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Abstract

As a representative digital additive construction material, three-dimensional printed con-
crete (3DPC) imposes a synergistic rheological requirement on fresh cementitious mixtures,
namely “pumpability—extrudability-buildability,” throughout the forming process. Rheo-
logical parameters and their temporal evolution not only govern the stability of the material
during pumping, nozzle extrusion, and layer-by-layer deposition, but also directly deter-
mine interlayer interfacial integrity, geometric fidelity, and the development of macroscopic
mechanical performance. This paper provides a systematic review of the regulation strate-
gies and evolutionary characteristics of 3DPC rheology, with particular emphasis on how
raw material composition, printing parameters, and multiscale evolution mechanisms
influence yield stress, plastic viscosity, and thixotropic behavior. The time-dependent evo-
lution of rheological properties is elucidated across multiple length scales, encompassing
microscopic particle interactions and hydration-induced bridging, mesoscopic aggregate
force-chain networks and particle migration, and macroscopic shear stimulation coupled
with temperature-humidity effects. On this basis, it is further highlighted that existing
models and characterization frameworks remain insufficient to capture the time-dependent
structural evolution under realistic printing conditions. Therefore, the establishment of
unified characterization standards, together with in situ rheological measurements and
multiscale simulations, is urgently required to enable the coordinated optimization of
material design and printing processes and to facilitate engineering-scale implementation.

Keywords: 3D printing; concrete; rheological properties; evolution mechanism

1. Introduction

Against the backdrop of Industry 4.0 and the “dual-carbon” strategic agenda, the
construction sector is undergoing a critical transition from conventional, labor-intensive
practices toward digitalized, intelligent, and low-carbon construction paradigms. As a key
enabling technology within digital construction, three-dimensional printed concrete (3DPC)
integrates computer-aided design, automated fabrication, and cement-based material
engineering, thereby offering a novel technological pathway for the rapid fabrication and
customized construction of building components. Compared with traditional cast-in-
place concrete, 3DPC is characterized by formwork-free construction, high adaptability
to complex geometries, a highly integrated construction workflow, and the potential for
significant reductions in material consumption and labor demand. Consequently, it has
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demonstrated considerable promise in enhancing construction efficiency, reducing resource
usage, and expanding structural design freedom [1-3].

In practice, 3DPC relies on digital models that are discretized through slicing and
path-planning algorithms, followed by the layer-by-layer deposition of fresh cementitious
material via pumping and extrusion, thereby realizing the additive manufacturing of
structural elements and components [4-6]. In recent years, a number of engineering
demonstrations involving building components, municipal infrastructure, and small-scale
bridges have been successfully implemented [7,8]. Moreover, 3DPC has been widely
recognized as a promising candidate technology for in situ construction under extreme
environments, such as on the Moon or Mars, in future extraterrestrial missions [9-11].

Compared with conventional concrete construction methods, 3DPC imposes markedly
different and more stringent requirements on the fresh-state properties of cementitious
materials. Performance evaluation is no longer limited to single-condition indicators such
as slump or flow spread; instead, it emphasizes the coordinated performance of materials
throughout the entire process of pumping, extrusion, deposition, and interlayer stack-
ing. This has led to the establishment of an integrated performance framework centered
on “pumpability—extrudability—buildability” [12,13]. During pumping and extrusion, the
material must exhibit sufficient flowability and relatively low plastic viscosity to ensure
continuous and stable flow under pipeline transport and nozzle confinement. Conversely,
during deposition and stacking, rapid structural build-up and the development of adequate
static yield stress are required to achieve self-supporting capacity between layers and to
maintain geometric stability [14]. These multistage performance requirements are collec-
tively referred to as “printability,” which fundamentally reflects the dynamic evolution of
rheological behavior in fresh cementitious materials under varying shear histories and time
scales [15-17]. The quality of this printing process further governs the structural integrity
and mechanical performance of the printed elements. From a mechanical perspective, the
compressive strength of properly designed 3DPC can be comparable to that of conventional
concrete with similar binder systems. However, owing to the layer-by-layer deposition
process, 3DPC commonly exhibits pronounced anisotropic behavior. In particular, the
tensile and flexural strengths in the build direction are strongly influenced by interlayer
bonding quality and the printing interval time. While inadequate interfacial integration
may compromise mechanical continuity, appropriate control of printing parameters and
process conditions can effectively mitigate such effects.

Extensive studies have demonstrated that fresh 3DPC systems typically behave
as yield-stress-dominated, non-Newtonian pseudoplastic fluids, exhibiting pronounced
shear-thinning characteristics and strong time dependence, commonly referred to as
thixotropy [18-21]. Traditional workability indices based on slump or flow tests are in-
sufficient to accurately characterize the performance windows across different printing
stages and often fail to predict flow instabilities or structural failures during printing. The
inappropriate matching of rheological parameters may lead to a series of practical defects,
including nozzle blockage, discontinuous extrusion, and cold joints between layers, as well
as the collapse or warping of printed components [22-24]. From both a materials science
and engineering application perspective, rheological properties have therefore emerged as
one of the key bottlenecks restricting the transition of 3DPC from laboratory-scale research
to engineering practice and large-scale implementation [25].

Over the past decade, substantial research efforts have been devoted worldwide to
the fresh-state behavior, mechanical performance, and durability of 3DPC, resulting in a
growing body of review literature. In terms of thematic focus, one category of reviews
approaches 3DPC from the perspective of material systems and mix design, systemat-
ically summarizing the development of printable cementitious materials with empha-
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sis on raw material selection, reinforcement strategies, and the performance of printed
elements [26-29]. Another category is oriented toward sustainability objectives, highlight-
ing the use of supplementary cementitious materials (SCMs), the valorization of industrial
by-products, and their potential contributions to carbon emission reduction [30,31]. In
addition, several studies have examined individual performance aspects in detail, such
as pumpability [32], thixotropic structural build-up [33,34], buildability enhancement [35],
and reinforcement mechanisms [36], while others have provided comprehensive overviews
of process windows, underlying mechanisms, and numerical modeling approaches for
extrusion-based 3DPC [37].

Despite these advances, existing studies exhibit certain limitations. On the one hand,
rheological properties are often treated merely as descriptive components of printability,
lacking a systematic analytical framework grounded in fundamental rheological theory,
which hampers the establishment of intrinsic links between microstructural evolution and
macroscopic printing behavior. On the other hand, the coupled relationships among raw
material characteristics, printing process parameters, and the time-dependent evolution
of rheological properties have not yet been comprehensively integrated. As a result,
the current knowledge remains fragmented and insufficient to support demand-oriented
material design and process optimization for engineering applications [17,38]. With the
continued development of 3DPC toward higher performance, robustness, and sustainability,
a holistic and theoretically informed understanding of the governing factors and evolution
mechanisms of its rheological behavior across the entire printing process is urgently needed.

In this context, the present paper takes the rheological properties of 3DPC as its central
theme. Within a unified framework encompassing “raw materials-rheological properties—
printing parameters—performance evolution,” this review systematically examines the key
factors influencing the rheological behavior of 3DPC and their underlying mechanisms.
Particular emphasis is placed on the regulatory roles of material composition, printing
process parameters, and multiscale structural evolution. The aim is to provide a theoretical
basis for demand-driven mix design and process parameter optimization, as well as to offer
guidance for the development of characterization standards, the promotion of engineering
applications, and the identification of future research directions.

2. Rheological Fundamentals of 3DPC
2.1. Rheological Characteristics of Fresh Cementitious Materials

Rheology provides a fundamental framework for describing the flow and deformation
behavior of materials subjected to external forces. Its essence lies in establishing the quan-
titative relationship among shear stress (7), shear rate (), deformation history, and time
evolution [39]. For fresh cement-based materials, rheological properties not only govern
workability and handling during conventional placement, but are also directly linked to
the controllability of key processes in three-dimensional printing, including continuous
pumping, stable extrusion, and interlayer load-bearing performance. As such, rheolog-
ical parameters constitute one of the cornerstone descriptors within the “printability”
evaluation system.

Fresh cementitious materials typically exhibit pronounced yield behavior, shear-
thinning characteristics, and strong time dependence, commonly referred to as thixotropy.
Their temporal evolution can be attributed to the coupling of two distinct mechanisms:
(i) reversible physical structural changes associated with particle flocculation, bridging,
and breakdown; and (ii) irreversible chemical structuring driven by hydration reactions,
which progressively increase the solid volume fraction and strengthen interparticle con-
nections through hydration product formation [40,41]. At the microscopic scale, Roussel
et al. [40] highlighted that interparticle interactions—encompassing colloidal forces and
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contact bridging—together with viscous dissipation within the pore solution, jointly con-
trol the formation of a structural network and its resistance to shear-induced disruption.
Under resting conditions, flocculated structures gradually develop, leading to a contin-
uous increase in yield stress and shear modulus (G) over time. Conversely, under shear
conditions such as pumping, extrusion, or vibration, these networks are weakened or de-
stroyed, resulting in a more fluidized state characterized by reduced yield stress, decreased
viscosity, and enhanced flowability [42]. Therefore, thixotropy may be interpreted as the
outcome of competition between “structural build-up” and “structural breakdown” across
different time scales and shear histories. This rheological feature is particularly critical
for 3D printing applications involving start-stop extrusion, intermittent deposition, and
interlayer overlap.

From a process-wide perspective, the rheological requirements vary significantly
across different printing stages, yet must remain mutually compatible within a narrow
performance envelope. During pumping and transport, the material should exhibit ade-
quate flowability and relatively low plastic viscosity and dynamic yield stress to minimize
pressure losses, reduce energy consumption, and avoid flow instabilities induced by pres-
sure fluctuations, thereby ensuring pumpability [43]. Studies have shown that under low
flow rates or high yield stress conditions, cementitious materials tend to develop plug
flow within flexible hoses: the central core moves as a quasi-rigid plug, while shear is
concentrated in a thin near-wall layer, giving rise to distinct velocity and stress distribu-
tion zones (Figure 1) [44]. This flow regime indicates that pumping resistance is highly
sensitive to yield stress and wall-layer rheology, and also underscores the inadequacy of
conventional slump-based indices in predicting pumping stability. In practical 3D concrete
printing systems, accelerators are often introduced to regulate setting kinetics, leading to a
composite flow regime characterized by a “central plug flow-outer shear flow” structure in
two-component pumping systems. The outer fresh cementitious material typically exhibits
a shear-dominated laminar velocity profile, while the accelerator—owing to its lower yield
stress and viscosity—forms a nearly uniform high-velocity core near the pipe center. This
results in a velocity structure that differs markedly from that of single-component systems.
Nevertheless, the shear stress distribution still increases approximately linearly from the
pipe center toward the wall, while most shear deformation occurs at the interface between
the central core and the surrounding material, as well as in the near-wall region.
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Figure 1. Schematic illustration of velocity and shear stress distribution in pipes during pumping;:
(a) single-component cementitious mixture exhibiting typical plug flow; (b) two-component mixture
showing a central plug flow-outer shear flow structure. Reproduced with permission from [45].

During deposition and shaping, the material must rapidly develop sufficient static
yield stress and structural strength to withstand the deformation induced by self-weight
and overburden loads, ensuring dimensional stability, filament integrity, and buildabil-
ity [24,46]. Khoshnevis et al. [47] theoretically analyzed the slump deformation of extruded
filaments, establishing a relationship between slump, static yield stress, and fresh density,
and concluding that higher static yield stress and lower density help mitigate deposition-
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induced deformation. Further, Perrot et al. [48] proposed a green-strength model incorpo-
rating geometric effects and time evolution, linking static yield stress to the failure height of
printed structures, thereby providing a quantitative framework for buildability prediction.
Experimental studies likewise demonstrate that increasing yield stress, optimizing particle
gradation and solid fraction, or incorporating fibers and reactive fines to enhance skeleton
effects, can substantially improve the number of printable layers and resistance to structural
instability [15,24,49].

