.

3.4.1. RSM Model Development

RSM was employed to develop predictive models describing the relationship between
mixture composition and the fresh properties of mortar containing recycled aggregates.
The independent variables included NA, RG, RB, and RC, while the responses considered
were the final w/c ratio, fresh mortar density, and air content. In mortar mixture studies,
some parameters (e.g., mixture consistency) are typically controlled to allow a reliable
estimation of water demand and the final w/c ratio. Therefore, the total aggregate content
was maintained within a narrow range, and the experimental program focused on the
progressive replacement of NA with recycled aggregates (RG, RB, and RC). Within this
framework, RSM was applied as a statistical tool to analyze the influence and interaction of
the aggregate types on the fresh properties of mortar.

The regression models were formulated using the actual quantities of aggregates in
the mixtures (kg) rather than coded variables, enabling direct physical interpretation of
the coefficients. During model calibration, two formulations were evaluated, i.e., models
including an intercept and models constrained to pass through the origin. The inclusion
of an intercept led to unstable statistical behavior and reduced the significance of several
regression coefficients, while also complicating the physical interpretation of the mixture
variables expressed as actual material quantities. From a physical standpoint, the inde-
pendent variables represent the actual mass of aggregates in the mixture (kg). When the
quantities of all aggregate constituents approach zero, the mortar mixture itself becomes
undefined; therefore, constraining the regression through the origin provides a physically
consistent boundary condition for the modeled system. Under this boundary condition,
the regression equations naturally approach zero as the quantities of the mixture variables
decrease towards zero. Therefore, constraining the regression models to pass through the
origin provides a physically consistent formulation and avoids introducing a non-physical
offset in the predictive equations. Considering both the statistical behavior of the regres-
sion coefficients and the physical boundary condition of the system, the intercept-free
formulation was retained for the final models.
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A detailed comparison between the predicted and experimental values (Figure 2)
demonstrates strong agreement between the model predictions and the experimental
measurements within the investigated domain. In the parity plots, the majority of data
points are located very close to the line of equality, indicating a high level of agreement
between the predicted and measured values and suggesting that the models adequately
reproduce the observed trends within the studied mixtures.

Figure 2. Performance evaluation of the developed RSM models: (a) predicted vs. experimental w/c
ratio; (b) prediction error for w/c; (c) predicted vs. experimental density; (d) prediction error for
density; (e) predicted vs. experimental air content; (f) prediction error for air content.
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For the w/c ratio and air content, the very high correlation coefficients (R = 0.98)
indicate a strong correlation between predicted and experimental values with minimal
deviation between the predicted and experimental results. As shown in Figure 2b,d, the
data points are tightly clustered around the equality line, demonstrating that the developed
models effectively capture both the magnitude and the variation trends of these parameters
across the investigated mixtures. In the case of density, although the correlation coefficient
is slightly lower (R = 0.92), the overall trend of variation remains well represented by the
model. As illustrated in Figure 2f, some data points exhibit moderate deviations from the
equality line; however, the general pattern of the experimental results is still accurately
reproduced, indicating that the model reasonably describes the relationships governing
density within the investigated mixtures. Furthermore, the residual (error) plots show
small and randomly distributed deviations without any noticeable systematic pattern,
suggesting that the developed models are statistically reliable and free from significant
bias. These results confirm that the proposed RSM models successfully capture the primary
factors influencing the fresh properties of mortars incorporating recycled aggregates.

The statistical significance of the models was evaluated using analysis of variance
(ANOVA) (Table 4). The overall models are highly significant with p-values < 0.05, and
the relatively high F-values further confirm the reliability of the regression equations. The
ANOVA results reveal that all primary variables (NA, RG, RB, and RC) significantly affect
the studied responses. In addition, the interaction terms NA × RG, RG × RB, and RG × RC
are statistically significant, indicating that the combined presence of recycled aggregates
influences water demand, packing density, and air entrainment behavior. In particular,
the nonlinear contribution of RG, reflected by the RG2 term in some models, suggests that
increasing glass content alters particle packing and mixture consistency in a nonlinear
manner. Similar interaction effects have been reported in previous studies on recycled
aggregate systems [91–94], although the underlying microstructural mechanisms were not
directly investigated in the present study.

Table 4. ANOVA results for developed RSM models.

Final w/c Ratio Fresh Mortar Density Air Content

f -Value p-Value f -Value p-Value f -Value p-Value

Model 70.25 <0.0001 68,616.22 <0.0001 482.21 <0.0001
NA 111.76 <0.0001 1.763 × 105 <0.0001 1095.37 <0.0001
RG 144.73 <0.0001 1.431 × 105 <0.0001 825.95 <0.0001
RB 89.21 <0.0001 1.609 × 105 <0.0001 940.99 <0.0001
RC 87.01 <0.0001 1.535 × 105 <0.0001 886.34 <0.0001

NA × RG 8.02 0.0092 37,490.78 <0.0001 230.34 <0.0001
RG × RB 5.35 0.0296 37,151.44 <0.0001 226.04 <0.0001
RG × RC 5.59 0.0266 37,710.62 <0.0001 227.50 <0.0001

