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Abstract 
Magneto-rheology control, an advanced active rheology control (ARC) technique, is achieved by applying an external magnetic field to a cementitious 
mixture with responsive additives. It is a promising method to address the contradicting rheological requirements of cementitious materials during the 
placing process, enabling the development of smart and reliable concrete structures. This article reviews recent advances in magneto-rheology control for 
cementitious materials. The fundamental principles of magnetic particle movement and cluster formation in cementitious suspensions are first examined. 
Afterwards, the typical magneto-rheological responses and the key factors influencing the responsive behaviors are discussed. Finally, the potential 
applications and challenges of this technology in modern construction practices, including smart casting process, 3D/4D concrete printing, and the 
development of sustainable and multifunctional concrete, are provided.  
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 Introduction 

The rheology of fresh cementitious materials significantly 
influences their processing, placement, and eventual 
properties in construction applications [1]. Unfortunately, 
opposing requirements of rheological properties often exist in 
different placement processes, such as pumping versus 
casting [2, 3], and extruding versus layer-building [4, 5]. This 
highlights the need for rheology control. Traditional strategies 
to adjust the rheology of fresh cementitious materials 
typically rely on optimizing material compositions and 
incorporating mineral or chemical admixtures [6-8]. However, 
these approaches often lack real-time adaptability and 
precise control, particularly once the mixture is prepared. This 
poses great challenges for advanced concrete applications 
such as self-compacting concrete, ultra-high performance 
concrete, and 3D printing concrete. To address this, the 
concept of active rheology control achieved by applying an 
external trigger signal was proposed as a promising solution 
for reversible and real-time control of flow behavior of 
cementitious materials [9, 10]. 
Magneto-rheological (MR) fluids are characterized by their 
ability to undergo rapid and controllable changes in yield 
stress and viscosity when exposed to a magnetic field [11, 12]. 

Recent studies [13-15] have explored the incorporation of 
magnetic particles to prepare MR cementitious materials and 
assessed their rheological responses under external magnetic 
fields. This technology offers the potential for on-demand 
adjustments of fresh properties during pumping, casting, and 
3D printing processes [16-18], which is beneficial to mitigate 
the aforementioned challenges, supporting the development 
of more sustainable and efficient construction practices. 
Despite these efforts, the magneto-rheology control of 
cementitious materials is in its infancy, and its practical 
applications necessitate advancements such as responsive 
material design and equipment development. 
This article aims to understand the magneto-rheology control 
of cementitious materials by discussing the fundamental 
principles and analyzing the key influencing factors. The 
challenges and opportunities associated with the integration 
of magneto-rheology control into modern construction 
practices, including smart casting process, 3D/4D concrete 
printing, sustainable and multifunctional concrete, will be 
provided. This paper is hopefully beneficial to advancing 
innovative construction techniques and developing smart 
concrete structures through the application of magneto-
rheology control.  
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 Principles: Particle movement and cluster 
formation 

The changes in viscosity and yield stress of conventional MR 
fluids are driven by the reversible alignment of magnetic 
particles within the matrix under the application of a 
magnetic field [19]. Unlike traditional MR fluids, which 
typically exhibit Newtonian flow behavior, fresh cementitious 
materials possess viscoelastic properties, leading to distinct 
microstructural and rheological responses under magnetic 
stimuli. Besides, pure Portland cement paste exhibits limited 
response to an external magnetic field due to the inherently 
low magnetic properties of cement particles [13, 20]. 
Therefore, specialized magnetic additives are incorporated to 
enable the magneto-responsive behavior. Commonly used 
responsive additives include carbonyl iron powders [13], 
polymers [21], Fe3O4 particles [22, 23], steel fiber [24], and 
mineral particles [25, 26]. Using magnetic particles as the 
responsive additives as an example, the principles of 
magneto-rheological responses of cementitious materials are 
discussed from the perspectives of particle movement and 
cluster formation. 
Upon applying an external magnetic field to a responsive 
cementitious material, the magnetic particles will be 
polarized, tending to move to contact with each other in the 
suspension under the magnetic forces. The moving particles 
create a micro-agitation effect, disturbing the hydration 
product connections and colloidal networks between solid 
particles or clusters, depending on the degree of the particle 
motion. Unlike the linear chain structures observed in 
conventional MR fluids, the magnetic particles in high-
viscosity cementitious suspensions can agglomerate into 
clusters or form cluster-chains [27], relying on the behavior of 
the suspension, the properties of magnetic particles, and the 
magnetic field strength. These changes induce both micro- 
and macro-scale rheological transformations in the 
cementitious materials. It should note that the magnetically 
induced particle movements in cementitious suspensions 
occur rapidly, often within few seconds, as predicted by 
theoretical calculations of magnetic force and movement 
velocity of magnetic particles [20, 28]. When the magnetic 
field is removed, the dipolar forces diminish and the magnetic 
clusters will de-agglomerate under the influence of Brownian 
motion, resulting in a reversible alteration in the rheological 
behavior [14]. However, due to the viscoelastic properties of 
cementitious materials and remnant nature of magnetic 
particles, some residual clusters may persist in the 
suspension, differentiating the behavior from the complete 
reversibility to Newtonian flow observed in conventional MR 
fluids. 