It should be emphasized that under 3D printing conditions, materials undergo cyclic
transitions between “high shear (pumping/extrusion)-low shear (deposition)-resting (in-
terlayer waiting).” Hence, rheology must be characterized as a coupled response of shear
history and time-dependent evolution. Beyond yield stress and plastic viscosity, indica-
tors describing structural build-up rate and thixotropic recovery (e.g., structuration rate,
hysteresis loop area) are of particular importance for controlling printing intermittency;,
interlayer bonding, and shape retention.

2.2. Rheological Models for Fresh Cementitious Materials

The macroscopic rheological response of fresh cementitious systems is governed by
their evolving microstructural state, which continuously undergoes breakdown and re-
construction during mixing, pumping, and extrusion [50]. Given their heterogeneous
composition-including cement particles, fine aggregates, fillers, and chemical admixtures-
fresh mortars and concretes typically behave as non-Newtonian viscoplastic fluids with
distinct yield stress behavior. For engineering applications, simplified constitutive mod-
els play a crucial role in translating complex rheological behavior into design-oriented
parameters for mixture optimization and performance comparison.

Among the numerous models available, the Bingham model remains the most widely
adopted due to its simplicity and clear physical interpretation. It is expressed as

T = To+uy (1)

where T is shear stress, 7 is shear rate, 7 is yield stress, and y is plastic viscosity. The yield
stress represents the minimum stress required to initiate continuous flow, while plastic
viscosity quantifies resistance to shear deformation after yielding. In conventional concrete
technology, these two parameters are often sufficient to characterize flow behavior under
steady shear conditions. However, for materials used in extrusion-based 3DCP, steady-
state rheological parameters alone are insufficient. Printable cementitious mixtures must
exhibit pronounced time-dependent behavior, particularly thixotropic structural build-
up during resting periods between successive printing stages. This structural evolution
governs the transition from a highly flowable state during pumping and extrusion to a
load-bearing state after deposition, thereby directly determining pumpability, extrudability,
and buildability. In this context, the static yield stress of printable cementitious materials is
not constant but evolves with resting time due to particle flocculation, hydration-induced
bridging, and the progressive structuration of the particle network. To quantitatively
describe this time-dependent evolution, several rheological models have been proposed,
among which the structural build-up models developed by Roussel [51], Perrot [52], and
Kruger [20] are the most widely applied in the field of 3D concrete printing.

Roussel et al. [51]. introduced the concept of a constant structuration rate Ay,
which describes the linear increase in static yield stress with resting time during the early
structuration stage. Within the first ~40 min of resting, the evolution of yield stress can be
approximated as

To(t) = To,0 + Athixtrest
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Athix = T0/T

where 1oy is the initial static yield stress and Ay represents the thixotropic
structuration rate.

To account for nonlinear evolution at longer resting times, Perrot et al. [52]. proposed
an exponential yield-stress evolution model:

To(t) = Tog + Amixte (/" — 1)

which enables a smooth transition from the initial linear increase to exponential structural
growth. When the characteristic time parameter ¢, approaches zero, the Perrot model
converges toward the Roussel model. Furthermore, Kruger et al. [20]. developed a model
specifically applicable to thixotropic materials with distinguishable dynamic and static yield
stresses. This model introduces a re-flocculation stage characterized by a re-flocculation
rate, followed by a structural build-up stage governed by the structuration rate. Such
formulations allow for prediction of the static yield stress evolution at arbitrary times after
cessation of shear or after filament deposition. These structural build-up models provide
a quantitative framework for describing the time-dependent rheological evolution of
printable cementitious materials and are therefore essential for understanding the formation
stability and layer-by-layer buildability in 3D concrete printing.

3D printable materials commonly exhibit strong thixotropy and shear-history depen-
dence, leading to distinct upward and downward branches in rheological flow curves. In
practice, the descending branch is often used to determine the dynamic yield stress, whereas
the stress peak during the ascending branch is associated with the static yield stress. Their
difference, or the enclosed hysteresis area, provides a measure of thixotropic intensity. Fig-
ure 2 compares typical 7—y relationships of Newtonian fluids, shear-thinning/thickening
systems, and Bingham-type fluids, illustrating the distinction between static and dynamic
yield stresses in printable cementitious suspensions [45,53,54].
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Figure 2. Comparison of rheological parameters: (a) various rheological models and (b) different
definitions of yield stress, Reproduced with permission from [45].

For systems containing fibers, nanomaterials, or exhibiting pronounced nonlinear
shear-thinning behavior, the 7—y relationship often deviates from linearity over a wide
shear-rate range, limiting the applicability of the Bingham assumption. In such cases,
the Herschel-Bulkley or modified Bingham models are frequently adopted to improve
fitting accuracy. The Herschel-Bulkley model, in particular, accounts for both yield stress
and shear-dependent viscosity and has demonstrated improved adaptability for complex
printable mixtures. For example, Arunothayan et al. [55] reported that this model more
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accurately captures the flow differences between low- and high-shear regimes in ultra-high-
performance printable composites incorporating steel fibers and nanoclay.

To facilitate comparison among different constitutive descriptions, representative rhe-
ological models commonly employed in printable cementitious materials are summarized
in Table 1, including their constitutive expressions, key parameters, and typical application
scenarios. It should be noted that the applicability of these models depends strongly on
the experimental configuration, rheometer geometry, and data-processing assumptions, as
well as on the structural evolution characteristics of the tested material. Accordingly, the
models summarized in Table 1 should be interpreted as simplified descriptors of rheological

behavior rather than universal constitutive laws for printable cementitious systems.

Table 1. Common rheological models and their applicability to 3DPC.

. Applicable s .
Model Type E;l“yrplcail n Kaegf dPﬁ':;r;‘?Lers Materials and Advantages lell{talt;oﬁf and Ref.
pressio 8 Behavior emaris
Yield-stress fluids imi
To: dynamic with near-linear Simple form; clear lelt.ed fo? strong
p . t-vield flow: . o nonlinearity and
Bingh T=To 4 yield stress; post-y: ; physical meaning; d [20,56]
ingham =To+py u: plastic widely used easy comparison . pronounced. ’
viscosity in printable across studies 1x0trlo by :;1ens1t1ve
mortars/concretes atlow shear
k: consistency; n: Nonlinear High fitting More parameters;
. B . rheological index  printable systems accuracy; captures  complex calibration;
Herschel-Bulkley T=To+ky (n <1 thinning, with strong shear both yield and higher experimental 56,571
n > 1 thickening) dependence shear index effects demands
suefor  Comnhtear Ve desponof
Casson T/2=1l/ 4 jico: high-shear high-shear Visgéosity str?lmljraet?on' [21]
(pooy)1 /2 limiting viscosity thinning approaching parameters ’
approximation . s
a limit less intuitive
Cannot describe
. Systems where Very simple; useful  start/stop behavior
on k: coefficient; ! .
Power-law T=ky 1 flow index yield stress can for flow or deposition [20,56]
’ be neglected sensitivity analysis transition; requires
recalibration
- Empirical parameter;
- Improved fitting p p ’
) . Systems exhibiting . . reduced
Modified Bingham 7 = 1 + py + ¢y? co;e%?izcrllr?;:ctor mild nonlinear while prezlervmg transferability; [21,58]
deviations . Toandj calibration
interpretability

more complex

The rheological characterization of cementitious suspensions is inherently complex.
Most rheometers measure torque as a function of rotational speed, and the conver-
sion of these primary measurements into shear stress and shear rate is strongly depen-
dent on measurement geometry (e.g., coaxial cylinder, vane-in-cup, or parallel plate)
and the assumptions used in data reduction. For non-Newtonian printable cementi-
tious composites—particularly those exhibiting pronounced thixotropy and structural
evolution—this transformation is not unique and may introduce uncertainties in the de-
rived rheological parameters. Therefore, the applicability of constitutive models must be
interpreted cautiously. Although models such as Bingham, Herschel-Bulkley, and mod-
ified Bingham are widely used to parameterize experimental flow curves, their validity
partly depends on the assumptions adopted during parameter extraction. For instance,
the determination of modified Bingham parameters using extensions of the Reiner—Riwlin
equation relies on restrictive assumptions regarding flow homogeneity and steady-state
conditions, which may not strictly apply to highly thixotropic systems undergoing continu-
ous structural rebuilding. Consequently, the models listed in Table 1 cannot be universally
applied to 3D printable cementitious materials without careful consideration of experimen-
tal conditions and data-processing procedures.
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Nevertheless, despite the heterogeneity of cementitious materials and potential exper-
imental artifacts (e.g., wall slip, shear localization, and particle migration), the Bingham
model retains advantages in terms of interpretability, comparability, and reproducibility.
As a result, it remains widely used in engineering-oriented studies and benchmark com-
parisons. Overall, existing rheological models are largely based on idealized continuum
assumptions, and their ability to capture the multiscale coupling between shear history,
structural evolution, and deposition behavior under realistic printing conditions remains
limited. Future research should therefore integrate in situ rheological characterization,
structuration kinetics, and process—parameter coupling to establish a more robust rheologi-
cal framework for 3DPC.

2.3. Rheological Characterization Techniques

Significant differences exist among rheological testing devices in terms of measurement
principles, shear ranges, and applicable material scales, and these distinctions must be
carefully considered when characterizing printable cementitious materials. High-precision
rotational rheometers are widely used to obtain constitutive relationships by controlling
shear rate or shear stress, enabling accurate measurement of parameters such as yield
stress, plastic viscosity, thixotropy, and structural recovery rate [59]. These instruments are
particularly suitable for relatively homogeneous systems such as cement pastes and fine
mortars and therefore play a key role in mechanistic studies and rheological modeling. In
contrast, coaxial cylinder or Brookfield-type rheometers are commonly used as engineering-
oriented devices that estimate flow resistance through torque—speed relationships [60];
they are typically applied for rapid assessments of flowability and consistency in printable
mortars during mixture design and field quality control, although their capability for
rigorous rheological parameter separation is limited. Extrusion or capillary rheometers
directly simulate the extrusion process of 3DCP by measuring extrusion pressure, flow
rate, and extrusion velocity, thereby providing rheological information more representative
of the actual printing process, particularly for mortar- or aggregate-containing printable
concretes [61]. In addition, several studies employ macroscopic in situ tests—such as
penetration [62], unconfined compression [63], or sliding tests—to evaluate static yield
stress, structural build-up, and early load-bearing capacity after deposition [64]. Although
these methods do not provide conventional rheological flow curves, they are directly
related to buildability, layer stability, and deformation control during printing. Therefore,
different rheological testing approaches should be regarded as complementary tools in
3DCP research, enabling a more comprehensive characterization that links fundamental
rheological mechanisms with practical printing performance.

3. Effects of Raw Materials on Rheological Performance

During pumping—extrusion—deposition—stacking, 3DPC is subjected to pronounced
variations in shear history and time-dependent structural evolution; consequently, its
rheological response is highly sensitive to the characteristics of constituent materials.
By modifying particle packing state, paste film thickness, and interparticle interactions
(e.g., frictional interlocking, electrostatic/steric repulsion, bridging, and flocculation), raw
materials collectively govern the dynamic yield stress, plastic viscosity, static yield stress,
and thixotropic recovery of the fresh system, thereby shaping the operable windows of
pumpability, extrudability, and buildability.
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3.1. Aggregates
3.1.1. Aggregate Characteristics

Aggregates not only determine the mechanical performance and volumetric stability
of the hardened composite, but also exert a pronounced influence on yield stress, plastic
viscosity, and thixotropic behavior in the fresh state by altering particle geometry, gradation,
and interfacial frictional characteristics [18,54,65]. Compared with conventional cast con-
crete, extrusion-based 3DPC simultaneously demands shape retention/structural build-up
under low shear and low-resistance, continuous flow under high shear. Accordingly, the
role of aggregates should be interpreted in the context of flow partitioning, lubrication-layer
development, and interlayer stacking stability.

