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A B S T R A C T

The inherent anisotropy generated by interlayer defects and weak interfaces between printed filaments remains a 
critical challenge for the structural application of 3D printed concrete (3DPC). This study presents a physico
chemical strategy to alleviate anisotropy in 3D printed white cementitious materials (3DP-WCMs) by leveraging 
the combined effects of needle-shaped wollastonite (WL) and spherical silica fume (SF). Oscillatory shear tests 
indicated that the addition of WL and SF significantly broadened the linear viscoelastic region (LVR) and delayed 
the onset of structural flow, suggesting the formation of a rigid physical network in the fresh state. Considering 
both fresh viscoelastic behavior and hardened mechanical properties, C80W12S8 was identified as the optimal 
mixture. At 28 days (28 d), the compressive strength of C80W12S8 reached 43.10 MPa in the A direction, while 
its flexural strength increased by 46.4% relative to C100 in the weakest C direction. Importantly, the proposed 
strategy substantially reduced mechanical anisotropy while simultaneously lowering the embodied carbon 
through partial replacement of WPC by WL and SF. The embodied carbon was reduced by 15.6% for C80W12S8 
and 45.9% for C50W30S20 compared with C100. Meanwhile, the flexural anisotropy coefficient (If) of 
C80W12S8 at 28 d decreased from 0.29 to 0.13, while its compressive anisotropy coefficient (Ic) dropped from 
0.52 to 0.40 relative to C100. In addition, separate-hydration analyses supported a possible mechanism in which 
Ca2+-mediated electrostatic interactions may promote the association of SF with WL surfaces, while SF provided 
nucleation sites for the formation of a denser and more continuous C-S-H network.

1. Introduction

The emergence of 3D printed concrete (3DPC) is advancing the 
construction industry, offering significant potential for innovative 
design and construction automation (Yang et al., 2026). This technology 
facilitates the fabrication of complex geometries and customized struc
tural components, while significantly offering the potential to reduce 
material waste and formwork demand (Nguyen-Van et al., 2026). 
Despite these advantages, Portland cement-based materials (PCMs) 
remain the predominant matrix in 3D printing technology, and high 
cement demand can offset part of the environmental benefit enabled by 
digital fabrication. Thus, developing lower-carbon printable cementi
tious materials while maintaining adequate printing and mechanical 
performance remains important (Robayo Salazar et al., 2024).

However, 3DPC shares inherent vulnerabilities with traditional 

PCMs, notably a brittle failure response under tension and low fracture 
toughness, which severely restricts its large-scale structural applications 
(Gan et al., 2024; Khan and McNally, 2024). Furthermore, the layer-by- 
layer deposition of 3DPC complicates the simultaneous integration of 
conventional reinforcement elements, such as rebar (Li et al., 2024). 
Consequently, numerous studies have incorporated various fiber- 
reinforcement strategies to enhance the toughness of 3DPC, including 
glass fiber (Jin et al., 2022), carbon fiber (Ateeq et al., 2023), poly
propylene fiber (Moelich et al., 2022) and fiber textiles (Marchment and 
Sanjayan, 2020). Nevertheless, fibers tend to align along the printing 
direction during nozzle extrusion, particularly when their length ex
ceeds the nozzle diameter (Dong et al., 2024). This alignment uninten
tionally exacerbates the mechanical anisotropy of 3DPC, which stems 
from the layered fabrication process (Xu et al., 2025; Zhou et al., 2023). 
For instance, Zhang et al. (Zhang et al., 2023) reported that the 
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anisotropy ratio significantly rose from 1.11 to 1.37 in the flexural 
strength of 3D printed specimens as the steel fiber content varied from 
0% to 2%.

Such mechanical anisotropy is characterized by significant variations 
in bearing capacity under different loading orientations (Yu et al., 
2023). In practical applications, structural stresses tend to concentrate 
at weak interlayer boundaries, increasing the risk of cracking under 
long-term service loads or extreme environments (Flatt and Wangler, 
2022; Le et al., 2012). This ultimately threatens the structural integ
rity and reliability of printed components. Computational modelling has 
been widely used to capture and predict the anisotropic response of 3D 
printed cementitious structures by considering factors such as printing 
direction, interlayer interfaces, and material orientation (Nguyen-Van 
et al., 2023a; Nguyen-Van et al., 2023b). Such approaches are valu
able for understanding directional structural behavior, while they 
mainly focus on predicting anisotropy rather than alleviating its mate
rial origin. Therefore, strategies capable of mitigating the material ori
gins of anisotropy remain highly desirable. One possible route to 
alleviate anisotropy is to reduce the preferential orientation of rein
forcing fibers during extrusion. Although enlarging the nozzle diameter 
can theoretically increase the probability of disordered fiber orientation, 
its effectiveness diminishes significantly beyond a certain ratio of nozzle 
diameter to fiber length (Arunothayan et al., 2021). Alternatively, 
incorporating intrinsically disordered microfibers may offer a more 
suitable solution to overcome anisotropy in flexural strength of 3DPC 
without requiring an increase in nozzle diameter.

Wollastonite (WL, CaSiO3), a natural mineral with a distinctive 
needle-shaped morphology, is widely available as a by-product of min
ing and industrial processes (He et al., 2020). Due to its lower cost than 
some common fibers (He et al., 2020; Soliman and Nehdi, 2012), high 
whiteness and distinct micro-fibrous characteristics, WL represents a 
promising candidate for reinforcing cementitious materials through 
physical bridging and reducing the global warming potential of the 
construction sector (Nair and Sairam, 2021). More recently, WL has also 
been introduced into 3D printed cementitious composites. Bong et al. 
(Bong et al., 2022) incorporated wollastonite into a 3D printed geo
polymer and reported improvements in rheological properties and 
flexural performance, while Zhao et al. (Zhao et al., 2025) investigated 
the influence of wollastonite content on the rheological and mechanical 
properties of 3D printed magnesium potassium phosphate cement. 
These studies demonstrated the feasibility of WL as a mineral modifier 
for 3D printing, but primarily considered WL as an individual compo
nent and focused on printability, rheology, and overall mechanical 
performance rather than the mitigation of directional mechanical 
anisotropy.