 Current status 

In this section, the typical magneto-responsive rheological 
properties of cementitious materials are first described from 
viewpoints of structural evolution, variations in yield stress, 
viscosity, and flowability. Subsequently, the recent 
advancements regarding the influence of material 
compositions, magnetic field parameters, and temperature 
on the responses will be discussed. 

 Typical magneto-rheology responsive 
behavior 

For cementitious paste containing magnetic particles, 
whether nano- or micron-sized, these particles will move 
within the suspension upon the application of a magnetic 
field. From the perspective of structural build-up, as 
measured using small amplitude oscillatory shear (SAOS) test, 
storage modulus shows an immediate drop (e.g., from 500 
kPa to 20 kPa) [14, 29]. This is followed by a pronounced 
increase at a higher growth rate, i.e., enhanced stiffness, due 
to the formation of magnetic clusters. This indicates a 
temporary improvement of liquid-like behavior immediately 
after magnetic field application, before the formation of 
magnetic clusters that increase the stiffness. Note that this 
phenomenon can only be captured using non-destructive 
SAOS test, provided magnetic particles are used as the 
responsive additives. In contrast, under continuous shearing 
at a low shear rate of 10 s-1, the apparent viscosity increases 
significantly (e.g., from 2-5 Pa.s to 20-25 Pa.s) after an 
external magnetic field application [30]. Similarly, when 
responsive superplasticizers are incorporated as the 
magnetizable additives, the storage modulus of cementitious 
paste also shows a notable increase immediately upon 
exposure to a magnetic field, with no reduction observed 
[21], in contrast to cement pastes containing magnetic 
particles. 
Regarding the yield stress and plastic viscosity measured from 
flow curve tests, both of them increase under the influence of 
a magnetic field [23], resulting in a significant reduction in the 
flowability [31]. It is important to mention that magnetic 
particles tend to agglomerate under the combined effects of 
magnetic force and high-rate shearing [32]. Therefore, 
caution is required when evaluating rheological responses 
using dynamic shear curves. The responses of cementitious 
materials with steel fibers to magnetic field differ significantly 
from that of suspensions with magnetic particles due to the 
distinct effects of fiber shape. Specifically, after short-term 
exposure to a magnetic field for 10 s, the flowability exhibits 
a directional behavior relative to the magnetic field. This is 
characterized by a reduced flow velocity and spread diameter 
in the direction parallel to the field and an increased 
flowability in the perpendicular direction [24, 33]. Despite this 
directional flow behavior, the overall average flowability is 
only slightly reduced compared to those without magnetic 
field exposure. These phenomena are primarily attributed to 
the flow-restricting effects of residual fiber aggregations. 