Figure 3 summarizes the coupled effects of aggregate type, morphology, particle size,
and gradation on 3DPC shaping behavior and rheological performance [66]. Existing
studies generally identify surface texture, particle-size distribution, specific surface area,
gradation continuity, and packing density as primary governing factors [65,67]. In most
cases, angular and rough aggregates intensify interparticle friction and mechanical inter-
locking, while increasing free-water demand and enhancing sensitivity to the effective
water film thickness, which jointly elevates both yield stress and plastic viscosity [67,68].
From the perspective of printing morphology, aggregates with angular shapes generally
contribute to higher yield stress and stronger particle interlocking, which improves the ge-
ometric stability and shape retention of the extruded filament after deposition. In contrast,
rounded aggregates reduce internal friction and facilitate particle rearrangement during
flow, thereby enhancing extrudability but potentially increasing the tendency of the printed
layer to spread or deform after deposition. Notably, however, combinations of increased
yield stress but decreased plastic viscosity have also been reported [69], indicating that
morphology effects are not strictly monotonic. Specifically, while rough particles may
raise the stress threshold required to initiate flow (yield stress), an improved gradation
and higher packing density can promote a more uniform paste film, potentially reduc-
ing resistance during sustained shearing (plastic viscosity). Hence, overall rheological
response should not be inferred from a single morphology descriptor; instead, particle
size-gradation—paste film thickness must be considered synergistically. With respect to
particle size, decreasing the aggregate size typically increases both yield stress and plastic
viscosity [70]. This is largely attributable to the higher specific surface area of finer parti-
cles, which enhances water absorption and admixture adsorption, weakens lubrication,
and reinforces the particle-contact network [71-73]. Conversely, increasing the maximum
particle size (Dmax) may reduce the overall specific surface area and paste demand, thereby
lowering plastic viscosity and facilitating extrusion flow. However, excessively large par-
ticles can introduce local structural heterogeneity and may affect the surface smoothness
and dimensional stability of the deposited filament. Therefore, an appropriate balance
between particle size distribution and maximum particle size is essential to achieve both
good extrudability and stable layer geometry during 3D printing. From an interfacial-
structuring perspective, a larger specific surface area is often associated with a thicker
“particle boundary layer” (comprising adsorbed water, superplasticizer molecules, and
the electrical double layer), which facilitates the formation and stabilization of flocculated
structures, thereby increasing static yield stress and accelerating structural build-up [20].
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Figure 3. Schematic illustration of the integrated effects of aggregate type, morphology, particle size,
and gradation on the rheology and shaping performance of 3DPC, adapted from reference [66].

For a fixed total aggregate volume and maximum particle size, gradation optimization
represents an effective approach for “window-based” rheological tailoring [65]. Contin-
uous gradations (e.g., Fuller-Thompson-type distributions) generally increase packing
density, reduce porosity, and lower the paste volume fraction required to fill voids. This
can simultaneously enhance structural stability while reducing plastic viscosity, yielding
a favorable combination of higher yield stress with lower viscosity [24]. Nevertheless,
aggregate source-dependent variations in particle morphology, fines content, and water
absorption can render the benefits of gradation optimization system-specific. For instance,
Shantanu et al. [65] reported that crushed sand (with a more uniform gradation) exhibited
a faster yield-stress evolution and comparatively good flowability, which may be related to
its larger particle size, higher packing density, and lower specific surface area.

3.1.2. Fine Aggregates

Extrusion-based 3DPC is predominantly formulated as mortar or fine-aggregate con-
crete; hence, fine aggregates play a foundational role in governing pumpability, extrud-
ability, and buildability [24,74]. During pipeline transport, particle migration often occurs,
resulting in the formation of a near-wall lubrication layer: fines and paste tend to enrich
near the pipe wall, whereas relatively coarser particles concentrate toward the pipe center.
This induces a partitioned flow regime and affects pressure loss as well as flow-rate sta-
bility [75]. To mitigate nozzle-blockage risk and ensure extrusion continuity, most studies
limit the maximum particle size to <2 mm (e.g., natural river sand) [76-78].

The influence of fine aggregates on rheology can be attributed primarily to three
pathways: (i) modulation of the particle-contact network and frictional dissipation, thereby
regulating yield stress; (ii) alteration in effective water film thickness via water absorption
and fines content, thereby governing plastic viscosity; and (iii) impact on resting structural
recovery and thixotropy evolution, which in turn controls open time and sensitivity to
interlayer waiting [24,76]. Kuder and Shah [79] introduced a small amount of clay into
mortar and found that an addition of ~0.3% improved the surface quality of extruded
elements without markedly inducing cracking (Figure 4). Zhang et al. [76] systematically
investigated the sand-to-binder ratio (s/b) and reported that s/b = 1.0-1.2 provided an
advantageous balance among pumpability, extrudability, and buildability, while elucidating
the open-time-dependent evolution of viscosity, yield stress, and thixotropy (Figure 5).
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Figure 4. Effect of clay content on surface roughness after extrusion (0, 0.15, 0.3, and 3% clay
incorporation labeled as W0.25, W0.25C0.15, W0.25C0.3, and W0.25C3, respectively), adapted from
reference [79].
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Figure 5. Systematic influence of sand-to-binder ratio on the open-time dependence of (a) viscosity,
(b) yield stress, and (c) thixotropy, adapted from reference [76].

Regarding aggregate substitution, solid wastes such as recycled glass, copper tailings,
marble powder, and ceramic residues have increasingly been incorporated to improve
sustainability [80,81]. These materials are frequently reported to reduce dynamic yield
stress and plastic viscosity and to facilitate extrusion; however, some may result in insuf-
ficient static yield stress, thereby compromising buildability. In practice, compensatory
strategies—such as gradation optimization, fine-content control, and tailored admixture
combinations—are often required.

3.1.3. Coarse Aggregates

Constrained by nozzle dimensions and pumping modes, the maximum aggregate
size in 3DPC is typically limited to approximately 4-6 mm in small-nozzle [82], screw-
extrusion systems, and most existing studies focus on fine-aggregate systems. However,
this limitation is process-dependent rather than intrinsic to 3D printing technology. When
larger nozzle diameters and piston-driven pumping systems are adopted, crushed stone or
gravel with maximum sizes of 8-10 mm can be successfully incorporated while maintaining
extrusion stability and buildability. It is worth noting that excessive binder contents and
insufficient coarse aggregates may intensify heat release, increase shrinkage risk, and
elevate both cost and embodied carbon [83]. Therefore, 3D printing is not restricted to
sand-only systems, but requires the coordinated optimization of aggregate size, conveying
mechanism, and paste film thickness.

Rahul et al. [84] and Mechtcherine et al. [85] reported that, under suitable conveying
systems (e.g., piston pumping), mixtures incorporating coarse aggregates with maximum
sizes of 8~10 mm could still achieve stable printing; moreover, within a certain volume frac-
tion (<30%), extrudability remained acceptable. Table 2 compares key differences among
representative studies, including aggregate types, particle-size ranges, and aggregate-to-
binder ratios [86,87]. Overall, the feasibility and benefits of coarse aggregates depend
strongly on the coupled compatibility among pumping mode, nozzle scale, paste film
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thickness, and gradation continuity. Despite initial demonstrations, the effects of coarse
aggregates on the time evolution of rheological parameters, interlayer interface quality, and
printing stability remain insufficiently quantified. In parallel, recycled coarse/fine aggre-
gates (RCA/RFA) and recycled powders (RP) are of interest for circularity and emissions
reduction, yet they often reduce flowability and alter the kinetics of consistency loss [88-92].
Wau et al. [89] observed a decreased flow spread with RCA; Skibicki et al. [90] reported a
continuous decline in flowability for RFA volume fractions of 10-50%; Hou et al. [91] found
that replacing 10-40% cement with RP reduced flow spread and substantially increased
consistency loss, underscoring the impact of recycled constituents on time-dependent
rheology and open time; Zhang et al. [92] further indicated that both RFA and RCA reduced
flowability, with RFA exhibiting a more pronounced effect. For engineering implementa-
tion, it is advisable to jointly assess moisture control, pre-wetting/pre-drying strategies,
and competitive admixture adsorption, so as to mitigate cascading risks of “insufficient
flowability—increased pumping pressure-interlayer defects” [93-95].

Table 2. Summary of aggregate types, particle size, and mix proportion features reported for 3DPC.

Aggregate Dmax Aggregate/ T
Type (mm) Binger Ratio Highlights Ref.
Lichtweicht Enhanced resistance to buckling and collapse during
Ag weig 10 1.5 printing; extrudability and buildability validated [84]
ggregate using a piston-pump-based printing system
Successfully printed 10 layers (500 mm in height)
Gravel 8 1.79 within 30 min without collapse or deformation, [85]
demonstrating satisfactory buildability
Graded Ri Achieved adequate buildability without the use of
ra sgn d tver 2 0.83 chemical admixtures, indicating suitability for [86]
large-scale construction applications
Extended open time of approximately 100 min and a
Sand 2 1.5 28-day compressive strength of ~110 MPa, with [87]

excellent extrudability and buildability

In summary, the effects of aggregates on 3DPC rheology may be consolidated into
three sets of governing variables. First, morphology and interfacial friction determine the
level of shear dissipation, thereby dominating yield stress and shear response. Second,
particle size-specific surface area—water absorption alter effective water film thickness and
structuration kinetics, controlling the temporal evolution of rheological parameters. Third,
gradation and packing density regulate paste film thickness and contact-network topology,
providing a structural basis for achieving the favorable shaping window of higher yield
stress with lower plastic viscosity. Under extrusion-based conditions, dynamic versus static
responses should be distinguished and interlayer waiting time explicitly incorporated into
structuration analyses. For the adoption of coarse aggregates in engineering, quantitative
relationships among volume fraction, paste film thickness, extrusion pressure fluctuations,
and interlayer stability must be established to support integrated material-process design.

3.2. Binder Systems

The binder system governs particle-size characteristics, specific surface area, and
reaction kinetics within the paste phase, and is therefore a primary source of fresh-state
rheological behavior in 3DPC. Its role can be summarized as follows: on the one hand,
it regulates dynamic yield stress and plastic viscosity through particle packing and wa-
ter film thickness (relevant to pumping/extrusion); on the other hand, it controls the
rate of static yield-stress build-up via hydration and structuration kinetics (relevant to
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deposition/stacking) [23,96,97]. Consequently, binder design should target a coupled
optimization of dynamic flow resistance control and static structural build-up rate.

3.2.1. Cement

Ordinary Portland cement (OPC) remains the most widely used base binder; however,
in the absence of dedicated structuration-promoting measures, early-age static yield-stress
development may be insufficiently rapid, limiting buildable height [96]. To accelerate
early load-bearing capacity and structuration, calcium aluminate cement (CAC) and OPC-
CAC hybrid systems have been explored. Khalil et al. [98] showed that increasing CAC
replacement significantly increased yield stress and its growth rate, thereby improving
buildable layer numbers, but could also increase extrusion pressure demand—implying that
CAC dosage must be co-optimized with equipment capacity and process parameters [98].
Increasing the cement-to-aggregate (c/a) ratio generally strengthens the particle-contact
network and raises yield stress and buildability, albeit at the expense of higher cost and
increased shrinkage risk, necessitating balanced engineering trade-offs [99]. Differences
among Portland cement types are also non-negligible: Putten et al. [100] suggested that
incorporating 10-15% CAC, while maintaining continuous extrusion, can shorten setting
time and enhance interlayer stability, providing a potential compromise range.