In PCMs, the highly alkaline environment of cement paste renders 
WL chemically stable, hindering the release of calcium and silicate ions 
(Xu et al., 2020). Although acid treatments can decompose WL to release 
active ions (Xue et al., 2015), they may damage the needle-shaped 
morphology, while unavoidably generating wastewater that challenges 
environmental regulations. To resolve this limitation, green and non- 
destructive surface modification methods are urgently required to 
optimize the interfacial bonding of WL. Beyond traditional chemical 
modifications, physical adsorption of ultrafine particles onto the WL 
surface represents a more sustainable approach to enhance the interfa
cial contribution of WL. Supplementary cementitious materials, 
including ground granulated blast-furnace slag (GGBFS), fly ash (FA) 
and silica fume (SF), have been widely used in 3D printed cementitious 
materials to regulate rheology and improve mechanical performance 
(Zhao et al., 2024a). Among them, SF is particularly attractive because 
of its ultrafine particle size and high pozzolanic reactivity. Previous 
colloid chemistry studies verified that Ca2+ can adsorb onto the surface 
of SF particles, altering their surface charge from negative to positive (C. 
F. Zukoski and Saville, 1986; Zelic et al., 2000). Meanwhile, SF acts not 
only as a filler component, but also consumes calcium hydroxide to form 
C-S-H gel, thereby accelerating cement hydration and the hardening 

process (Hou et al., 2015; Xu et al., 2023). These characteristics suggest 
that the combined incorporation of WL and SF may simultaneously 
improve physical bridging and interfacial microstructural development. 
Although the effect of WL on rheological regulation and printability has 
been widely investigated, its combined incorporation with SF in relation 
to interfacial microstructure and mechanical anisotropy has not been 
systematically clarified.

Therefore, this study systematically investigated the combined ef
fects of WL and SF on the rheological properties, separate-hydration 
kinetics and mechanical anisotropy of 3DP-WCMs. Specifically, oscilla
tory shearing tests, including linear viscoelastic region (LVR) and time- 
dependent evaluations, were conducted to characterize the initial stiff
ness and structural build-up of the fresh mortar. Secondly, the me
chanical strength and anisotropic coefficients of the printed components 
were comprehensively evaluated up to 28 d. To explore possible phys
icochemical interactions, a separate-hydration test, together with zeta 
potential measurements and SEM, was conducted to examine possible 
electrostatic adsorption and the subsequent nucleation process. In 
addition, the partial replacement of WPC by WL and SF was also eval
uated in terms of carbon emissions per unit mechanical strength. The 
study aims to provide a strategy for regulating printability, alleviating 
mechanical anisotropy while reducing embodied carbon through partial 
replacement of WPC.

2. Materials and methods

2.1. Raw materials and preparation procedure

In this study, the white Portland cement (WPC, 42.5 grade, Albo Co., 
Ltd), needle-shaped WL (Haiyang Co., Ltd) and spherical SF (Shandong 
Pengcheng Co., Ltd) constituted the cementitious components of the 
compositions. The particle size distribution, morphologies and chemical 
compositions of these materials are presented in Fig. 1, Fig. 2 and 
Table 1, respectively. The median particle sizes (D50) of WPC, SF and WL 
were 10.39 μm, 1.78 μm and 8.61 μm, respectively. Quartz sand with a 
fineness of 0.15 mm, provided by Hongrun Co. Ltd, was used as the 
aggregate. Water reducing admixture (WRA, Shandong Building Science 
Academy Co., Ltd) and hydroxypropyl methyl cellulose (100,000 mPa⋅s, 
HPMC, Shandong Heda Macklin Co., Ltd) were added to improve the 
extrudability and buildability (Chen et al., 2020). In addition, calcium 
formate (CF, Macklin Co., Ltd) served as an accelerating admixture.

Table 2 shows the mix compositions of 3DP-WCMs. Fig. 3 illustrates 
the specific mixing protocol of 3DP-WCMs. Initially, the dry WPC, WL 
and SF were blended homogeneously for 60 min. Subsequently, WRA, 
HPMC and CF were dissolved in water, introduced into the dry materials 
and mixed at low speed (140 rpm) for 1 min followed by high speed 
(285 rpm) for 2 min. Finally, the quartz sand was added and mixed at 
high speed for an additional 1 min.

2.2. Analytical methods

2.2.1. Rheology
The rheological characterization was performed on a rotational 

rheometer (HAAKE MARS 40, Thermo Fisher Scientific). The fresh 
mortar was transferred to the cylinder of rheometer after 4 min of initial 
water contact. The following test commenced at exactly 5 min of hy
dration age, allowing 1 min for mortar transfer. During the rheology 
measurements, the fresh mortar was initially pre-sheared at 50 s− 1 for 1 
min and subsequently allowed to rest for another 1 min. Oscillatory 
stress-sweep tests were then carried out at a constant frequency of 1 Hz 
by increasing the applied shear stress from 0.1 to 2000 Pa, as shown in 
Fig. 4(a). The limit of the LVR was defined as the critical stress at which 
the elastic modulus (G') decreased by 10% from its plateau value (Jiao 
and De Schutter, 2022; Zheng et al., 2026). This critical stress was 
recorded as the onset yield stress, representing the initial structural 
breakdown. The flow point was determined as the stress where G' and 
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loss modulus (G") intersected, revealing the transition from solid-like to 
liquid-like state, as detailed in Fig. 4(b).

Since 5 Pa remained within the LVR of all mixtures, this stress was 
adopted for the time-sweep measurements. Fig. 4(c) represents the 
model of elastic modulus over 3600 s using oscillatory time-sweep at a 
constant frequency of 1 Hz. The resulting time-dependent G' curves 
plotted in Fig. 4(d) were fitted using a two-term structural build-up 
equation, where the first term presented the recovery of flocculation 
or reflocculation after pre-shear, and the second term described the 
structural build-up of cement paste due to hydration (Ma et al., 2018; 
Mostafa and Yahia, 2016; Zhao et al., 2023). The equation can be 
written as follows: 

Gʹ = c

⎛

⎝1+(λ − 1)e−
t
θ

⎞

⎠+Grigidt (1) 

where G' and t represent the elastic modulus (Pa) and testing time (s), c is 
the amplitude of structural flocculation (Pa); Grigid is the structural build- 
up rate driven by hydration (Pa/s), λ and θ represent the residual 
structural factor after pre-shear and the characteristic time (s), 
respectively.

2.2.2. Printability
The 3D printer (HC-3DPRT, Jianyanhuace company, CHN) with a 

Fig. 1. The particle size distribution of WPC, WL and SF.

Fig. 2. The SEM images of (a) WL and (b) SF.

Table 1 
Chemical compositions of WPC, WL and SF (% by mass).

Components CaO SiO2 SO3 MgO Al2O3 K2O Na2O Fe2O3 Others Loss

WPC 63.91 20.57 4.24 3.64 3.36 0.52 0.35 0.18 1.47 1.76
WL 45.79 47.62 0.02 0.61 0.07 0.03 – 0.16 5.7 –
SF 0.03 98.19 – – – – – 0.17 1.61 –

Table 2 
The mix composition of 3DP-WCMs.