 Influencing factors 

3.2.1 Material compositions 

The theoretical calculations in [20] reveal that under a 
constant magnetic field, the attractive force between 
neighboring magnetic particles in cementitious suspensions 
relates to the viscoelastic properties of the suspension, and 
the volume fraction and magnetization properties of 
magnetic particles, while the movement velocity further 
depends on the size of magnetic particles. Therefore, 
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magneto-rheological response is determined by a 
combination of the properties of the paste medium and the 
parameters of the magnetic particles. Generally, higher 
concentration of magnetic particles contributes to more 
obvious magneto-rheological responses [34]. At fixed 
magnetic particles, cementitious suspensions with solid 
volume fractions below 0.3 (w/c > 0.74) exhibit an inapparent 
response to magnetic fields due to large interparticle 
distances and weak magnetic attractive forces. However, in 
denser particle systems with higher solid volume fractions 
(e.g., 0.45 corresponding to w/c = 0.33), the movement of 
magnetic particles is restricted, limiting the formation of 
magnetic clusters despite the strong magnetic forces 
between particles [35]. As a result, the overall response of 
such suspensions remains limited. 
Chemical admixtures affect magneto-rheological behavior by 
altering the viscoelastic properties of the medium. Under an 
external magnetic field, the storage modulus of highly 
flowable superplasticizer-containing cementitious paste is 
always higher than that of paste without superplasticizers 
[36]. This suggests that the early-age enhancement of liquid-
like properties by a magnetic field is less pronounced. Instead, 
the primary effect is an increase in stiffness. Notably, 
compared to the reference cement paste, the 
superplasticizer-containing pastes exhibit a significantly 
higher relative increase in storage modulus under a magnetic 
field (e.g., 1422% vs 86%) due to their initially high flowability, 
although the absolute increase is slightly lower (e.g., 327 kPa 
compared to 760 kPa). This may be attributed to the 
improved dispersion and higher mobility of magnetic particles 
in well-plasticized cement pastes. At the same time, the 
entanglement of superplasticizer molecular chains can 
restrict particle motion, limiting the extent of magnetic 
clustering. Moreover, the magnetic clusters formed may not 
effectively fill the interstitial voids between solid particles due 
to the increased particle separation [36]. The addition of 
0.485 vol.% air-entraining agent, based on the volume of 
water, has a minor influence on the early-age magneto-
rheological response of cementitious paste containing 
micron-sized carbonyl iron particles, possibly due to the 
bubble-bridging effect [37]. However, the magneto-
rheological response tends to decrease as the concentration 
of magnetic particles increases, likely because of the 
increased alignment of more magnetic particles. Further 
works exploring the coupled effects of different chemical 
admixtures, such as air-entraining agent, viscosity-modifying 
agent, and superplasticizers, on magneto-rheological 
response are required. 
The physical properties of magnetic nanoparticles play 
distinct roles in influencing the behavior of cementitious 
paste. The size of the nanoparticles mainly affects the 
evolution of storage modulus without magnetic field, while 
the structural build-up under a magnetic field is primarily 
determined by the magnetization properties of the particles 
[34]. The particle shape also influences the magneto-
rheological responses. For example, irregular magnetic fly ash 
particles even with low magnetization properties can behave 
obvious response to external magnetic field due to the 

stronger interparticle contacts [25]. A comparative analysis of 
the responsive structural evolution of magnetic 
nanoparticles, fly ash, and calcium aluminate cement indicate 
that particles with higher magnetization properties induce 
more pronounced rheological responses, which agrees with 
the findings in [38], reporting that carbonyl iron particles with 
greater magnetization have stronger response than Fe3O4 
particles. Besides, the enhancement in early liquid-like 
behavior induced by a magnetic field is primarily observed in 
more flowable cementitious pastes (i.e., higher w/c but 
without superplasticizers), whereas for pastes with high initial 
stiffness, applying an external magnetic field mainly 
contributes to strengthening the solid-like properties. 
A combination of magnetic particles in various sizes can 
improve rheological responses. For instance, the 
incorporation of magnetic fly ash (with an average particle 
size of 8 μm) alongside magnetite nanoparticles with 100 nm 
has been shown to significantly improve the MR response, as 
evidenced by an approximate 300% increase in yield stress 
[23], more obvious early-age liquid-like properties, and 
greater relative increase in stiffness with storage modulus 
rising by up to 1400% [39]. When upscaling to mortar levels, 
the yield stress of cement mortars containing magnetic fine 
aggregates exhibits an increase under an external magnetic 
field, and the response becomes more pronounced with 
increasing the particle size possibly due to the increased 
contact area between neighboring aggregates [15, 40], 
although this may be partially offset by the reduced number 
of particles at a given volume fraction. Our recent results 
further indicate that both the yield stress and plastic viscosity 
of cement mortars containing micron-sized Fe3O4 particles 
increase upon the application of a magnetic field, aligning 
with the observations reported in [41]. Moreover, there is a 
synergistic interaction between steel fibers and steel slags on 
the magneto-rheological properties, as evidenced by notable 
increases in the yield stress and plastic viscosity after 
subjecting to an external magnetic field [42]. Nevertheless, 
due to the distinct geometry of steel fibers, new methods to 
evaluate the magneto-rheological response of steel fiber-
containing cementitious materials are required. 