Cement physical characteristics (e.g., fineness and setting behavior) markedly affect
the printing window: higher fineness typically increases water demand and admixture
requirement, whereas prolonged initial setting time may extend open time but weaken early
load-bearing capacity [101-104]. Hence, beyond conventional indices, printing-oriented
dynamic/static rheological characterization is recommended under alternating shear—rest
conditions to evaluate structuration and recovery capacity, thereby supporting cement
selection and process compatibility [96]. Table 3 summarizes the key effects of cement
systems on rheology and shaping, together with corresponding design implications.

Table 3. Key effects of cement systems on 3DPC rheology and shaping, and design implications.

Implications for Rheology and

Design Parameter Typical Trends/Observations Printability Ref.
OPC exhibits relatively slow early Enhancing static yield stress and
. . structure build-up; OPC-CAC blends structure build-up improves
OPC vs. special/composite cements can markedly increase yield stress and buildability but requires control of [54,96,95]
its growth rate extrusion pressure
Increasing c/a ratio, higher Beneficial for buildability; trade-offs
c/a ratio & - 1g with material cost and shrinkage risk [99]
yield stress .
must be considered
Highly reactive systems can maintain The “flowability—buildability”
Cement type variations (e.g., NPC, WPC) shape stability at relatively large relationship is not strictly inverse and [105]
spread values is modulated by hydration kinetics
é—elﬁgigmfgisﬁ’ gljcilﬁiif s‘gﬁfﬁr Mixture design should be optimized
Fineness and setting behavior ‘P ) e with respect to the targeted [101-104]
extended open time but potentially S .
. . printing window
reduced early load-bearing capacity
Higher w /b, increased spread; Proportioning parameters should be
Proportioning parameters (w/b, s/b, etc.) excessively high s/b, determined in coordination with the [23,76,97,106]

extrusion difficulty

processing window

3.2.2. Conventional SCMs

Conventional SCMs provide multi-objective tuning routes for 3DPC through: (i) mod-
ifying particle gradation and specific surface area, thereby altering water film thickness
and frictional dissipation; and (ii) influencing early-age structuration kinetics via poz-
zolanic/latent hydraulic reactivity and nucleation effects [107-110]. Functionally, their
roles can be categorized into three pathways. (i) High-specific-surface ultrafines, exem-
plified by silica fume (SF) and metakaolin (MK), primarily reduce water film thickness
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and strengthen particle contacts and flocculated networks [111,112], thereby markedly
increasing yield stress, plastic viscosity, and thixotropy and improving shape retention
and structural build-up. However, they often increase extrusion resistance and thus re-
quire synergy with high-range water reducers [107,113,114]. (ii) Low-reactivity spherical
materials, typified by Class F fly ash (FA), tend to improve flow and extrusion continuity
through a “ball-bearing” effect and volumetric dilution, reducing friction and flocculation
intensity; nevertheless, high replacement levels may impair early load-bearing capacity and
buildability and should therefore be constrained based on structuration kinetics [115,116].
(iii) “Window-adjusting” materials, such as ground granulated blast-furnace slag (GGBS)
and limestone powder (LP), exhibit system-dependent rheological outcomes governed
by micro-filling, specific surface area, nucleation effects, and coupled compatibility with
cement chemistry and admixtures, making them suitable for the fine-tuning of extru-
sion/buildability windows [110,117,118].

Accordingly, SCMs should not be selected solely for a single objective (e.g., “improved
flow” or “higher strength”), but rather treated as tools for the coordinated control of
dynamic flow resistance and static structural build-up. By hybridizing SCMs with com-
plementary functions and optimizing dosage, fineness, and admixture compatibility, the
process window can be broadened and robustness against equipment and environmental
variations can be improved. Table 4 summarizes typical effects and application boundaries
for representative SCMs.

Table 4. Typical effects of conventional SCMs on 3DPC rheology and corresponding
design implications.

. . . Key Influencing Factors and
SCMs Typical Trends Primary Mechanisms Rematks Ref.
Water absorption and
reduced water film Critical/optimal dosage
. . thickness; ultrafine filler exists; synergistic use with
s Ny oyt GGG TUISECETY i
p ’ Py interparticle friction; required to avoid excessive
promotion of flocculated extrusion resistance
network formation
Spherical particle
Reduces yield stress and plastic “ball-bearing” effect; Excessive replacement may
FA viscosity; effect on thixotropy is volumetric dilution impair buildability; sensitive [115,116,120,121]
unclear or slightly negative weakening flocculated to ash type and fineness
structures
Generally reduces plastic Micro—fillipg and lgbrictation Strongt.sy.ster:.l de}fndlténcy;
Lo . . versus increased water optimization shou
GGBS viscosity; effect on yield stress is 301114 que to high specific id CiA [54,108,117,122]
variable (decrease, no change, g1 Spec consider cement C3 s
) ! e surface area; coupled with content and admixture
or increase) cement chemistry compatibility
Hl%? ;Eggﬁﬁigrafﬁ;rea Beneficial for buildability
MK Increases yield stress, plastic thick g i ¢ but detrimental to [113,123]
viscosity, and thixotropy 'c ln?i;S/ prlo mo 1oné) extrudability; recommended e
early flocculation an to be combined with SPs
reactive structuring
] Dilution and bearing effects
Effect depends on fineness: (coarse) versus water Effective as a “rheological
1P coarse particles decrease adsorption and surfacearea o g” agent; particle size [110,124,125]

rheological parameters, whereas
ultrafine particles increase them

effects (fine);
nucleation-induced
acceleration of hydration

distribution design is critical

3.2.3. Waste-Derived Binder Constituents

Driven by low-carbon and resource valorization imperatives, waste-derived binder
constituents such as steel slag powder and recycled brick powder have increasingly been
incorporated into 3DPC formulations [126]. Compared with conventional SCMs, these ma-
terials exhibit greater variability in their origin and physico-chemical properties, leading to
stronger system dependence in their effects on rheology and structuration. Therefore, eval-
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uation should not be limited to single indices (e.g., slump/flow), but should instead adopt
a coupled “structure-rheology-reaction” approach integrating dynamic/static rheology
and hydration kinetics [127,128].

Steel slag powder (SSP), characterized by high Ca content and latent reactivity, may
either improve or deteriorate workability depending on source and fineness [129-131]. Re-
ported trends in dynamic yield stress and plastic viscosity can be non-monotonic, and have
been rationalized in terms of changes in interparticle interactions governed by surface en-
ergy, zeta potential, and Debye length [127]. In terms of static rheology, steel slag may alter
the growth rate of static yield stress, reflecting its modulation of hydration progress [128].
Recycled brick powder (RBP), a low-Ca pozzolanic waste, exhibits pronounced particle-size
sensitivity in both setting and rheology: the relative dominance of dilution versus nucle-
ation can delay or accelerate setting, while flowability and yield stress vary with specific
surface area, morphology, and gradation optimization [132-134]. Some studies further
report an exponential correlation between static yield stress and cumulative hydration
heat release, offering a feasible route toward quantifying the “hydration-structuration”
linkage [135]. Table 5 summarizes typical trends and associated risks.

Table 5. Rheological effects, governing mechanisms, and research considerations for waste-derived
binder constituents in 3DPC.

. . . Dominant Mechanistic Implications and Risks
Solid Waste Material Rheological Effects Pathways for 3DPC Ref.
Alteration of water film Canb d
Dynamic rheological thickness; effects of birill d;bl;ISi: 'thoihlllrlw
parameters may exhibit particle sgrflace gn]gl’%y, sensitive to s}gur c%e a}r,1 d
non-monotonic trends; zeta potential, and Debye : ' ;
ssp static yield stress build-up length on interparticle coorg?sgteesﬁ,;egﬁfsztion [127,128,130,131]
rate may decrease or show interactions; hydration with a dmixgu ros and
strong system dependency inhibition or coupled rocessing parameters
hydration effects P &P
May reduce flowability - .
. e Dilution versus nucleation Offers potential
(high specific zurfa%e.lz.area) effects; coupling of water pozzolanic feactivity and
or {mproyel owak.l ity film thickness and particle resource utilization
RBP (via particle packing morphology; correlation [135,136]

optimization); static yield
stress generally
increases and is
particle-size dependent

between static yield stress
and hydration
heat evolution

benefits; source variability
necessitates
window-based mixture
design strategies

Collectively, binder regulation can be interpreted as a coupled optimization of two
objective functions: dynamic flow resistance control (for pumping/extrusion) and static
structural build-up control (for deposition/stacking). Cement systems primarily gov-
ern static yield-stress evolution through hydration kinetics [137]; conventional SCMs are
dominated by physical effects, although slag exhibits notable chemical coupling and com-
patibility sensitivity [54]; waste-derived constituents exhibit even greater heterogeneity.
Establishing a unified indicator set—encompassing dynamic/static rheology, structura-
tion rate, hydration kinetics, and descriptors of interparticle interactions—would facilitate
transferable, window-based mixture design methodologies [127,135,138].

3.3. Chemical Admixtures

Chemical admixtures are indispensable for the fine-tuning of 3DPC rheology. Owing
to the stage-dependent rheological demands of the printing process, pumping/extrusion
generally requires a low dynamic yield stress and low plastic viscosity, whereas deposi-
tion/stacking necessitates a high static yield stress, rapid structural build-up, and robust
thixotropic recovery [139]. These objectives are seldom achievable using a single addi-
tive; consequently, practical formulations commonly rely on tailored combinations of
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high-range water reducers SPs, viscosity-modifying agents (VMA), setting regulators, and
superabsorbent polymers (SAP).

3.3.1. Superplasticizers

SPs are pivotal for modulating 3DPC rheology by dispersing cement particles and mo-
bilizing entrapped water, thereby reducing dynamic yield stress and plastic viscosity. While
traditional naphthalene-based reducers rely on electrostatic repulsion, polycarboxylate
ether (PCE) SPs provide combined steric hindrance and electrostatic repulsion, ensuring
superior efficiency in low water-to-binder (w/b) systems [140]. This role is particularly
critical in mixtures incorporating recycled fine aggregates (RFA), where high water ab-
sorption, irregular morphology, and elevated fines content significantly increase internal
friction and water demand. In such cases, SPs compensate for the reduced effective water
content by enhancing particle dispersion and releasing entrapped water, thus maintain-
ing adequate pumpability and extrudability. However, the dispersion efficiency of SPs
is highly contingent on raw material characteristics. Variations in particle morphology,
surface roughness, and fines content—especially in systems containing supplementary
cementitious materials (SCMs) or recycled aggregates—can alter adsorption behavior and
competitive surface interactions. These factors significantly affect the resulting rheological
response, necessitating rigorous compatibility assessments during mixture design.

Furthermore, the molecular architecture of PCEs (e.g., backbone configuration and
side-chain density) directly influences post-shear reflocculation and thixotropic recovery,
enabling a tailored transition from low-resistance flow during extrusion to rapid structural
rebuilding upon deposition [20]. SP dosage exhibits distinct critical and saturation regimes:
under-dosage leads to incomplete dispersion and extrusion blockage, whereas over-dosage
induces excessive lubrication and hydration retardation, compromising static yield stress
and interlayer stability [27]. For instance, a marginal increase in PCE dosage (e.g., from
0.10% to 0.11% by binder mass) can trigger structural collapse, highlighting the narrow
performance window in 3DPC. Ultimately, SP dosages must be co-optimized through
systematic rheological characterization and process-level validation to reconcile stable
transport with post-deposition structural integrity [17].