Mix design WPC (wt%) WL (wt%) SF (wt%) Water (wt%)a WRA (wt%)a HPMC (wt%)a CF (wt%)a Quartz sand (wt%)a

C100 100 0 0

40 0.3 0.1 1 30

C90W6S4 90 6 4
C80W12S8 80 12 8
C70W18S12 70 18 12
C60W24S16 60 24 16
C50W30S20 50 30 20

(C: White Portland cement (WPC); W: wollastonite (WL); S: silica fume (SF); a: added as % by total mass of WPC, WL and SF; the water/cementitious solids (WPC, WL, 
SF) were controlled at 0.40).
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build volume of 1.2 m × 1.3 m × 1.4 m was employed in this study. As 
modeled in Fig. 5(a), the specific dimensions of the printed components 
were 380 mm × 220 mm × 52 mm and 450 mm × 40 mm × 26 mm, 
respectively. The nozzle diameter and single layer height were set to 20 
mm and 13 mm, respectively.

The structural deformation was used to estimate the printability of 
3DP-WCMs, which was calculated from the dimensional deviations be
tween the designed model and actual printed component, according to 
Eq. (2) (Chen et al., 2018): 

Ds =

(
l − l0
3l0

+
w − w0

3w0
+

h0 − h
3h0

)

×100% (2) 

where Ds represents the structural deformation rate; l0, w0 and h0 are the 
length, width and height of designed model; l, w and h are the length, 
width and height of actual printed component. It was worth noting that 
the three-dimensional size was recorded at 10 min after the liquid 
components contacted with solid components.

2.2.3. Mechanical strength
The mechanical strength of 3DP-WCMs was evaluated using printed 

cut specimens. Concurrently, the printed specimens after curing for 3 
d and 28 d were cut into 40 × 40 × 160 mm3 and 40 × 40 × 40 mm3 for 
testing flexural and compressive strength, respectively. As plotted in 
Fig. 5(a), it is important to point out that the loading directions are 
divided into perpendicular (A direction) and parallel (B and C di
rections) to the direction of nozzle movement due to the anisotropy of 
3D printed specimens.

The interface bonding strength of 3DP-WCMs was measured by 
direct tensile test, following the procedures reported by (He et al., 
2022a; Sanjayan et al., 2018). First, 3D printed components were 
cured for 3 d and 28 d, then cut into samples with 40 mm width. As 
shown in Fig. 5(b), the upper and lower parallel surfaces of the samples 
were glued to the metallic brackets using high-strength epoxy resin. The 
glued assemblies were allowed to cure for exactly 24 h to achieve full 
hardening of the adhesive layer prior to mechanical testing. The inter
face bonding strength in A and B directions was measured at a constant 
loading rate of 0.5 mm/min using an MTS machine. The bonding 
strength can be calculated by Eq. (3): 

Fig. 3. Schematic diagram of the mixing process for rheological measurements and printability tests.

Fig. 4. Schematic illustration of the oscillatory stress-sweep test and determination of the LVR, yield stress and flow point.
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σ =
F
S

(3) 

where σ is bonding strength (MPa), F is the maximum tensile load (N), S 
is the cross-sectional area (mm2).

According to the viewpoint of Ye et al. (Ye et al., 2021), the aniso
tropic parameter was calculated by Eq. (4) to quantitatively analyze the 
mechanical anisotropy of 3DP-WCMs. Furthermore, a mechanical 
anisotropic coefficient IMechanical can be calculated using Eq. (5) (Chen 
et al., 2022): 

IDirection =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(fA − fDirection)
2
+ (fB − fDirection)

2
+
(
fC − fDirection

)2
√

÷ fDirection

(4) 

IMechanical = (IA + IB + IC) ÷ 3 (5) 

where fA, fB and fC refer to the mechanical strength of printed specimens 
under the A, B and C loading directions, respectively; fDirection is the 
mechanical strength of printed specimens under a specific loading di
rection. For example, fDirection and IDirection are fA and IA when the loading 
direction is A, representing mechanical anisotropic coefficient in A di
rection. Imechanical refers to the anisotropic coefficient of flexural (If) and 
compressive (Ic) strength, respectively.

2.2.4. Microstructural analysis
The interlayer microstructural characteristics of the 3DP-WCMs were 

evaluated using field-emission scanning electron microscopy (FE-SEM, 
Carl Zeiss). Specimens containing two adjacent printed layers were 
sectioned and prepared for observation. To obtain complementary 
microstructural information across different scales, secondary electron 
(SE2) mode at a voltage of 5 kV was utilized to characterize the physical 
interlocking or rupture behavior of the WL. Backscattered electron (BSE) 
imaging at voltage of 10 kV was used to examine the interfaces, pores 
and cracks, and the spatial distribution of WL and SF-rich regions based 
on compositional contrast. InLens imaging at a voltage of 3 kV was 
designated for high-magnification observation of SF particles and hy
dration products associated with the WL surfaces.

Mercury intrusion porosimetry (MIP, AutoPore V 9600, Micro
meritics Instrument Corporation) was additionally performed to char
acterize the pore structure of the interlayer-containing regions at 28 d. 
Small fragments containing the inter-filament boundary and adjacent 
cementitious matrix were carefully extracted from C100, C80W12S8, 
and C50W30S20 at comparable locations. To terminate hydration and 
remove pore water, the specimens were immersed in isopropanol for 7 d, 

followed by vacuum drying for 3 d before MIP testing.

2.2.5. Separate-hydration test
To isolate the interaction between WL and SF from the complexity of 

the cementitious matrix, a separate-hydration experiment was prepared 
using a PTFE membrane configuration (see Fig. 6). C3S powder was 
placed inside the upper membrane to simulate the cement hydration and 
suspended in deionized water above the lower chamber containing in
dividual WL, individual SF or combined WLSF suspensions. The mass 
ratio of water:C3S: WL: SF was set as 50:1:0.1:0.01 (Zhao et al., 2024b; 
Zheng et al., 2023). During the hydration process, ions released during 
C3S hydration freely diffused through the membrane, whereas direct 
physical mixing between C3S and the lower suspension was completely 
avoided. Suspensions were collected at selected ages for pH and zeta 
potential measurements and dried for SEM observations. In addition, the 
mobility-to-zeta conversion was performed using the analysis model 
selected by the instrument software (ZS Xplorer, Auto mode, Malvern 
Zetasizer Pro). The conductivity values at each hydration age were 
recorded as well. Three independently prepared suspensions were tested 
at each hydration age, and the results were reported as mean ± standard 
deviation.

2.2.6. Carbon emissions assessment
A simplified embodied-carbon assessment was conducted to evaluate 

the carbon emissions of the 3DP-WCMs based on materials' carbon 

Fig. 5. The printed models with specific designed size and loading directions for (a) compressive and flexural strength test and (b) tensile test.