3.2.2 Magnetic field parameters 

Magnetic field strength has an influence on the particle 
interactions, thereby determining the degree of rheological 
response. From the evolution of storage modulus by SAOS 
test, a weak magnetic field like 0.08 T cannot induce 
significant rheological response [43]. However, this is not 
universally applicable. A study reported that a 0.1 T magnetic 
field can induce noticeable rheological responses in stiff 
cementitious paste [23]. Similarly, another recent study using 
permanent magnets with flux densities in the range of 0.06-
0.1 T demonstrated a clear responsive flow behavior in 
cementitious paste [31]. This variation is largely attributed to 
the differences in the magnetic particles utilized. In addition, 
the micro-structural strength measured through SAOS test 
increases from 300 kPa to 900 kPa as the magnetic field 
intensity approaches 0.76 T, with no saturation threshold 
observed within the tested range [43]. This behavior contrasts 
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with that of conventional MR fluids, which typically show 
saturation at relatively high magnetic field strengths [19, 44]. 
The absence of saturation in cementitious suspensions is 
likely attributed to their highly viscoelastic properties. 
The magnetization time, or time-varying magnetic field, also 
affects the responsive behavior of cementitious paste, 
exhibiting a history-dependent response [14]. A sudden 
increase in magnetic field strength typically leads to an initial 
drop in storage modulus, followed by an increase in stiffness 
as the field continues to apply. Conversely, a linear increasing 
magnetic field increases the storage modulus of the paste. 
Similarly, a sudden decrease in field strength causes a 
reduction in storage modulus because of the reversible 
nature of magnetic clusters. However, a gradual decrease in 
the strength can paradoxically lead to increased stiffness. 
After the magnetic field is removed, some residual magnetic 
clusters may persist in the suspension, resulting in a higher 
growth rate of structural build-up compared to that obtained 
in the absence of magnetic field [14]. Note that these residual 
clusters can be completely destroyed by giving a low-rate 
shearing, such as at 10 s-1 [30]. However, for responsive fine 
magnetic aggregates with irregular shapes and high remnant 
magnetization, the field-induced agglomerations can persist 
within the cementitious materials, leading to a higher 
development of yield stress [45]. Besides, the micro-agitation 
and redistribution effects of magnetic particles when 
subjecting to a pulse magnetic field can potentially reduce the 
shear stress of cementitious paste [46]. 

3.2.3 Temperature 

If a magnetic field is generated by electromagnetic flux, 
simultaneous thermal heating will occur. Indeed, subjecting a 
cement slurry with w/c of 0.44 and iron oxide nanoparticles 
to an alternated magnetic field for 6 min increases the 
temperature from 26°C to 49°C [47]. This temperature 
increase may influence the rheological response of 
cementitious materials. Recently, we examined the impacts 
of temperatures ranging from 10°C to 40°C (controlled by a 
water bath connected to the rheometer) on the responsive 
structural evolution of cementitious paste with magnetic 
nano-Fe3O4 particles. Under a 0.5 T magnetic field, the paste 
demonstrates enhanced fluid characteristics, whereas 
elevated temperature promotes faster evolution from 
viscous to elastic-dominated behavior. The rheological 
response of the cementitious paste diminishes significantly 
when temperature falls below 20°C, due to the high initial 
viscous properties of the suspension, or exceeds 30°C, as a 
result of increased chemical hydration rates. By analyzing the 
effect of temperature on cement hydration kinetics, 
thermodynamic forces, and magnetic properties of Fe3O4 
particles, it is suggested that temperature primarily influences 
the rheological response by affecting the hydration rate of the 
cementitious paste. The detailed findings on this subject have 
been submitted to a journal and are currently under review 
[48]. 