RG2 - - 33,113.69 <0.0001 205.23 <0.0001

The developed regression models demonstrated good agreement between predicted
and experimental values for all responses. For the final w/c ratio, the model yielded
R2 = 0.9535 and adjusted R2 = 0.9399, with an adequate precision value of 12.775, indicat-
ing a satisfactory signal-to-noise ratio for navigating the design space. The model for fresh
density exhibited a very strong fit, with R2 = 0.99996 and adjusted R2 = 0.99992, accom-
panied by a very low coefficient of variation (0.75%), reflecting high model precision; its
adequate precision value of 42.119, far exceeding the minimum desirable value of 4, further
confirms the strong signal of the model. Similarly, the model developed for air content
showed high accuracy, with R2 = 0.9941 and adjusted R2 = 0.992, a coefficient of variation
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of 9.08% and an adequate precision value of 14.990, indicating a strong signal-to-noise ratio
and confirming the reliability of the model. The high coefficient of determination for density
is consistent with the relatively low experimental variability of fresh density measurements
and the strong linear dependence of this property on the weighted average of component
densities within the investigated mixture space. It should be noted that the RSM models
developed in this study are intended to provide predictive insights within the investigated
experimental domain while enabling the analysis of response trends and sensitivity to
mixture parameters. In particular, the models are used to quantify the influence of different
recycled aggregate types and their replacement levels on the fresh properties of mortar.
Accordingly, the predictive capability of the models should be interpreted primarily within
the studied design space. Extrapolation beyond the investigated parameter range should
therefore be approached with caution, and further validation using independent datasets
and broader mixture compositions is recommended in future studies.

The regression models were formulated using the actual values of the mixture variables
(kg) to allow direct interpretation of the coefficients in terms of material quantities:

w/c = 0.029 × NA + 0.12 × RG + 0.067 × RB + 0.055 × RC − 0.006 × NA × RG − 0.006 × RG × RB
−0.006 × RG × RC

(4)

Density = 0.099 × NA + 1.772 × RG + 0.082 × RB + 0.084 × RC − 0.075 × NA × RG − 0.075 × RG × RB
−0.075 × RG × RC − 0.077 × RG2 (5)

Air content = 0.154 × NA + 3.246 × RG + 0.23 × RB + 0.236 × RC − 0.131 × NA × RG − 0.117 × RG × RB
−0.105 × RG × RC − 0.148 × RG2 (6)

3.4.2. Model Validation: k-Fold Cross-Validation

To evaluate the predictive robustness of the developed RSM models and reduce the risk
of overfitting, a 5-fold cross-validation procedure was performed [95,96]. The experimental
dataset (n = 31) was randomly divided into five approximately equal subsets. In each
iteration, four subsets were used for model training, and the remaining subset was used for
validation. This process was repeated five times so that each subset served once as valida-
tion data. Model performance was evaluated using the root mean square error (RMSE),
mean absolute error (MAE), and the cross-validated coefficient of determination (R2).

The validation results are summarized in Table 5. The models developed for the final
w/c ratio and air content show good predictive performance within the investigated exper-
imental domain, with cross-validated R2 values of 0.92 and 0.93, respectively. In contrast,
the fresh mortar density model shows moderate predictive performance (R2 = 0.62), despite
its very high calibration R2 obtained during model fitting.

Table 5. Cross-validation results of the developed RSM models.

Model RMSE MAE Cross − Validated R2

Final w/c ratio 0.0406 0.0347 0.92
Fresh mortar

density (g/cm3) 0.0491 0.0409 0.62

Air content (%) 0.2602 0.1962 0.93

This behavior may be attributed to the strong dependence of fresh density on the
intrinsic densities of the constituent aggregates, together with the relatively limited dataset
available for polynomial modeling. Therefore, the developed RSM models should be
interpreted primarily as analytical tools for evaluating response trends and parameter
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sensitivity within the investigated design space. Additional datasets and broader mixture
compositions may further improve model robustness in future studies.

3.5. Sensitivity Analysis of Model Parameters

To evaluate the influence of aggregate composition on the fresh properties of mortar, a
sensitivity analysis was performed using the RSM predictive models in MATLAB (Version
2024, The MathWorks Inc., Natick, MA, USA). The results, shown in Figure 3, present the
normalized importance of each input parameter in predicting the final w/c ratio, fresh
mortar density, and air content.

Figure 3. Sensitivity Analysis of RSM Model: (a) Relative importance of each input variable; (b) The
radar diagram.

As illustrated in Figure 3a, the w/c ratio is mainly influenced by the proportions
of NA and RG. Increasing NA content decreases the final w/c ratio, whereas increasing
RG content causes a slight increase in w/c. In contrast, RB and RC exhibit higher water
absorption, leading to a more pronounced increase in w/c when their contents rise. This
behavior is associated with the relatively low water absorption capacity of NA and RG
compared with RB and RC. Since NA and RG absorb limited mixing water, variations
in their proportions directly affect the balance between free and absorbed water in the
mixture. In contrast, RB and RC generally exhibit higher water absorption due to their
porous structure and the presence of adhered mortar, which increases the overall water
demand of cementitious mixtures [85].