Fig. 6. Diagram of separate-hydration setup of C3S with WL and SF.
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emission factors. The adopted emission factors were derived from pub
lished studies with consideration of emissions from raw material 
acquisition, energy consumption during production and transportation 
emissions in some datasets (Wang et al., 2026). Therefore, this approach 
provided a reasonable estimate of the embodied carbon of the constit
uent materials. Additional specific transportation to the laboratory, 
mortar mixing, 3D printing, curing and end-of-life were not separately 
considered (Ye et al., 2023). Table 3 summarizes the carbon emission 
factors of the WPC, WL, SF and quartz sand. Chemical admixtures were 
excluded because of their low and identical dosages among all mixtures. 
The functional unit was defined as 1 m3 of fresh printable mortar and 
Table 4 presenteds the constituent contents per 1 m3 of 3DP-WCMs 
calculated from the measured fresh density.

The embodied carbon and the emissions considering compressive 
strength at 28 d of each mixture were calculated using Eq. (6) and (7)
(Wang et al., 2026). 

EC =
∑

i
miEFi (6) 

CSj =
EC

Sj
(7) 

where EC is the embodied carbon of the three mixtures (kg CO2-eq/m3), 
mi is the mass of constituent i per 1 m3 (kg/m3), EFi is the corresponding 
carbon emission factor (kg CO2-eq/kg), CSj is the CO2 emissions per unit 
strength (kg CO2-eq/(m3•MPa) in loading direction j (A, B and C) and Sj 
is the 28 d compressive strength.

3. Results and discussion

3.1. Printing performance of 3DP-WCMs

3DPC requires the fresh paste to maintain sufficient flowability 
during pumping and extrusion while rapidly developing buildability 
after extrusion (Maierdan et al., 2024). Therefore, the rheological 
response should be interpreted in relation to the actual printing process.

3.1.1. Rheological behavior and structural build-up
Fig. 7 ploted the oscillatory stress-sweep results of the 3DP-WCMs. In 

the lower stress region, G' remained nearly constant and significantly 
higher than G", indicating an intact viscoelastic particle network. As the 
applied stress increased, G' began to deviate from its plateau, marking 
the limit of the LVR and the onset of structural breakdown. At higher 
stress levels, the flow point occurred where G' intersected G", corre
sponding to the transition from a solid-like to a liquid-like response 
(Irani et al., 2019). Thus, the end of LVR and the flow point describe two 
different stages: the former indicates the initial loss of network integrity, 
whereas the latter reflects the total collapse of the load-bearing struc
ture. Compared with C100, the incorporation of WL and SF significantly 
enlarged the LVR and postponed the appearance of the flow point, 
demonstrating the formation of a much stronger particle network (Zhao 
et al., 2025). The structural yielding behavior was attributed to the 
combined effects of WL and SF: needle-shaped WL promoted microscale 
interlocking, whereas ultrafine SF filled interparticle spaces and 
increased particle-surface interactions. At higher replacement levels, 
however, these physical contributions were accompanied by increasing 
clinker dilution (Zhao et al., 2023).

To achieve adequate buildability, the deposited filaments must 
rapidly develop sufficient stiffness to resist structural deformation 

induced by the self-weight of subsequently printed layers (Deng et al., 
2022; Wang et al., 2021). The dynamic evolution of the elastic 
modulus is therefore employed to quantitatively evaluate the structural 
stability of the fresh paste (Mostafa and Yahia, 2016). Fig. 8 manifested 
the time-dependent evolution of G' over 3600 s. All mixtures exhibited a 
nonlinear increase in G' with time, revealing the continuous recovery of 
the particle network and structural build-up after structural breakdown. 
Notably, the group modified by WL and SF presented higher G' values 
than the control group, indicating enhanced rigidity of the fresh mortar.

Table 5 summarized the specific parameter values derived by fitting 
the G' curves with structural build-up model. As the WPC replacement 
level increased, both the structural flocculation amplitude (c) and the 
residual structural factor (λ) exhibited substantial increments. Specif
ically, the values of c rose dramatically from 7.32 × 105 Pa of C100 to 
3.11 × 106 Pa for C50W30S20, while λ concurrently elevated from 0.22 
to 0.86. This pronounced structural enhancement is primarily attributed 
to the intensified physical interlocking among the high-aspect-ratio 
needle-shaped WL particles, coupled with an increased solid volume 
fraction and higher matrix stiffness resulting from the pronounced water 
adsorption of both WL and SF. Conversely, the chemical structural build- 
up rate (Grigid), which is dominated by early-age hydration kinetics, 
followed an overall declining trend upon the incorporation of WL and 
SF. The value of Grigid decreased from 195.26 Pa/s of C100 to 103.49 Pa/ 
s of C50W30S20. This deceleration is directly ascribed to the suppressed 
early hydration kinetics caused by the severe dilution of the WPC clinker 
under excessive replacement, simultaneously weakening the hydration- 
driven structural build-up.

3.1.2. Printability and shape retention
Stable and continuous filament deposition plays a fundamental role 

in minimizing the mechanical anisotropy of 3D printed components, as 
it directly determines the effective contact area and structural integrity 
between adjacent layers and filaments (Zhang et al., 2021). As depicted 
in Fig. 9, the printability of 3DP-WCMs was evaluated by quantifying the 
height and structural deformation rate of 3D printed components. All 3D 
printed samples exhibited acceptable printability and shape retention, 
with only marginal variations in their structural deformation rates. The 
binary incorporation of WL and SF generally enhanced the fresh shape 
stability, which is highly consistent with the elevated G'. Crucially, all 
mixtures achieved high geometric accuracy, with printed heights closely 
reaching the target design value. Among them, C80W12S8 exhibited an 
optimized printing behavior, showing a relatively low structural defor
mation of 5.8% accompanied by stable filament deposition. For 
C80W12S8 and C50W30S20, the extrusion parameters (screw rotation 
speed and nozzle movement speed) were adaptively matched to thor
oughly compensate for the higher structural resistance of the mortar 
(Chen et al., 2024), as shown in Table 6. This minor adjustment helped 
maintain comparable filament geometry and uninterrupted continuous 
deposition across all tested groups. Consequently, C50W30S20 main
tained a highly stable and comparable structural accuracy, with its 
structural deformation rate remaining at a low level of 10.2%.

Table 3 
Carbon emission factors (kg CO2-eq/kg) of the materials.

Components WPC WL SF Quartz sand Water

Carbon emission factor 1.1 0.0065 0.014 0.005 0.00035
Reference (Anderson and Moncaster, 2020) (Wang et al., 2026) (Shahmansouri et al., 2025) (Ye et al., 2023) (Shahmansouri et al., 2025)

Table 4 
Calculated constituent contents per 1 m3 of 3DP-WCMs.