3.3.2. Viscosity-Modifying Agents

VMAs enhance cohesion and segregation resistance while increasing static yield
stress and thixotropy, thereby improving post-extrusion shape retention and dimensional
stability [141]. VMAs are commonly categorized as organic or inorganic. Organic VMAs
such as cellulose ethers (e.g., hydroxypropyl methylcellulose, HPMC) adsorb onto particle
surfaces and form hydration-associated films, substantially increasing yield stress and
plastic viscosity, albeit typically at the expense of flowability [142]. Inorganic VMAs,
represented by nanoclay (NC) (e.g., bentonite) and nano-silica, leverage their high specific
surface area and strong adsorption capacity for water and ions to form “house-of-cards”
structures and /or promote flocculation, thereby markedly enhancing thixotropy and static
yield stress. Their influence on dynamic rheology is, however, contingent on interactions
with SPs [119].

VMA efficacy is highly dosage-sensitive. Low additions can improve cohesion and
segregation resistance, and appropriate dosages can substantially enhance buildability;
excessive dosages, however, markedly increase extrusion resistance and may precipitate
nozzle blockage. HPMC, for instance, has been reported to exhibit an optimal dosage
window that reconciles extrudability and buildability (e.g., ~0.24% of binder mass) [143].
In blended systems, NC-PCE synergy can produce a desirable rheological profile character-
ized by low dynamic viscosity, high static yield stress, and high thixotropy: PCE reduces
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flow resistance during pumping/extrusion, while NC rapidly reconstructs the particle
network after shear cessation, improving shape stability and stacking capacity [144]. Nev-
ertheless, competitive adsorption between VMA and SP on particle surfaces may introduce
compatibility issues and weaken the intended synergy between dispersion and structural
rebuilding [145].

3.3.3. Setting-Time Regulators

Setting-time regulators (STR) modify cement hydration kinetics and thereby govern
the time evolution of rheology, serving as an effective means to tune “open time” and
the “buildability window” in 3DPC [146]. Retarders (e.g., boric acid, sodium gluconate,
and tartrate compounds) may adsorb on clinker particles or hydration products and/or
complex Ca®*, suppressing the nucleation and growth of hydration products. This slows
the increase in yield stress and plastic viscosity and extends the pumpable/extrudable time
window [147,148]. Over-retardation, however, can impair early strength development and
is generally detrimental to interlayer bonding [13]. In contrast, accelerators (e.g., potassium
carbonate, calcium sulfoaluminate-based systems, and nano-seeding agents) can provide
additional nucleation sites or alter ionic equilibria in the pore solution, thereby accelerating
early hydration—particularly rapid ettringite formation—and substantially increasing
the early growth rate of static yield stress to enhance buildability, albeit with shortened
workability and elevated blockage risk [149].

To reconcile the intrinsic conflict between transport/extrusion stability and rapid
post-deposition structuration, a spatiotemporally decoupled “retardation—acceleration”
strategy has been proposed: a retarder is incorporated into the bulk mixture to secure stable
pumping/extrusion, while an accelerator is locally introduced (e.g., injected or sprayed) at
the printhead to trigger rapid structural build-up and early stiffening after extrusion [14].

Retarders are typically adopted to stabilize pumpability /extrudability by preserving
low dynamic resistance and extending open time, whereas accelerators are mainly in-
troduced to enhance buildability by accelerating early hydration and the growth rate
of static yield stress. The spatiotemporally decoupled retardation—acceleration strat-
egy is therefore a practical route to reconcile stable transport/extrusion with rapid
post-deposition structuration.

3.3.4. Superabsorbent Polymers

As functional admixtures, SAPs influence 3DPC primarily through a dynamic
“absorption-storage-release” mechanism, inducing multistage and multiscale changes
in moisture distribution, interparticle interactions, and structural evolution. Their net
rheological effect is therefore strongly time- and stage-dependent. During early mixing,
dry SAP particles rapidly absorb part of the mixing water, transiently reducing the effec-
tive w/b ratio and thereby increasing initial consistency and reducing flowability [150].
During resting or low-shear periods, swollen SAP may act as a physical filler and potential
bridging agent; its stored water can perturb interparticle interactions and interfere with the
development of hydration-product networks, thereby affecting static yield-stress growth
and early structuration [151]. Under sustained shear or at later hydration stages, SAP grad-
ually releases stored water, locally adjusting the paste w/b ratio and, in turn, influencing
rheological retention, thixotropic rebuilding, and other time-dependent behaviors [152].

It should be noted that SAP effects are not invariant, but depend strongly on the
coupling between SAP properties (e.g., particle size, crosslink density, dosage, and ab-
sorption capacity) and environmental conditions (e.g., humidity and temperature). The
underlying mechanisms remain complex and represent an active research frontier [153,154].
Unlike admixtures that directly disperse or thicken suspensions, SAP primarily operates
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by regulating moisture migration and redistribution; as a result, its rheological influence is
intrinsically context- and stage-specific.

Overall, chemical admixtures regulate the dynamic flowability, static load-bearing
capacity, and thixotropic recovery of 3DPC through physicochemical interactions spanning
molecular to particle scales, and thus constitute a key technological lever for achieving
the “pumpable—extrudable-buildable” balance. Substantial progress has been made in
elucidating the fundamental effects of SPs, VMAs, and setting regulators, with encouraging
advances in NC-PCE synergy and spatiotemporally decoupled retardation—acceleration
strategies [14,144]. Nevertheless, the micro-mechanistic basis of SAP and emerging hy-
brid admixture systems under coupled dynamic shearing and hydration, as well as their
complex interactions with multi-component material systems, still calls for more universal
characterization approaches and theoretical frameworks. Establishing standardized and
comparable rheological testing protocols remains a critical prerequisite for both scientific
consolidation and engineering translation in this field [145,146].

Table 6 provides a useful classification; however, in the main text, it is recommended
to emphasize the mapping of target mechanism (dispersion/thickening/reaction kinet-
ics/moisture migration) — rheological parameter (s) — printing stage, thereby improving

readability and practical utility.

Table 6. Effects and mechanisms of major chemical admixtures on the rheology of 3DPC.

. . . ‘e Application
. Representative Primary Rheological Key Mechanistic : p
Admixture Type : Considerations and Ref.
Materials Effects Pathways Challenges
Presence of critical
Reduce dynamic Dispersion of cement and saturation
yield stress and flocs via electrostatic dO.S;%es; 0
plastic viscosity; repulsion and steric compatibility wit! .
SPs PCE, SNF tailored molecular hindrance, thereby binder system is [155-157]
architectures may releasing entrapped ~ required; overdosing
enhance thixotropy water may impair
buildability
Organic VMAs: D b
Increase static yield adsorption and c?salge mtl.s o d:
stress, plastic solution thickening; g)(ftee Crﬁfaly c(())l;n gr;}cizteivé
VMA HPMC, NCs viscosity, and inorganic VMAs: [142,158,159]

thixotropy; enhance
cohesion and

high specific surface
area adsorption and

adsorption with SPs;
excessive addition
increases extrusion

shape stability formation of
flocculated networks pressure
Adsorption on May compromise
Delay the growth cement particles or ea;gciaiiieitlge;%th
Boric acid, rate of yield stress hydration products, oo )
Set retarders sodium gluconate and viscosity, thereby  retarding nucleation bondldqg, Shgulc.l Ee [146,160]
extending open time and growth of CO(;ECIeIfgﬁgtigrllt
hydration phases strategies
Significantly Provide nucleation Substantially shorten
Potassium carbonate, accelerate early-ace sites and promote workable time and
calcium . y-ag rapid formation of increase clogging
Set accelerators : yield stress buildup, . 1 [137,161]
sulfoaluminate hancin early hydration risk; preferably
cement be - 13 1;: 1,;5 products (e.g., applied for localized
urdabiity ettringite) activation
Complex effects, D K
including initial ynamic Performance is jointly

SAP

Cross-linked
polyacrylates

thickening,
intermediate
moisture regulation,
and late-stage
influence on
structural buildup

“absorption-storage—
release” of water
alters local
water-to-cement ratio
and interparticle
interactions

affected by particle
size, dosage, and
ambient humidity;
mechanisms remain
to be fully elucidated

[152,162,163]
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3.4. Fibers

Fibers are widely incorporated to enhance the integrity, crack resistance, and toughness
of 3DPC. Their inclusion, however, can markedly alter the fresh-state rheology—particularly
yield stress, plastic viscosity, and thixotropy—thereby influencing extrudability and build-
ability [55,164]. Commonly used fibers include organic fibers (e.g., PP, PE, PVA, and
cellulose fibers), steel fibers, and inorganic/high-performance fibers such as basalt, carbon,
and glass fibers [165-167]. The rheological impact of fibers is primarily governed by fiber
length, diameter, aspect ratio, volume fraction, and dispersion state. In general, fiber addi-
tion increases both static and dynamic yield stresses and elevates plastic viscosity, largely
because fibers introduce spatial interlocking/skeletal effects and intensify internal friction
and shear dissipation [168]. Once the fiber content exceeds a threshold, agglomeration and
constrained orientation become more likely, substantially increasing extrusion resistance
and potentially triggering extrusion instability [169]. For instance, Han et al. observed
a pronounced decrease in flow spread with increasing PVA volume fraction [170], and
similar trends have been reported for PE, steel, and PP fiber systems [171]. The correlations
between flowability and static/dynamic yield stresses (Figure 6) provide a useful basis
for interpreting the pervasive trade-off between mechanical enhancement and rheological
penalty associated with fiber incorporation [172].
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Figure 6. (a) Influence of fibres on the fluidity of 3DPC; correlations between fibre-modified flowability
and (b) static yield stress and (c) dynamic yield stress, adapted from reference [66].

Notably, different fiber types influence rheology through distinct pathways [173].
Organic fibers may redistribute free water and modify the effective water film thickness via
water absorption and interfacial bonding, thereby affecting yield stress and flowability [174].
In particular, at low dosages, PVA fibers may exert a limited positive influence on flowability
by improving particle dispersion; nevertheless, the flow-reducing effect becomes dominant
as dosage increases [175,176]. Owing to their high stiffness and relatively large length,
steel fibers more readily form a stable mechanical skeleton within the paste, significantly
increasing yield stress and plastic viscosity; this is detrimental to extrudability, especially
when the fiber content exceeds ~1% [177]. Basalt, carbon, and glass fibers generally exhibit
strong suppression of flowability, while potentially imparting functional attributes such as
corrosion resistance and electrical conductivity, making them attractive for functionalized
3DPC systems [164,178]. Natural fibers (e.g., coconut and banana fibers) offer sustainability
benefits, but typically further reduce flowability and extrusion stability, thereby imposing
stricter requirements on process adaptation and parameter control [179].

Based on current evidence, the mechanisms by which fibers influence 3DPC rhe-
ology can be consolidated into three categories: (i) network structuring effects—fiber
networks increase internal friction and shear resistance, elevating static/dynamic yield
stresses and plastic viscosity [168]; (ii) interfacial water-uptake effects—fiber absorp-
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tion of free water reduces water film thickness and thus diminishes flowability [174];
(iii) geometric and distribution effects—fiber length, diameter, and aspect ratio, and their
orientation/spatial distribution in the shear field, jointly determine rheological response
and extrusion behavior [172].

Therefore, while fibers are indispensable for improving the crack resistance, ductil-
ity, and structural integrity of 3DPC, their associated rheological costs and printability
constraints must be explicitly balanced through mixture design and process-parameter op-
timization, enabling the synergistic enhancement of mechanical performance and printing
robustness [180]. Table 7 summarizes the reported influences of fiber type and dosage on
3DPC rheology and extrudability.

Table 7. Summary of the effects of fiber type and dosage on the rheology and extrudability of 3DPC.