For fresh mortar density, NA shows the strongest influence, followed by RG. This
result is consistent with the higher specific gravity and compact structure of NA and
the relatively dense nature of glass particles. Conversely, RB and RC aggregates possess
higher internal porosity and lower particle density due to ceramic pores and adhered
mortar, which leads to a reduction in the overall density of the mortar mixture as their
content increases [86,87]. According to the validation results presented in Section 3.4.2,
the sensitivity analysis for fresh mortar density should be interpreted primarily within
the investigated mixture design space, where the developed RSM model demonstrates
moderate but acceptable predictive consistency.

Regarding air content, all aggregate types contribute to the predicted variations,
although NA exhibits the strongest influence. Changes in NA proportion modify the
packing density of the aggregate skeleton, which directly affects the formation and stability
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of air voids during mixing. In addition, the porous structure and rough surface texture of
recycled aggregates such as RB and RC may promote the retention of air pockets within the
mortar matrix [88,90]. Nevertheless, the role of these physical characteristics in air retention
was not explicitly characterized in this work.

The radar diagram in Figure 3b visually summarizes the relative influence of the mix-
ture parameters and facilitates comparison of their contributions to the predicted responses.

To further investigate the relationships between mixture variables and mortar prop-
erties, a Pearson correlation analysis was performed, as shown in Figure 4. For the final
w/c ratio, a strong negative correlation is observed with NA (r = −0.87), indicating that
increasing NA content reduces the effective water demand of the mixture. In contrast, RB
aggregate shows a very strong positive correlation with w/c (r = 0.92), reflecting its high
porosity and water absorption capacity. RC aggregate also exhibits a positive correlation
with w/c (r = 0.55), which is attributed to the presence of adhered mortar and internal
micro voids [85].

Figure 4. Correlation Between Mixture Variables and Mortar Properties Predicted by RSM.

For fresh mortar density, NA and RG show positive correlations due to their higher
particle density, whereas RB and RC present negative correlations as a result of their lower
density and higher porosity. Consequently, increasing the proportion of recycled aggregates
generally reduces the density of the mortar mixture.

Air content tends to increase with higher proportions of recycled aggregates, while
mixtures with higher NA content exhibit lower air levels. This behavior is related to
differences in particle morphology and surface characteristics, where irregular and porous
recycled aggregates facilitate air entrapment, whereas NA improves particle packing and
reduces air void stability [88,90].

Finally, the correlation results are consistent with the sensitivity analysis and suggest
that aggregate physical characteristics, such as porosity, particle density, and surface
morphology, may play a key role in controlling the fresh behavior of mortar mixtures
containing recycled materials. However, since these characteristics were not directly
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measured, this interpretation remains speculative. These findings further support the
reliability of the developed RSM models for mixture design and optimization.

4. Conclusions
This study investigated the combined effects of substitution of three types of recycled

fine aggregates, including recycled glass (RG), recycled brick (RB), and recycled concrete
(RC), together with natural aggregate (NA), on the fresh properties of mortar. The main
findings can be summarized as follows:

1. The incorporation of RB and RC significantly increased the mixing water required
to maintain constant flowability. Conversely, dense and non-porous RG showed a
negligible effect on water demand, confirming that the porous ceramic and concrete
fractions govern the initial water kinetics.

2. A progressive reduction in fresh density (up to 12%) and an increase in air content were
observed with higher levels of RB and RC. This may be associated with their lower
specific gravity and more irregular particle morphology. However, the synergistic use
of high-density NA and RG successfully mitigated these losses.

3. The instruments and methodologies utilized (ASTM C185 and ASTM C231) produced
highly comparable results with a remarkably low average relative error (~3%), con-
firming the experimental reliability of standard testing methods for multi-source
recycled aggregate mortars.

4. RSM yielded quadratic and 2FI predictive models with outstanding accuracy (R2

ranging from 0.952 to 0.999). Sensitivity analysis proved that NA and RG predomi-
nantly control w/c and density variations, while the air content is influenced by the
interactive effects of all aggregate types.

5. The controlled synergistic use of multi-source recycled aggregates is a viable strategy
for the circular economy in construction. While RB and RC provide sustainability
benefits, they necessitate mix-design adjustments (such as the 10 min pre-wetting val-
idated herein) to offset water demand. The findings and predictive models presented
in this study are applicable within the grading characteristics reported in Figure 1.
Mixtures with significantly different particle size distributions (e.g., well-graded
recycled aggregates) may require separate calibration and validation.

Despite the strong predictive capability of the proposed models, the findings remain
limited to the specific materials and replacement ranges investigated and primarily reflect
fresh-state behavior. Therefore, the optimized mixtures should be considered preliminary
formulations and require further validation through comprehensive hardened-state me-
chanical and durability testing, as well as studies involving broader aggregate sources and
particle characteristics. In addition, as no microstructural investigation was conducted
in this study, the proposed interpretations remain speculative and should be verified in
future work.
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