 Opportunities and challenges 

The emerging concept of magneto-rheology control presents 
exciting opportunities and unique challenges for advancing 
novel applications in concrete construction. This section 
explores the potential integration of magneto-rheology 
control into various domains, such as smart casting processes, 
3D/4D concrete printing, sustainable materials, and 
multifunctional concrete. It is important to note that some 
opinions presented here are derived from our own 
experiences and have not yet been supported by published 
studies. 

 Smart casting 

Concrete pumping is an essential technology for the efficient 
placement of concrete. The magneto-rheology control offers 
potential advantages in regulating pumping pressure and 
flow velocity of concrete materials within pipelines. De 
Schryver et al. [17] designed a specialized control unit using 
permanent magnets to investigate the magnetically induced 
pumping behavior of cementitious pastes. When a magnetic 
field is applied perpendicular to the flow direction, magnetic 
clusters form inside the pipe, hindering material flow and thus 
increasing pressure loss. A magneto-induced structural build-
up model was also developed and validated by experiments 
and numerical simulations [17]. However, while the current 
findings about magneto-induced stiffness control highlight 
significant potential, they may be less applicable to real-world 
concrete pumping applications, where reduced pumping 
pressure is generally desired. Nevertheless, if we could 
accelerate particle movement by aligning the magnetic field 
parallel to the flow direction, it is possible to facilitate material 
flow within the pipe. This necessitates the development of 
advanced magnetically controlled pumping devices. Besides, 
further research is required to understand the flow behavior 
of cementitious materials under such conditions, focusing on 
parameters such as flow velocity, lubrication layer properties, 
and pumping pressure. Moreover, addressing the challenges 
of achieving rheological responses in large-diameter pipes 
and upscaling to mortar and concrete materials is critical for 
practical applications. 
While the magneto-induced stiffness poses challenges for 
concrete pumping, it presents significant potentials in the 
formwork casting process. Chibulu et al. [16, 49] developed a 
test setup to examine the pressure-driven flow of 
cementitious paste through a confined geometry. The 
findings reveal that the application of an external magnetic 
field reduced the flow rate due to the magnetic particle 
agglomerations, demonstrating applicability at both the 
cement paste and mortar levels [50]. The results indicate that 
magneto-stiffness control serves as an effective approach for 
minimizing formwork leakage and reducing lateral formwork 
pressure, particularly in high-flowable concrete materials 
such as self-compacting concrete. However, the efficiency of 
this method can be compromised under high pressures 
caused by the inherent gravity of the material and large gaps 
between formworks. Further research is needed to explore 
the integration of magnetic devices into large-scale 
formworks and to investigate the effects of incorporating 
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responsive particles on the overall properties of concrete 
structures. Moreover, the magneto-stiffening control can also 
be effectively utilized in plugging and abandonment process 
for oil and gas wells, with added advantage of having no 
significant impact on compressive strength [51]. 

 3D/4D printing concrete 

The 3D printing process for concrete requires the material 
that are sufficiently flowable during pumping and extrusion 
while maintaining adequate stiffness in layer building to 
preserve their shape without deformation. The magneto-
rheology on-demand control offers a potential approach to 
meet the opposing rheological requirements. By applying a 
specialized controllable magnetic field at the print head or 
nozzle, the induced movement of magnetic components can 
possibly improve the extrudability, depending on the 
direction of the field. Additionally, the residual magnetic 
clusters within the cementitious suspension contribute to 
enhanced buildability of the printed layers [18, 52]. However, 
relying solely on residual magnetic clusters may not provide 
significant buildability enhancements [53]. Therefore, the 
development of cementitious materials with enhanced 
responsiveness to external magnetic fields, along with more 
robust and precisely controlled magnetically assisted printing 
systems, is essential for further advancing this technology. 
When using steel fibers as responsive additives and applying 
a 0.034 T magnetic field perpendicular to the flow direction at 
the nozzle, the fibers can align more efficiently along the 
printing direction, thereby improving flexural strength in the 
vertical (Z) direction [54]. However, the compressive strength 
in the printing direction is decreased significantly, and steel 
fibers tend to agglomerate easily in the nozzle, potentially 
blocking extrusion and diminishing extrudability. 
Another possible solution of applying magneto-rheology 
control in 3D concrete printing is magnetizing the print bed by 
exposing the first few printed layers to a magnetic field. Due 
to the continuous magnetic stimulation, the buildability can 
be increased, as reflected by an approximate 50% increase in 
yield strength [53]. This will transform 3D printed concrete 
into a smart material, capable of on-demand microstructural 
changes, laying the foundation for four-dimensional (4D) 
concrete printing technology. Despite its promise, this 
method has certain limitations, such as the magnetic field 
being applicable only to the initial printed layers, restrictions 
on the gap between magnets (layer width), and limited 
improvement in interlayer bonding. To address these 
challenges, our group recently developed an innovative 
magnetized print bed that enhances the extrudability, 
printability, and interface bonding properties. This technology 
is undergoing the patent application process, with 
experimental results expected to be disseminated in the near 
future. 