Fiber Type Dosage Range Primary Effects Extrudability Ref.
1 Yield stress and 1 plastic L
PVA 0.25-2% viscosity; marked loss of 4, can be maintained at [171,175,181]
flowability at high dosages &
PE 1-2% 1 Yield stress and 1 viscosity 1, pronounced at high dosages [176]
1 Yield stress (often
PP 0.2-1% accompanied by 1, pronounced at high dosages [172,182]
reduced flowability)
1 Yield stress and plastic
Steel fibers 0.25-2% viscosity (pronounced J, but generally still printable [177,182]

skeleton/bridging effect)

Basalt/glass/carbon fibers

0.2-0.8% 1 Structural reinforcement;

strong suppression of flowability 1, pronounced at high dosages [164,178]

Natural fibers

1 Sustainability; typically
0.2-0.5% accompanied by reduced 1, by ~8-10% [179,183]
flowability and stability

Note: “1” indicates an increase; “]” indicates a decrease.

3.5. Nanomaterials

Owing to their high specific surface area and pronounced surface effects, nanomateri-
als enable the refined tailoring of yield stress, plastic viscosity, and thixotropic recovery
by modifying flocculation state, admixture adsorption, and hydration kinetics [20,184,185].
This refinement, however, is often accompanied by thickening and flow loss; thus, en-
gineering deployment should emphasize synergy with SP/VMA and clearly defined
dosage windows.

Nano-silica (NS) typically substantially increases static yield stress and viscosity and
accelerates early structural build-up, which benefits buildability, but commonly requires the
co-dosing of SPs to limit extrusion resistance [186]. NCs are particularly effective in enhanc-
ing thixotropy and structural recovery, aligning well with the process requirement of “flow-
able under high shear-rapidly rebuildable upon shear cessation” [119]. Carbon-based nano-
materials (CNT/CNFs), with their high aspect ratio, can bridge particles and reinforce net-
work structures, thereby increasing yield stress and thixotropy; however, they are more sen-
sitive to dispersion protocols and cost. Graphene oxide (GO), due to the strong interactions
between its functional groups and Ca?* /hydration products, often induces pronounced
flocculation and thickening [187]. Nano-CaCOj3 (NCa) acts mainly via filler and nucleation
effects, typically producing more moderate rheological changes [188]. Bio-based nanomate-
rials such as cellulose nanocrystals (CNC) may exhibit a bidirectional response—reducing
yield stress at low dosages but thickening at higher dosages—depending on crystal form,
particle size, and interfacial interactions [189,190]. Table 8 shows that it is advisable to
unify the dosage basis (e.g., wt.% by binder) and to distinguish, within “primary mech-
anisms,” among three pathways—water uptake/adsorption, network structuring, and
nucleation/reaction regulation—to improve cross-study comparability.
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Table 8. Summary of rheological effects of representative nanomaterials in 3DPC.

Nanomaterial

Dosage (wt.%)

Change in
Dynamic Yield
Stress

Change in

Change in Static
Thixotropy

Dominant
Yield Stress Ref.

Mechanisms

NS

1-3

High-specific-
surface-area-
induced water
adsorption;
promotion of
hydration and
flocculation;
pronounced
thickening effect,
often requiring
co-dosage of
superplasticizer
(Figure 7a)

1 82-141% 1 62-120% Strong 1 [119,191]

CNTs/CNFs

0.1-2

High-aspect-ratio
particle bridging;
reinforcement of the
percolated network;
strong dependence
on dispersion
quality (Figure 7b)

1 100-150% 1 50-100% Significant 1 [86,188]

NCa

Physical filling and
nucleation effects;
relatively mild
impact on rheology
compared with
other nanomaterials
(Figure 7c)

1T ~188% Moderate T Moderate 1 [192]

NCs

0.5-2

Layered platelet
structure and
“house-of-cards”
network formation;
highly effective in
enhancing
thixotropy, with
relatively
controllable
increases in
viscosity (Figure 7d)

4 50-100% 1 50-100% Strong 1 [144,193]

GO

0.01-0.05

Strong interactions
between surface
functional groups
and
CaZt/ hydration
products; intense
promotion of
flocculation and
network buildup
(Figure 7e)

Marked 1 Marked 1 Marked 1 [174,187]

CNC

<0.2

Size- and
crystallinity-
dependent effects;
potential for
multifunctional
modification
(Figure 7f)

Tunable [189,190]

Note: “1” indicates an increase; “]” indicates a decrease.

When used alone, nanomaterials often follow the trend of “enhanced structuration-
reduced flowability”; therefore, hybridization is pivotal for expanding the printable win-
dow. For example, combining nanomaterials with PCE can preserve baseline flowability
while improving post-shear structural recovery [144]; co-dosing NS with NCs may generate
additive thickening and thixotropy enhancement, thereby improving buildability [119].
Moreover, a multiscale particle packing design incorporating micron-scale SCMs can pro-
mote dense packing while reducing reliance on any single ultra-fine component (Figure 8).
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Figure 7. Schematic illustration of mechanisms by which nanomaterials regulate the rheology of
cementitious pastes: (a) NS, (b) CNTs/CNFs, (c) NCa, (d) NCs, (e) GO and (f) CNC.

Table constituent
materials—including aggregates, cementitious systems, supplementary cementitious mate-

rials, chemical admixtures, fibers, and nanomaterials—to their rheological mechanisms and

9 presents an integrated framework mapping key

stage-specific performance implications across pumpability, extrudability, and buildability
in 3DPC. Because these three printing stages impose distinct and occasionally contradictory
rheological requirements, each material parameter is evaluated independently per stage
in terms of its governing mechanism (friction reduction/dispersion/thickening/reaction
kinetics /moisture migration), primary rheological effects, associated risks, and practical
design guidelines, thereby providing a systematic and actionable basis for multi-stage
mixture design.

Table 9. Integrated framework of key materials, rheological mechanisms, stage-specific performance,

and time-dependent rheological evolution in 3DPC.

- . Buildability
. Pumpabilit Extrudability (Nozzle fe . Cos
Material Category Representative (Hose/Pipeline Flow and Filament (Post-Deposition Design/Application
Materials Transport) Formation) Stacking and Guidelines
3 Load-Bearing)

Low dynamic yield Low shear-flow High static yield stress; Parameters must be
Target Rheological stress; low plastic resistance; sufficient rapid structural tailored per stage;
Profile viscosity; stable cohesion; continuous build-up; robust holistic co-optimization

lubrication layer filament formation thixotropic recovery is essential

. : . Maximum particle size

v Continuous . . v Dense fines packing ST

well-graded distribution ;r(l)tgrt\ltrgif:ig:glsament strengthens load-bearing éi:?lné Ofg;iﬁggé 1Pate
Fine Aggregates Natural sand, river sand reclyces pumping continuity; insufficient particle r_1etwork; incorporation’ of clay or

resistance and fines cause tearing reduces interlayer waste powder is

tion risk i
segregation s deformation permissible
Maximum size

@ Continuous grading X Large or angular v Moderate volume constlra/lned by ¢

required; gap-graded coarse particles increase  fraction improves nozzle/pump geometry
Coarse Aggregates Crushed stone, gravel ’ ; i (typically 4-10 mm);

systems elevate extrusion pressure and structural stability and volume Fraction < 30%;

pumping resistance blockage risk load-bearing capacity must be matched with

paste film thickness
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Table 9. Cont.

- - Buildability
. Pumpability Extrudability (Nozzle 5 ;. . C
Material Category Representative (Hose/Pipeline Flow and Filament (Post-Deposition Design/Application
Materials Transport) Formation) Stacking and Guidelines
P Load-Bearing)
OPC exhibits slow early
v Moderate - . structuration; CAC or
v llAdequlate paS’fil binder/fines level giggf ;int b(;nﬂcslig id blended systems
C titious Svst OPC, CAC, Yobu'met' orrlns stable improves filament hvdrati PP troll % accelerate early
ementifious oystems OPC-CAC blends el:(cfelscs?xflsga?,:r’ cohesiveness within wy/brfa:t?;légﬁgxfcoesestatic load-bearing; higher c/a
promotes bleeding equipment yield stress growth ratio increases yield
pressure limits stress but elevates
shrinkage risk
X High dosage increases @ Enhances cohesionbut ¢ Promotes flocculation ESG}:D con]unctlor\ with
SCMs: SF. MK SF. MK pumping resistance; may increase extrusion network; enhances static igh-range water
St 28 4 must be compensated pressure at high yield stress and :g%‘:gszzfontml dosage
by SPs replacement levels thixotropic recovery excessive resistance
. s Adjust replacement level
v Reducespumping Y LSNT UL reducecarly  2ccording o ystem
SCMs: FA Fly ash (Class F/C) pressure; improves ¢ P requirements; combine
flow stability at nlqoderate level static yield stress and with accelerators if
t ild-
feplacement evets delay structural build-up buildability is critical
v Fine-tuning of v Improved particle Offo[’_C]l;)er?l'Eie rl\)l_llc_leation Particle size design and
SCMs: GGBS, LP GGBS, L lubrication and packing enhances ettect; buridabl ity cement chemistry
flow stabilit filament continuit enhancement depends compatibility are critical
y y on reactivity P ty
. L @ Irregular morphology @ Nucleation effect may Req.mres.wmdow-based
@ Variable; high fines may affect filament support structural design; rigorous
Waste-Derived SCMs SSP, RBP content may increase y‘l' . - Plp highl cement-admixture
pumping resistance stability; requires build-up; highly compatibility
careful evaluation system-dependent assessment is essential
v PCE-type SPs v Facilitates X Overdosing Co-optimize with VMA
preferred; reduce low-resistance nozzle suppresses static yield and setting regulators;
SPs PCE, SNF dynamic resistance flow; dosage must stress; excessive dosage window must be
and extend remain within lubrication risks validated by rheometry
pumpable window saturation regime interlayer instability and print trials
XLow d Iv: v Moderate dosage v Critical for increasing Pri.ds? d?_sage ired:
OW | Os\a}l%/fgnhy, ) enhances cohesion and static yield stress and Optimization required;
VMAs HPMC, NC excessive sharply anti-segregation; must thixotropy; NC-PCE synergistic/ competitive
;Iégirsetisnesepumpmg be co-optimized withSP  synergy is Q;esrtatc,gons with SPs
to avoid blockage particularly effective systematically evaluated
Dosage should be
v/ Mild retardation v Prevents premature X May reduce staticyield  minimized;
Set Retarders Boric acid, extends pumpable stiffening duringnozzle ~ stress growth rate and spatiotemporally
sodium gluconate window and preserves flow; ensures compromise early decoupled use with
transport stability extrusion continuity buildability if overdosed ~ accelerators is
recommended
Apply locally at
. v Enhances buildability; i i
Poltgssium lcfartfonqte, X Shortens workable X .IESk.S przmqture spatiotemporally Y Egﬁfg ead to reconcile
Set Accelerators Egncqleur? sulfoaluminate time; bulk application stiffening ¢ furmg decoupled printhead transport/extrusion
cood: increases blockage risk extrusion if application is strongl with rapid
nano-seeding agents 8 applied uniformly 19% gly P
recommended post-extrusion
structuration
Dosage and particle size
. @ Swollen SAP acts as v Gradual water release & p
C linked X ](Elarly w?ftert‘absor})lt;on physical filler; influence supports structural mqst be ca.r_efully .
SAP ross-linke reduces effective w/b; on'extrusion pressure rebuilding and may calibrated; interaction
polyacrylates excessive dosage may . . with binder hydration
impair initial flowabilit and filament continuity reduce autogenous ires furth
P Y mustbe evaluated shrinkage requires further
investigation
@ Low dosage maintains - ‘i q Balance between
X Excessive fiber content O v Fiber bridging mechanical
8 PVA, PE, T, Steel, increases pumping extrudablhty, high enhances interlayer reinforcement and
Fibers Basalt/Glass/Carbon . d dosage risks nozzle bondi d resi rheological performance:
fibers, Natural fibers resistance anc blocknge and filament onding and resistance gical pertor g
segregation risk discontginuity to deformation lowf aspzc; rat1o' f1be§sl )
preferred for printability
v Highly effective for Co-use with SP/VMA is
KEvenlon dosogesmay - Olowdossenay Ll woeies il e
Nanomaterials Ng’ Ng’ %NT/ CNE GO, pumping resistance; excessive dosage causes stress anc.l thixotropic osigl'e l‘:]lg }‘I’W m’ﬁSt e
NCa, CN must be compensate d blockage or severe recovery; nucleation establis g t roug‘
by SPs fl bgl't 1 accelerates structural systematic rheological
y Owabliity f0ss build-up characterization
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Table 9. Cont.