Mixture WPC WL SF Quartz sand Water

C100 1216.22 0 0 364.86 486.49
C80W12S8 1023.62 153.54 102.36 383.56 511.81
C50W30S20 651.16 390.69 260.46 390.69 520.92
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3.2. Mechanical performance of 3DP-WCMs

3.2.1. Mechanical strength and anisotropy of 3D printed samples
Fig. 10 showed the flexural and compressive strength of 3D printed 

components loaded in the A, B and C directions at 3 d and 28 d. At 3 d, 
C80W12S8 exhibited slightly higher flexural strength in the A and C 
directions than C100. This suggested that the localized physical bridging 
and interlocking provided by needle-shaped WL partly compensated for 

Fig. 7. The evolution of elastic modulus (G') and loss modulus (G") of 3DP-WCMs by oscillatory stress-sweep response and the derived onset yield stress and 
flow point.

Fig. 8. The elastic modulus evaluation of 3DP-WCMs measured by oscillatory time-sweep.

Table 5 
The fitting data of elastic modulus over time.

Model
Gʹ = c

⎛

⎝1 + (λ − 1)e−
t
θ

⎞

⎠+ Grigidt

Plot C100 C90W6S4 C80W12S8 C70W18S12 C60W24S16 C50W30S20

c 7.32 × 105 2.01 × 106 2.28 × 106 2.75 × 106 2.90 × 106 3.11 × 106

λ 0.22 0.70 0.75 0.82 0.85 0.86
θ 953.73 814.82 744.10 438.00 402.16 406.06
Grigid 195.26 141.44 110.44 119.14 113.42 103.49
R2 0.99 0.99 0.99 0.98 0.98 0.97
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the reduction in cement clinker at a moderate replacement level. 
However, as the replacement level escalated further, the mechanical 
strength at 3 d decreased markedly. For C50W30S20, its compressive 
strength in the A direction dropped by 47.73% compared to C100. The 
physical reinforcement of the WL was insufficient to offset the severe 
clinker dilution effect and retarded early hydration kinetics under a 
constant water-to-binder ratio (Abdel Wahab et al., 2017; He et al., 
2022b). Moreover, Yang et al. (Yang et al., 2022) proposed that the 
introduction of fibers also increased the air void entrapment, resulting in 
a more porous matrix with weaker strength, especially at early ages. 
These results highlight the need to balance the beneficial effects of WL 
and SF incorporation against the loss of early-age strength at high 
replacement levels.

In contrast, the 28 d mechanical properties manifested a distinct 
evolutionary trend. Among them, C80W12S8 exhibited the highest 28 
d mechanical strength among the printed mixtures, outperforming C100 

in all loading directions. Specifically, the compressive strength of 
C80W12S8 reached a peak value of 43.1 MPa in the A direction, while 
the corresponding strengths in the B and C directions reached 38.40 and 
29.10 MPa, respectively. Meanwhile, its flexural strength at 28 d was 
also the highest, reaching 10.10 MPa and representing a 46.4% incre
ment over C100 in the C direction. This recovery was primarily attrib
uted to the progressive pozzolanic reaction of SF, continued hydration- 
product development and improved interfacial microstructural conti
nuity (Hamada et al., 2023; He et al., 2022b), which successfully 
unlocked the maximum fiber-bridging efficiency of the WL with a more 
developed C-S-H hydration products network. Notably, a similar late- 
stage surge was also observed in C50W30S20 where its flexural 
strength in the C direction increased by 78.3% relative to its 3 d flexural 
strength, while its compressive strength in the A direction also exceeded 
that of C100.

Detailed analysis of Fig. 10(a) revealed that the flexural strength of 
the 3D printed components was highest in the B direction, followed by 
the A direction, and minimized in the C direction. When loaded in the C 
direction, the longitudinal tensile stress generated at the bottom prop
agated perpendicular to the vertical intra-layer parallel paths. Because 
the vertical boundaries between adjacent paths are inherently the 
weakest zones within the printed architecture, failure cracks can pref
erentially propagate along these interfaces with minimal energy con
sumption, resulting in the lowest flexural capacity. Furthermore, the 
strength discrepancy between the A and B directions is directly related 
to the total number of horizontal interfaces embedded within the tensile 
failure zone (Mechtcherine et al., 2019; van den Heever et al., 2022). 
Along the cracking path, the stress field in the B direction only en
counters a single horizontal interlayer boundary, whereas the specimens 
in the A direction contained two horizontal interlayer boundaries within 
the tensile region (Fig. 5). The high frequency of these horizontal in
terfaces increased the probability of localized interfacial shearing and 
multi-layer delamination from the bottom upwards, thereby compro
mising its flexural strength compared to the B direction.

This structural joint configuration fundamentally governed the 
compressive strength as well, where the compressive strength exhibited 
superior values in the A direction compared to the B and C directions, 
perfectly aligning with previous findings (Yu et al., 2023). When com
pressed in the A direction, the interlayer regions were subjected pri
marily to compressive confinement, which suppressed crack opening 
and promoted uniform stress transfer. Conversely, the B and C directions 
involved load transmission parallel to the layer interfaces, making the 
mechanical response highly sensitive to interfacial defects generated 
during the printing process. Among them, the C direction demonstrated 
the lowest compressive strength because the load had to be transferred 
across multiple neighboring filaments, where insufficient filament 
fusion and interfacial porosity served as preferential crack propagation 
paths.

Crucially, the incorporation of WL and SF reduced these interfacial 
defects and narrowed the strength gaps among the three loading 

Fig. 9. The (a) 3D printed model for printability assessment and (b) height and (c) structural deformation of 3D printed components.

Table 6 
Printing parameters of 3DP-WCMs.

Mixtures Rotational speed of screw 
(rpm)

Movement speed of nozzle (mm/ 
s)

C100 35 50
C80W12S8 37 50
C50W30S20 40 40

Fig. 10. (a) The flexural strength and (b) compressive strength of 3D printed 
components loaded in A, B and C directions at 3 d and 28 d curing ages.

Y. Jin et al.                                                                                                                                                                                                                                       Cleaner Materials 22 (2026) 100439 

8 



directions. As displayed in Table 7, the calculated mechanical aniso
tropic coefficients for both flexural (If) and compressive (Ic) strength 
decreased significantly with the raised dosage of WL and SF, quantifying 
the alleviated mechanical anisotropy of 3DP-WCMs. To be more specific, 
the Ic value of C50W30S20 at 3 d dropped sharply to 0.13, representing 
an 80.9% reduction compared to C100. As the hydration proceeded to 
28 d, although the strength development slightly widened the direc
tional discrepancies, the specimens with WL and SF retained their su
perior uniformity over the control group. At 28 d, the If and Ic values of 
the optimal C80W12S8 were reduced to 0.13 and 0.40, respectively. 
These results suggested that WL-related physical bridging, together with 
SF-related interfacial microstructural development, contributed to 
reducing directional mechanical differences.