 Sustainable and multifunctional concretes 

Beyond specialized magnetic particles, traditional mineral 
powders such as fly ash and blast furnace slag also contain a 
minor fraction of magnetic particles. This inherent property 
makes them promising candidates as responsive additives in 

magneto-rheology control [25]. Alkali-activated concrete, an 
alternative to traditional cement-based materials, is 
synthesized by activating aluminosilicate-rich industrial by-
products, such as fly ash, blast furnace slag, or natural 
pozzolans, using highly alkaline solutions [55]. By integrating 
magneto-rheology control into alkali-activated concrete, it 
offers a promising pathway to enhance the tunable 
rheological properties of such materials, achieving properties 
tailored to specific construction demands. This capability is 
particularly advantageous for advanced construction 
technologies such as 3D concrete printing, where precise 
control over material properties during extrusion and layer 
formation is crucial. 
Another interesting possible application of magneto-rheology 
control is the development of intelligent concrete or self-
sensing concrete, which includes electrically conductive fillers 
such as carbon fibers, carbon black, and graphene 
nanoparticles, to enable functionalities like strain sensing and 
structural health monitoring. Magneto-rheology control 
offers the potential to enhance the orientation and 
distribution of these conductive fillers, thereby increasing the 
sensitivity and efficiency of the functional concrete. Research 
has demonstrated that applying a magnetic field to 
cementitious composites containing nickel particles or nickel-
coated carbon fibers can improve their mechanical properties 
and electrical conductivity by aligning the fillers or fibers more 
effectively [56, 57]. Nevertheless, the relationships between 
paste rheology, filler characteristics, self-sensing properties, 
and magnetic field parameters remain insufficiently 
understood. Similarly, the alignment of steel fibers along 
specific directions in concrete using a magnetic field is well-
known to enhance the flexural performance [58-60]. 
However, an unexplored yet promising area is the application 
of magnetically induced fiber alignment along the flow 
direction in potentially improving the pumping efficiency, 
which warrants further investigation. 
In a recent preliminary study, the controlled orientation of 
graphene nanoplatelets within cementitious matrix was 
explored, facilitated by the inclusion of Fe3O4 particles. The 
results indicate that both compressive strength and electrical 
properties exhibit directional behavior along the magnetic 
induction direction, providing significant promise for 
advanced structural health monitoring applications. Despite 
these advancements, the challenges, such as high viscosity of 
cement medium and relatively low responsiveness, should be 
addressed to fully realize the potential of magneto-rheology 
control in functional concrete technologies. 

 Summary 

This article provides an overview of active rheology control of 
cementitious materials using external magnetic fields. To 
achieve this, magneto-responsive additives should be first 
incorporated into the cementitious matrix, and the rheology 
is manipulated on-demand based on the movement and 
distribution of these additives under the influence of 
magnetic forces. The degree of the rheological response 
depends on the material compositions, such as paste medium 
properties, additive characteristics, and chemical admixtures, 
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along with magnetic field parameters and external factors like 
temperature and shear rate. The magneto-rheology control 
can be potentially used in various applications, such as 
facilitating smart casting processes, improving the printability 
of 3D printed concrete, and developing sustainable and 
multifunctional concretes. Despite these promising 
advancements, challenges remain, such as the optimization 
of highly responsive materials, the design of magnetizable 
equipment setups, and the assessment of long-term 
properties. 
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