Material Category

- - Buildability
. Pumpability Extrudability (Nozzle 5 ;. . C
&eaptl;?:lr;mhve (Hose/Pipeline Flow and Filament g;::{(gepa‘;f&tmn gleﬁl el'lli/:epspllcaltlon
Transport) Formation) 8

Load-Bearing)

Co-optimize Multi-parameter

L VMA /accelerator e Sirhrrsniet
Primary Optimization Co-optimize PCE dosage gol—optlml'zti'SP—VMA dosage + solid packing; Z(s)ssxlz’:;gli?)tls?: 1158
Strateggll P + continuous grading + d?):angcee vx;dgl\/\? irfri(;l‘gs adopt sllaasiotemporally material /variablé can
adequate paste volume content decoup N . independently satisfy all
;‘ts;tgzgga}t,mnfaccelerahon three stage requirements
Symbol key: ¢ = primarily beneficial for this stage; @ = conditionally beneficial /requires careful dosage control;
X = potentially detrimental or requires strict limitation at this stage.
()" (b) 300
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E 230 | ‘ » CCR
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Figure 8. (a) Buildability determination via printed height (number of layers); (b) time-dependent
flow values, adapted from reference [119] (CM: control mix; CS: SF modified mix; CC: NC modified
mix; CCR: NC+ set retarder modified mix; CCS: silica fume + NC modified mix).

Synthesis. Collectively, fresh-state rheology and its temporal evolution are governed
by the coupled interplay among particle packing, paste film thickness, interparticle in-
teractions, and hydration/structuration kinetics. Aggregates primarily control geometric
effects and frictional dissipation; binder systems couple particle-scale physical effects with
hydration kinetics; chemical admixtures provide process-oriented levers for dispersion,
thickening, and time control; and fibers/nanomaterials predominantly modify yield behav-
ior and thixotropic recovery through network reinforcement and interfacial interactions.
For engineering-oriented design, it is recommended to adopt a unified evaluation basis
comprising (i) a dynamic extrudability window (4, ), (ii) static structuration capacity
(s and its growth rate), and (iii) thixotropic recovery indices, and to pursue coordinated
raw-material /process-parameter optimization to improve the transferability and scalability
of mix designs.

4. Influence of Printing Parameters on Rheological Performance

The rheological state of 3DPC is jointly governed by material composition and the
printing process. During printing, operations such as nozzle extrusion, deposition com-
paction, and layer-by-layer stacking impose specific shear histories, characteristic time
scales, and environmental boundary conditions. As a result, freshly mixed materials exhibit
pronounced time-dependent evolution in yield stress, plastic viscosity, and thixotropic struc-
tural rebuilding behavior, which in turn critically affect dimensional accuracy, structural
integrity, and early-age mechanical performance of printed components. Consequently, a
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(b)

Printing process |

systematic investigation of how key printing parameters regulate rheological responses
along the printing process chain is essential for establishing an integrated framework
linking “printing parameters—rheological response-interfacial characteristics-macroscopic
performance” [194].

4.1. 3D Printing Process and Rheological Demand Characteristics

Extrusion-based 3DPC typically involves several key stages, including digital model-
ing and path planning, material mixing and pumping, nozzle extrusion and deposition,
and layer-by-layer build-up (Figure 9). Throughout this continuous and inherently non-
steady manufacturing process, materials are subjected to distinct rheological requirements
at different stages. During pumping, low dynamic yield stress and plastic viscosity are
required to minimize transport resistance and ensure stable flow. In the nozzle extrusion
stage, pronounced shear-thinning behavior facilitates a reduction in pressure drop and
extrusion fluctuations. During deposition and stacking, however, the material must rapidly
rebuild its internal structure after shear cessation, developing sufficiently high static yield
stress and thixotropy to maintain filament geometry and support the load of subsequent
layers [86]. Therefore, the role of printing parameters fundamentally lies in externally
controlling the shear—rest cycling path and its associated time scales, enabling dynamic
matching of the material’s rheological state to the requirements of each process stage [38].

(a)

Failure modes
Material behaviour

Structural behaviour

Theory

Hopper —>

Pump ——

Nozzle J

¥ A
Pump Nozzle First layer Final object
Pumping 1 Extrusion 1 Build-up 1
Blockage Tearing/instability Plastic collpase Elastic buckling
Visco-plastic Elasto-plastic - below yield stress

Viscous-elastic-plastic

Fluid mechanics
Rheology
Solid mechanics
Figure 9. (a) Extrusion-based 3DPC process flow and (b) schematic illustration of stage-dependent
rheological requirements Reproduced with permission from [45].

4.2. Regulation Mechanisms of Key 3D Printing Parameters on Rheological Behavior

The influence of printing parameters on the rheological behavior of 3DPC primarily
arises from nozzle geometric boundaries, kinematic and temporal conditions, as well as
environmental and equipment-related factors. Among these, nozzle characteristics and
printing speed jointly determine the shear intensity experienced by the material during
extrusion and deposition, as well as the subsequent structural recovery pathways [15,195].
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4.2.1. Nozzle Geometry

As the final interface for material shearing and shaping, nozzle geometry directly
controls the range of shear rates and the susceptibility to blockage during extrusion. To
mitigate clogging risk, it is widely accepted that the ratio of nozzle equivalent diameter
to the maximum aggregate size should exceed 4 [195]. Increasing nozzle size generally
corresponds to lower shear rates but imposes higher demands on post-extrusion filament
stability and shape retention. Conversely, smaller nozzles subject the material to higher
shear conditions, rendering extrusion stability more sensitive to the system’s shear-thinning
capacity [15]. Nozzle shape further affects filament cross-sectional geometry and interlayer
contact conditions. Rectangular or square nozzles can increase the effective interlayer
contact area and improve deposition compaction, thereby enhancing interlayer bonding.
Circular nozzles, while offering greater kinematic flexibility for complex paths and corners,
may reduce effective contact area due to their curved boundaries, potentially compromising
interfacial bonding efficiency [196,197].

4.2.2. Kinematic and Temporal Parameters

The matching relationship between printhead travel speed and material extrusion rate
governs whether the filament undergoes stretching or accumulation during deposition,
making it a critical factor for cross-sectional uniformity and continuity [197]. As printing
speed increases, the time available for structural rebuilding is significantly reduced, thereby
imposing stricter requirements on thixotropy and structural recovery rate [195]. The
interlayer deposition interval directly influences moisture conditions and hydration degree
at the interface. Prolonged intervals may lead to surface moisture loss and advanced
hydration of the underlying layer, resulting in weak interfaces or “cold joints” and a
substantial reduction in interlayer bond strength [198]. Nozzle height affects filament
formation by regulating compaction on the previously deposited layer: excessively low
heights may cause surface disturbance, whereas overly high positions reduce compaction
and contact quality, ultimately impairing interlayer density and geometric accuracy [197].

4.2.3. Environmental and Equipment Boundary Conditions

Ambient temperature significantly affects hydration kinetics and interparticle water
film thickness, thereby influencing yield stress, plastic viscosity, and the rate of structural
build-up. Numerous studies report that elevated temperatures accelerate hydration, in-
creasing the growth rate of yield stress and viscosity and promoting rapid post-extrusion
shape stabilization [199]. However, in certain material systems and temperature ranges,
transient weakening of flocculated structures or viscosity reduction has also been observed,
highlighting the strong dependence on material composition, temperature window, and
shear history [200]. In addition, transport and extrusion system parameters may induce
rheological drift through sustained shearing and residence time effects, thereby affect-
ing printing stability. Long-distance pumping can lead to segregation and performance
degradation, representing a major constraint for large-scale 3D printing [38]. Pipe ma-
terial and internal wall friction influence pressure loss and velocity distribution [201],
while in screw-based extrusion systems, screw geometry and rotational speed determine
shear intensity and conveying efficiency, ultimately affecting filament uniformity and den-
sity [202]. Recently, localized nozzle heating strategies have been proposed to regulate
structural recovery after shear unloading, coupling temperature control with pumpability
evolution [199].
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4.3. Synergistic Effects of Parameters and Their Relationship with Printing Quality

The effects of printing parameters on rheological performance exhibit pronounced
coupling characteristics (Table 10). For example, nozzle size and printing speed jointly
determine the shear rate level and shear history experienced by the material, while inter-
layer time interval and ambient temperature collaboratively control interfacial hydration
state and structural rebuilding kinetics [198,199]. These multi-parameter interactions ulti-
mately manifest in the characteristics of the interfacial transition zone, pore structure, and
anisotropy evolution, thereby governing interlayer bond strength, macroscopic mechanical
properties, and durability performance [203]. Accordingly, printing parameters may be
regarded as input variables, rheological response and interfacial evolution as key process
variables, and macroscopic performance as output variables, forming a systematic frame-
work that describes the transfer pathway from process control to performance development
in 3DPC (Figure 10) [204].

Table 10. Summary of the effects of key printing parameters on the rheological performance and
printing quality of 3DPC.

Primary Influence on

Key Influence on Printing

Parameter Category Specific Parameter Rheological Response Quality/Interfacial Characteristics Ref.
Alters extrusion shear rate
and pressure drop; larger . .
Noves Decoresponds tolower ALKt lament s seton
ozzie s1ze shear, smaller D induces 9q Y, £eINg [15,205]

Geometric parameters

(equivalent diameter D)

higher shear and stronger
dependence on
shear thinning

sensitivity; common criterion:
D/dmax >4

Nozzle shape (circular,
rectangular, square)

Modifies local flow field
and filament
cross-sectional formation
via boundary conditions

Influences effective interlayer

contact area, compaction, and

bonding; related to stability at
corners and complex paths

[196,197,206]

Kinematic parameters

Extrusion—travel speed
matching (Ve vs. Vp)

Controls stretching or
accumulation during
deposition and shear—rest
cycling rhythm

Determines filament uniformity
and continuity (thinning, piling,
insufficient cross-section)

[207]

Higher Vp shortens
available structural

Affects geometric accuracy, corner

Printing speed (Vp) recovery time, increasing quality, anc.l lay(?r. stabi.lity; related [195]
thixotropy demands to buildability window
Controls interfacizl Longer At promotes weak
. Interlayer time moisture state and interfaces or “cold joints,”
Time-scale parameters interval (At hydration degree, altering ionificantly reducing [198]
interval (At) interfacial rheological and 518'“11) 1ca51 y re: 1}11c1ng
bonding evolution ond strengt
Modulates deposition Influences interlayer density,
: compaction and free contact quality, and dimensional
Geometric/ Nozzle height (H) filament formation accuracy; too low causes [195]
deposition parameters & - 1350 . ¥ . )
affecting local yielding disturbance, too high causes
and thixotropic rebuilding insufficient compaction
Generally accelerates Affects open time, early shape
hydration and structural stability, and interlayer bonding
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Figure 10. Schematic framework linking printing parameters, rheological response, interfacial
evolution, and macroscopic performance.