3.2.2. Bonding strength of 3D printed samples
Fig. 11 illustrated the bonding strength of the 3DP-WCMs deter

mined via direct tensile test at 3 d and 28 d. At both 3 d and 28 d, the 
bonding strength peaked for C80W12S8. Specifically, the 28 d tensile 
capacity of C80W12S8 reached 4.17 MPa and 3.16 MPa in the A and B 
directions, representing a noticeable increment of 40.4% and 79.8% 
relative to C100, respectively. The prominent improvement can be 
attributed to the physical bridging of the needle-shaped WL (He et al., 
2020) and filling and hydration products development of SF particles 
at the interfaces. In addition, gravitational forces in the A direction also 
exerted additional pressure on the horizontal layers during deposition, 
consistently facilitating a higher bonding strength in the A direction 
(Wang et al., 2024). In contrast, C50W30S20 with a high replacement 
level displayed a distinct age-dependent performance. At 3 d, its 
bonding strength fell below that of C100 due to the clinker dilution that 
limited early hydration products formation at the interface. However, at 
28 d, C50W30S20 experienced a substantial recovery in comparison 
with C100, increased by 20.5% and 45.5% in the A and B directions, 
respectively. Notably, the enhancement was more pronounced in the 
weaker B direction.

3.3. Microstructural mechanism of alleviated mechanical anisotropy

3.3.1. Separate-hydration evidence for WL-SF interaction
To further clarify the underlying mechanism governing the 3DP- 

WCMs with WL and SF, a separate-hydration experiment was estab
lished to isolate the physicochemical interactions between WL and SF 
from the complex cementitious matrix. A simplified C3S hydration 
environment was utilized to simulate the ionic evolution of cement 
hydration process. To characterize the chemical environment during the 
electrokinetic measurements, the electrical conductivity and pH of the 
WL, SF and WLSF suspensions were monitored at specific ages, as 
plotted in Fig. 12. The conductivity increased progressively with hy
dration time, peaking at 3.1–3.5 mS/cm at 24 h. This increase reflected 
the continuous release and accumulation of mobile ionic species asso
ciated with C3S dissolution and hydration. The differences in conduc
tivity among the three suspensions were considered reasonable because 
WL and SF exhibited different dissolution, ion-adsorption and surface 
interaction behaviors, altering the concentration of mobile ions in the 

liquid. Meanwhile, the initial pH values of the three suspensions in DI 
water differed noticeably, with WL, SF and WLSF exhibiting average 
values of 9.54, 7.06 and 8.91, respectively. The different initial pH re
flected the distinct intrinsic dissolution and surface acid-base behaviors 
of WL and SF in DI water (Tiwari et al., 2023). After exposure to the C3S 
hydration, the pH values rapidly converged to nearly 11.5 at 0.5 h and 
gradually increased to 12.3–12.4 at 24 h. The small difference suggested 
that their distinct zeta-potential evolution could not be attributed solely 
to differences in bulk alkalinity.

Against the evolving ionic background, Fig. 13 showed the zeta po
tential evolution of individual WL, individual SF and composite WLSF 
suspensions, at selected ages together with corresponding SEM images. 
Initially (at 0 h), both individual WL and SF particles exhibited negative 
surface charges in DI water, indicating that direct interparticle contact 
between the two particles was limited by electrostatic repulsion in the 
early stage. The SEM images of WLSF at 0 h showed only a limited 
number of dispersed SF particles on the WL surfaces, providing a 
reference for comparison. As hydration proceeded, the continuous 
dissolution of C3S released Ca2+ and silicate ions across the PTFE 
membrane, triggering progressive charge screening and surface ion 
adsorption. Consequently, the zeta potential shifted toward less negative 
or positive charges. Notably, the charge reversal rate of the individual SF 
suspension was faster than that of individual WL due to its higher spe
cific area and density of silanol groups. At 0.5 h, the zeta potential of SF 
inverted to a positive value of +4.1 mV, whereas individual WL 
remained negative at − 11.6 mV. This charge divergence created con
ditions favorable for electrostatic association between positively 
charged SF and negatively charged WL surfaces. The corresponding SEM 
images at 0.5 h showed numerous spherical SF particles associated with 
the surfaces of needle-shaped WL, providing possible morphological 
evidence consistent with hetero-aggregation. Concurrently, the pro
gressive increase in conductivity indicated an increasingly ion-rich 
environment, which was expected to modify the electrical double 
layer and interparticle electrostatic interactions. Under these conditions, 
the relative zeta-potential evolution, together with the SEM observa
tions, was consistent with enhanced WL and SF association.

In the range of 0.5 h to 6 h, an accelerated charge reversal was 
observed in the composite WLSF suspension, suggesting intensified 
interparticle adsorption. Such particle association may facilitate local
ized ion accumulation and subsequent hydration products development 

Table 7 
Mechanical anisotropic coefficients for 3DP-WCMs at 3 d and 28 d curing ages.

Mixture 3 d flexural strength 3 d compressive strength

IA IB IC If IA IB IC Ic

C100 0.18 0.26 0.32 0.25 0.59 0.63 0.82 0.68
C80W12S8 0.11 0.15 0.19 0.15 0.45 0.35 0.71 0.50
C50W30S20 0.07 0.11 0.12 0.10 0.13 0.10 0.17 0.13

Mixture
28 d flexural strength 28 d compressive strength
IA IB IC If IA IB IC Ic

C100 0.21 0.26 0.41 0.29 0.47 0.39 0.70 0.52
C80W12S8 0.09 0.13 0.16 0.13 0.34 0.27 0.58 0.40
C50W30S20 0.14 0.20 0.24 0.19 0.38 0.29 0.55 0.41

Fig. 11. The bonding strength of 3D printed components loaded in A and B 
directions at 3 d and 28 d curing ages.
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(Qiao et al., 2025). As evidenced in the 6 h SEM images, more SF-rich 
clusters appeared on or around WL, favoring the growth of highly 
dense, ultrafine clusters of nanostructured C-S-H. In contrast, no sig
nificant C-S-H gel was observed in the individual WL group, maintaining 
a relatively smooth crystal surface. By 24 h, a relatively loose and foil- 
like C-S-H layer was formed in the individual WL group. Conse
quently, the separate-hydration results suggest that early-stage electro
static interactions between WL and SF may contribute to their 

association and the subsequent development of the interfacial hydration 
network. However, in the actual printable mortar, the presence of WRA 
and HPMC, together with the complex pore-solution chemistry, may 
substantially modify particle surface charge and adsorption behavior. In 
particular, sulfate and aluminate species present in WPC are absent from 
the simplified C3S model and may further influence the surface charge 
evolution and interparticle interactions. Therefore, the present C3S 
model is intended to isolate the Ca2+-initiated interaction between WL 

Fig. 12. Conductivity and pH of the individual WL, individual SF and WLSF suspensions during the separate-hydration process.

Fig. 13. Zeta potential evolution of individual WL, individual SF and WLSF suspensions during the separate-hydration process, with representative SEM images at 
selected ages.
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and SF rather than to reproduce the complete electrochemical envi
ronment of WPC. Accordingly, electrostatic attraction should be regar
ded as one possible contributor to the observed association between WL 
and SF rather than the sole governing mechanism.

3.3.2. Formation of WL-SF interfacial network in cement paste
The separate-hydration results provided a mechanistic basis for 

interpreting the microstructure of the printed cementitious matrix. In 
the cement paste, WL can act as a micro-scale rigid skeleton, while SF 
can fill interparticle voids and accumulate around WL surfaces. This 
coupled incorporation of WL and SF produced a hierarchical particle 
network composed of rigid WL bridges, fine SF-rich particles and early- 
age hydration products. SEM-EDS results of the printed samples 
(C50W30S20) at 3 d were discussed in Fig. 14 to examine local WL and 
SF associations and hydration products development. As shown in 
Fig. 14(a) and (b), a large number of high-aspect-ratio WL particles were 
embedded within the cementitious matrix and clear evidence of WL 
rupture was detected across the fractured topology. This structural 
fracture mode suggested substantial mechanical interlocking and load 
transfer (Liu et al., 2025). Furthermore, nanoscale interactions were 
observed in the local ITZ, as identified in Fig. 14(c) and (d). Spherical SF 
particles were observed to associate with the WL surfaces together with 
surrounding hydration products, which were consistent with possible 
filling and nucleation role. EDS analysis further provided complemen
tary evidence of hydration products. Specifically, Spot 1 (located on the 
SF particle) exhibited a relatively high Ca/Si ratio of approximately 
2.02, indicating that the particle surface was enriched with Ca-rich 
hydration products during early hydration. In contrast, the Ca/Si ra
tios of Spot 2 and Spot 3, located within the dense inter-filament net
works between WL and SF, decreased to 1.05 and 0.98, respectively. The 
close association between WL and SF observed in the actual cementi
tious matrix motivated the hypothesis that ion-mediated electrostatic 
interactions may contribute to their interparticle association. Combined 
with the zeta potential evolution, these results suggest that the early 
electrostatic attraction between positively charged SF and negatively 
charged WL promotes preferential interparticle association, which 
subsequently facilitates localized hydration-product deposition and the 
development of a continuous WL–SF interfacial network (Lapeyre and 
Kumar, 2018).

Furthermore, the interfacial regions between two layers were 
observed using SE2 and BSE signal, as shown in Fig. 15. Specifically, a 
distinct interface between layers can be clearly identified in C100, 

together with visible pores and cracks along the boundary. In contrast, 
the interfaces in C80W12S8 and C50W30S20 became much less distin
guishable, with only scattered pores remaining, while the WL particles 
were observed in multiple orientations near the interfacial region. 
Additionally, a considerable amount of unreacted SF was still observed 
in C50W30S20, indicating that the high SF dosage was not fully 
consumed during hydration. These observations provide qualitative 
evidence consistent with the process-induced accumulation of WL and 
SF particles near filament boundaries. Nevertheless, the images do not 
quantitatively determine the local particle fraction or orientation. 
Therefore, the specific migration process requires further quantitative 
verification in the future.

3.3.3. Pore structure characteristics of the interlayer region
According to commonly used pore size classifications for cementi

tious materials, the MIP-accessible pores were grouped into three size 
ranges: fine pores below 10 nm, small-to-medium capillary pores be
tween 10 and 100 nm, and larger capillary pores above 100 nm (Gan 
et al., 2025; Li et al., 2026). As shown in Fig. 16, the pore size distri
bution of the specimens containing interfaces changed markedly with 
incorporation of WL and SF. The fraction of pores smaller than 10 nm 
increased from 23% in C100 to 31% in C80W12S8 and 38% in 
C50W30S20, whereas the proportion of pores between 10 and 100 nm 
decreased from 39% to 33% and 23%, respectively. These results indi
cated a progressive redistribution of the small-to-medium capillary 
pores population toward finer pores. In contrast, the overall fraction of 
pores larger than 100 nm varied only slightly among the three mixtures. 
Their fraction decreased slightly from 38% in C100 to 36% in 
C80W12S8, suggesting that moderate WL and SF incorporation may 
contribute to a more favorable pore structure through particle filling and 
hydration-related refinement. When the replacement level was further 
increased to C50W30S20, the pore fraction (>100 nm) increased again 
to 39%. This may be associated with the stronger dilution of WPC and 
the high content of needle-shaped WL and ultrafine SF, which may 
reduce packing efficiency and leave more unfilled or weakly hydrated 
regions. The residual SF observed in C50W30S20 by SEM in Fig. 15
further revealed that part of the added SF remained unreacted at the 
high replacement level. Therefore, excessive WL and SF addition 
appeared to promote the coexistence of abundant fine pores and larger 
structural voids rather than continuous pore refinement. Additionally, 
microstructural heterogeneity may have implications for long-term 
durability, since the persistence of larger pores could potentially 

Fig. 14. WL distribution, SF-rich regions and hydration products in the interlayer region of hardened C50W30S20 at 3 d indicated by SE images and EDS.
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increase the accessibility of aggressive species.

Fig. 15. SE2 (top) and BSE (bottom) observations of the interlayer regions in (a) C100, (b) C80W12S8 and (c) C50W30S20 at 28 d.

Fig. 16. Pore structure evaluation of C100, C80W12S8 and C50W30S20 at 28 d. (a) differential intrusion curves; (b) quantification of normalized pore-volume 
fraction in various size ranges.

Fig. 17. Proposed mechanism for WL-SF-induced interfacial network formation and mechanical anisotropy reduction in 3DP-WCMs.
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3.4. Link between microstructure and mechanical anisotropy of 3D 
printed samples

The alleviation of mechanical anisotropy in 3DP-WCMs can be 
interpreted through a multi-scale physicochemical mechanism spanning 
fresh-state extrusion kinetics and subsequent hardened microstructural 
evolution, as systematically illustrated in Fig. 17. During extrusion, the 
rotation of the screw creates a non-uniform shear field within the nozzle, 
characterized by elevated shear gradients at the periphery and lower 
shear conditions internally. Previous studies have shown that such shear 
gradients can drive water and ultrafine particles to migrate toward the 
nozzle boundaries, forming a particle-rich lubricating layer (Li et al., 
2022; Yang et al., 2022). Accordingly, it is reasonable to propose that 
fine SF and WL particles may also preferentially accumulate near the 
outer region of the extruded filament. This interpretation is qualitatively 
supported by the BSE observation in Fig. 15, where WL and SF deposi
tion were observed near the interface of C80W12S8 and C50W30S20. 
During early hydration, the process-induced particle enrichment may 
facilitate coupled physical and chemical interactions at the contact 
zones. The separate-hydration results suggest that the zeta potential 
trends in the simplified model are consistent with the possible contri
bution of Ca2+-mediated electrostatic association between negatively 
charged WL surfaces and SF particles. The SEM observations further 
indicate that SF adsorption and hydration products develop around WL 
surfaces, suggesting that WL can provide a rigid micro-scale framework 
while SF contributes additional filling and hydration-related refinement 
around the interfacial region.