5. Mechanisms Governing the Evolution of Rheological Properties
5.1. Micro-Scale Evolution

The rheological evolution of freshly prepared 3DPC paste can be regarded as a time-
dependent process jointly driven by interparticle colloidal interactions and the progressive
formation of hydration products. From the initial mixing stage to the onset of the hydration
acceleration period, a continuous network of hydration products has not yet developed;
hence, macroscopic rheological parameters are predominantly governed by interparticle
forces and the associated flocculation—deflocculation dynamics. As hydration proceeds,
hydration products increasingly assume load-bearing and connectivity functions; the static
yield stress enters a sustained growth regime and exhibits more pronounced irreversibility
in structural development [209].

In the very early period following cement-water contact (seconds to tens of minutes),
the paste may be approximated as a concentrated suspension with a high solid volume
fraction, where yielding primarily originates from colloidal interactions between particles.
Within the Derjaguin-Landau-Verwey—Overbeek (DLVO) framework, suspension stability
is interpreted as the competition between van der Waals attraction (Fyw) and electrostatic
double-layer interactions (Fgr ). The extended DLVO (EDLVO) theory further incorporates
acid-base interactions (Fap), such as hydrogen bonding and other short-range forces,
rendering it more suitable for describing flocculation and structure formation in polar
cementitious systems [191]. In the EDLVO framework, the total interparticle interaction can
be parameterized by particle size (D), interparticle separation, surface energy components
(nonpolar surface energy YLW and polar surface energy yAB), surface potential (1), and
the Debye length (k — 1). Calculations indicate that increasing particle size or YLW, or
decreasing surface potential and double-layer thickness, can enhance net attraction and
elevate the initial yield stress level (Figure 11) [127]. Comparative analyses by Wu et al.
further suggest that EDLVO provides improved applicability for predicting stability across
a range of mineral suspension systems [210].
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Figure 11. Relationships between interparticle forces in cement paste and physicochemical parame-
ters: (a) Fpw and D-yLW; (b) Fgr, and 1[)2/1(; (c) Fgr, and D~1[)2/k; (d) Fap and D/AB, adapted from
reference [127].

Hydration constitutes the fundamental driver for the transition of the paste structure
from “reversible” to “irreversible” strengthening. On the one hand, the consumption of
free water and the concomitant increase in the effective solid volume fraction progressively
densify the system; on the other hand, hydration products such as C-5-H gel and ettringite
can form physical bridges between adjacent particles. Prior studies have shown that C-S-H
preferentially nucleates and grows at the “near-contact points” within flocculated particle
clusters, gradually transforming the early reversible, colloidally sustained connections
into rigid, load-bearing bridges, which ultimately develop into a percolated network
spanning the system (Figure 12) [40]. This transition from “reversible flocculation” to an
“irreversible skeleton” provides a critical microstructural basis for the sustained increase in
static yield stress.
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Figure 12. Interaction networks among cement particles at different stages, adapted from
reference [40].

Notably, there is no full consensus regarding the dominant factors controlling rheo-
logical evolution prior to the acceleration period. Roussel et al. [210] argued that colloidal
interactions dominate only over an extremely short time window and are rapidly super-
seded by C-S-H bridging effects. In contrast, Huang et al. noted that C-S-H formation
remains limited before the acceleration period and is insufficient to generate a continuous
network; therefore, rheological changes are more closely associated with the evolution
of ionic concentration and its regulation of the electrical double layer, implying that col-
loidal interactions still contribute substantially [211]. Further quantitative analyses propose
that early rheological evolution can be decomposed into two contributions—namely, a
“baseline” and a “growth-rate” component: colloidal interactions primarily determine
the baseline level of static yield stress before the acceleration period, whereas hydration
predominantly controls the subsequent growth rate and the magnitude of the yield stress
increase [128,211].

5.2. Meso- to Macro-Scale Mechanisms

At the meso- and macro-scales, 3DPC may be approximated as a two-phase suspension
comprising cement paste and aggregates, where aggregate volume fraction and particle
morphology can substantially alter rheological regimes and their governing mechanisms.
When the aggregate volume fraction remains below the percolation threshold (approx-
imately 60~70%), yielding and viscous dissipation are still primarily controlled by the
paste phase. Once the volume fraction exceeds this threshold, direct aggregate contacts
become more prevalent and evolve into force-chain networks; frictional dissipation in-
creases markedly, and both yield stress and plastic viscosity exhibit step-like increases
(Figure 13) [212]. The Krieger-Dougherty model and the Chateau-Ovarlez-Trung model
are commonly employed to capture the dependence of viscosity and yield stress on ag-
gregate volume fraction [213,214]. Moreover, irregular aggregate morphology and higher
aspect ratios typically reduce packing efficiency and reinforce contact networks, thereby
amplifying yield-stress enhancement effects [215].

During pumping and pipe transport, 3DPC frequently exhibits heterogeneous flow.
Shear-induced particle migration (SIPM) drives coarse particles from near-wall high-shear
zones toward the low-shear region near the pipe center, producing a characteristic cross-
sectional stratification consisting of a “paste-rich lubricating slip layer” and an “aggregate-
rich plug-flow core” [216]. While the lubricating layer reduces pumping resistance and
facilitates pumpability, it also entails compositional redistribution. Studies have indicated
that this process may reduce the effective water-to-binder ratio or induce insufficient
paste content in the core, thereby introducing latent defects within extruded filaments
and adversely affecting interlayer bonding and durability [217]. Consequently, meso-scale
compositional migration and macro-scale pumpability are coupled, jointly constraining
cross-sectional uniformity and interfacial quality after extrusion-based deposition [217].
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Figure 13. Effects of (a) aggregate volume fraction and (b) particle morphology on the yield stress of
concrete systems, adapted from reference [212,215].

5.3. External Excitation and Environmental Effects

3DPC experiences complex shear histories during mixing, pumping, and extrusion,
and its rheological evolution is highly sensitive to shear rate, duration, and the timing
of shear application. Shear exerts a “dual effect” on structural evolution. On the one
hand, intense shearing can disrupt existing flocculated structures and early-stage bridging,
leading to an instantaneous reduction in yield stress and manifesting as “shear softening.”
On the other hand, shearing can promote particle dissolution and ionic transport, thereby
modifying the pore-solution chemistry and accelerating the nucleation and growth of
hydration products, which increases the subsequent structural recovery rate as well as the
growth rate of rheological parameters [218]. In addition, the timing of shear application
can redirect the evolution pathway: delayed shearing may reduce the immediate yield
stress, yet—owing to its “activation” effect on hydration—it can substantially increase the
later-stage slope of yield-stress growth, underscoring the strong coupling between process
history and microstructural development [18].

Environmental conditions likewise govern time-dependent rheology and the kinetics
of structure formation. Temperature regulates the evolution of yield stress and plastic
viscosity through its influence on hydration kinetics; increasing temperature typically ac-
celerates hydration and promotes more rapid increases in rheological parameters, thereby
shortening post-extrusion setting time and enhancing early structural stability [208]. Ac-
cordingly, localized thermal control has been proposed as a process intervention to regulate
structural recovery after shear unloading [199]. Humidity primarily constrains hydration
continuity through internal relative humidity (IRH): when the capillary-pore IRH drops
below approximately 75%, hydration becomes strongly limited or may even cease, po-
tentially resulting in insufficient surface strength and elevated risks of early-age cracking.
Furthermore, moisture gradients may develop within printed components, compromising
the spatial uniformity of microstructural evolution. Collectively, colloidal interactions,
hydration reactions, meso-scale aggregate contact networks, transport-induced composi-
tional migration, and thermo-hygrometric boundary conditions constitute a multi-scale
coupled framework—"colloid-reaction—aggregate—transport-environment”-capable of ra-
tionalizing the temporal evolution of yield stress, viscosity, and thixotropy in 3DPC under
shear-rest cycling and varying boundary conditions [210,217]. A concise summary of
the governing mechanisms across different scales and their representative descriptors is
provided in Table 11.
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Table 11. Multi-scale governing mechanisms, representative descriptors, and predictive models for

rheological evolution in 3DPC.
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6. Conclusions and Future Outlook

6.1. Conclusions

The rheological performance of 3DPC is integral to the processes of pumping, extru-

sion, deposition, and layering, serving as a pivotal determinant of printability and the

quality of component formation. Based on the comprehensive review presented herein, the

following key insights are drawn:

)

@)

®)

4)

During pumping and extrusion, materials must exhibit low dynamic yield stress and
plastic viscosity to ensure continuous conveyance and stable extrusion. Conversely,
during deposition and stacking, rapid structural rebuilding post-shear cessation and
elevated static yield stress are essential to maintain geometric stability and load-
bearing capacity. Thixotropic behavior encapsulates the competitive dynamics of
“structural establishment-structural disruption” under varying shear histories and
time scales, making it a critical parameter under printing initiation, cessation, and
interlayer bonding conditions.

Aggregate morphology and gradation predominantly affect frictional dissipation and
contact network formation, thereby determining yield stress and viscosity levels. The
cementitious matrix modulates the growth rate of static yield stress through specific
surface area and hydration kinetics. Chemical admixtures offer process-specific con-
trol over dispersion, thickening, and setting, while fibers and nanomaterials enhance
structural stability through network reinforcement and interfacial interactions, albeit
at the expense of increased flow resistance and extrusion pressure.

Nozzle dimensions and shape dictate local shear rates and interlayer contact condi-
tions. The synchronization of printing speed and extrusion rate, along with interlayer
time intervals, governs structural recovery time scales and interfacial hydration states.
Environmental and equipment boundary factors can induce rheological drift, af-
fecting large-scale printing stability. The synergistic effects of multiple parameters
ultimately manifest in interfacial transition zone characteristics, pore structures, and
the anisotropic evolution of macroscopic performance.

At the micro-scale, interparticle colloidal interactions establish the early yield stress
baseline, while hydration product bridging drives subsequent irreversible structural
enhancement. At the meso-scale, the formation of force-chain networks upon sur-
passing the percolation threshold leads to yield stress transitions. At the macro-scale,
shear-induced particle migration forms lubricating layers and plug-flow cores, influ-
encing pumpability and extrusion uniformity. Temperature and humidity, along with
shear excitation, further modulate hydration dynamics and structural recovery rates.

6.2. Future Outlook

Despite the systematic understanding of 3DPC rheological control, several critical

challenges remain to be addressed for engineering applications and standardized design:

)

@)

Current discrepancies in testing methodologies, shear history settings, and parameter
definitions impede cross-system comparisons and engineering applicability. Future
efforts should focus on developing a unified characterization framework for dy-
namic/static yield stress, structural establishment rates, and thixotropic recovery
capabilities across the “pumping—extrusion—-deposition” continuum.

Traditional Bingham or Herschel-Bulkley models inadequately capture time-dependent
structural rebuilding and interfacial evolution under actual printing conditions. Fu-
ture research should integrate in situ rheological testing, interfacial hydration charac-
terization, and multi-scale numerical simulations to establish coupled models linking
“shear history—structural evolution—forming stability.
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(3) The significant coupling between raw material design, admixture formulations, and
printing parameters renders single-factor optimization insufficient for complex opera-
tional demands. Future endeavors should employ data-driven and process control
methodologies to achieve synergistic optimization of formulations and process win-
dows, with an emphasis on validating stability under large-scale component and
complex path conditions.

(4) While waste-based cementitious materials, recycled aggregates, and multifunctional
nanocomponents offer potential for low-carbon applications, their time-dependent
rheological behaviors and interlayer interface durability remain underexplored. Fu-
ture studies should intensify research into long-term evolution mechanisms under
environmental temperature, humidity, and construction boundary conditions to sup-
port the reliable application of 3DPC in practical construction scenarios.

In summary, research into the rheological performance of 3DPC is transitioning from
empirical mix designs to mechanism-driven and process-controlled approaches. By stan-
dardizing characterization protocols, deepening multi-scale mechanistic understanding,
and achieving material-process co-design, we can provide critical support for the engineer-
ing promotion and reliable structural performance of 3DPC.
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