After hardening, the microstructural changes contribute to the 
directional mechanical response through several concurrent mecha
nisms. The high-aspect-ratio WL fibers construct a micro-scale bridging 
skeleton to bridge the weak zones, while SF-related filling and 
hydration-product development may improve microstructural continu
ity around the inter-filament region. Consistent with these observations, 
MIP results showed a redistribution of small-to-medium capillary pores 
population toward finer pores after WL and SF addition. The findings 
suggest that moderate WL and SF incorporation improves interfacial 
microstructural continuity and resistance to crack propagation, thereby 
reducing mechanical anisotropic coefficients, whereas excessive 
replacement introduces competing effects associated with clinker dilu
tion, incomplete SF reaction, and pore heterogeneity. Consequently, 
C80W12S8 provides the most favorable balance among printability, 
mechanical strength, and mitigation of mechanical anisotropy within 
the investigated mixtures.

3.5. Sustainability of 3DP-WCMs

The embodied carbon values of C100, C80W12S8, and C50W30S20 
were 1339.81, 1130.49, and 724.64 kg CO2-eq/m3, respectively, cor
responding to 15.6% and 45.9% reductions for C80W12S8 and 
C50W30S20 compared with C100, as presented in Table 8. This reduc
tion was mainly attributed to the decreased WPC content, since WPC had 
a substantially higher emission factor than the other constituents. 
Although the fresh density increased with increasing WL and SF 
replacement, the reduction in WPC consumption per unit volume 
remained the dominant factor controlling the overall embodied carbon 
(Anderson and Moncaster, 2020).

After normalization by the 28 d compressive strength, the carbon- 

strength ratio also decreased in all A, B, and C loading directions, 
indicating that the carbon-reduction benefit was retained after ac
counting for directional mechanical performance. C80W12S8 exhibited 
the highest compressive strength and thus provided a favorable balance 
between mechanical performance and embodied-carbon reduction, 
whereas C50W30S20 showed the lowest carbon-strength intensity due 
to its substantially reduced WPC content.

3.6. Limitations and perspectives

Overall, the combined incorporation of WL and SF not only 
contributed to alleviating the mechanical anisotropy of the 3D printed 
cementitious composites, but also reduced their embodied carbon and 
carbon-strength intensity. This indicates that the proposed physico
chemical strategy has the potential to simultaneously improve direc
tional mechanical performance and environmental efficiency. However, 
the 3 d mechanical strength decreased at higher WL and SF replacement 
levels, indicating a trade-off between early-age strength development 
and the dilution of the WPC, although the 28 d mechanical performance 
was improved. The long-term durability of the modified composites also 
remains to be evaluated.

More importantly, several methodological limitations should also be 
acknowledged. The separate-hydration setup was designed as a simpli
fied mechanistic model based on the literature, and its composition 
differed from that of the actual printed mixtures. Therefore, the 
observed interactions between WL and SF should be interpreted quali
tatively rather than quantitatively extrapolated to the 3DP-WCMs. 
Additionally, the present assessment was limited to a simplified 
embodied-carbon calculation and did not explicitly consider specific 
transportation, mixing and printing energy, curing, or other life-cycle 
stages. In addition, the coupled effects of printing parameters, 
including printing speed, nozzle geometry, layer interval and nozzle 
height, on mechanical anisotropy were not systematically examined. 
Future work will consider a more comprehensive life-cycle assessment 
incorporating these factors and focus on the interaction among different 
printing conditions, rheological behavior and directional mechanical 
performance.

4. Conclusions

In this study, a physicochemical strategy based on the combined 
incorporation of wollastonite (WL) and silica fume (SF) was investigated 
to alleviate the mechanical anisotropy of 3D printed white cementitious 
materials (3DP-WCMs). This study linked rheological regulation with 
directional mechanical performance and interfacial development. Based 
on the experimental and mechanistic results, the following main con
clusions can be drawn: 

(1) The strategic coupling of WL and SF modified the early structural 
build-up and viscoelastic properties of fresh 3DP-WCMs to 
guarantee macro-geometric consistency. Oscillatory rheological 
tests showed that appropriate addition of WL and SF effectively 
extended the LVR, delayed the flow point and increased the 
elastic modulus. The increase in c was consistent with enhanced 
particle interlocking and structural recovery, whereas the overall 
decrease in Grigid indicated slower hydration-related structural 
build-up with increasing WPC replacement.

(2) The mechanical anisotropy was substantially alleviated by the 
combined incorporation of WL and SF. For the optimal 
C80W12S8, the 28 d flexural anisotropy coefficient (If) fell by 
55.17%, while the compressive anisotropy coefficient (Ic) 
decreased from 0.52 for C100 to 0.40. In addition, the 28 d flex
ural strength in the weakest C direction climbed by 46.4% over 
C100.

(3) The separate-hydration, zeta potential and microstructural ob
servations support a possible physicochemical mechanism for the 

Table 8 
Embodied carbon and carbon-strength ratio of 3DP-WCMs.

Mixture EC (kg CO2-eq/ 
m3)

CSA (kg CO2-eq/ 
(m3•MPa))

CSB CSC

C100 1339.81 37.95 51.14 62.90
C80W12S8 1130.49 26.23 29.44 38.85
C50W30S20 724.64 19.53 23.92 29.34
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reduced anisotropy. During extrusion, fine WL and SF particles 
may preferentially accumulate near filament boundary regions, 
while Ca2+-mediated electrostatic interactions may contribute to 
adsorption of SF on WL surfaces. The interactions, together with 
the nucleation and pozzolanic effects of SF, are proposed to 
facilitate the development of a more continuous interfacial C-S-H 
network. The improved interfacial continuity and bridging effects 
provide a plausible explanation for the reduced mechanical 
anisotropic coefficients of the 3D printed composites.

(4) The partial replacement of WPC by WL and SF also decreased the 
embodied carbon of C80W12S8 and C50W30S20 by 15.6% and 
45.9%, respectively, compared with C100. Furthermore, the re
ductions in carbon emissions per unit strength were even more 
pronounced, indicating that the proposed strategy can provide 
environmental benefits while simultaneously improving me
chanical strength.

Beyond the specific mixed compositions investigated in this study, 
the results suggest that coordinated control of particle morphology, 
interfacial interactions and rheological properties provides a cleaner- 
material design route for simultaneously alleviating mechanical 
anisotropy and reducing the carbon emissions of 3D printed cementi
tious materials. Such a strategy may be applicable to architectural 
decoration, customized elements and other geometrically complex 
components owing to their white appearance and compatibility with 3D 
printing technology.
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