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Abstract. This study examines the rheological behavior of cement-based mortar mixes designed for 3D
printing by varying fly ash (FA) and silica fume (SF) contents and testing at different resting times. Six
mixes were prepared: three with 0%, 15%, and 30% FA at a 0.30 water-to-binder (w/b) ratio, and three with
0%, 10%, and 20% SF at a 0.45 w/b ratio. Anton Paar MCR 302 rheometer was used to perform a standard
hysteresis loop test to measure static yield stress, dynamic yield stress, plastic viscosity, and thixotropy at
0, 15, and 30 minutes after mixing. Results showed that the 15% fly ash mix developed notably high static
and dynamic yield stresses along with the greatest thixotropy at later resting times, implying a beneficial
balance of flowability and structural build-up. In contrast, the 30% fly ash mix showed a significant drop in
both yield stress and thixotropy after 30 minutes. This suggests it required excessive water and that the
pozzolanic reaction was slower. For silica fume mixes, the 20% SF mix had the highest yield stresses overall.
However, the 10% SF mix achieved better thixotropy at 30 minutes. These findings support ongoing efforts
to create mix designs that improve pumpability, extrudability, and layer stability for additive manufacturing
in construction.

1. Introduction

Additive manufacturing (AM), or 3D printing, has reshaped many industries by allowing complex objects to be built layer
by layer directly from digital designs. The advantages of AM are reduced material waste, automation, and significant
savings in both time and cost have made it a game-changing technology for design and manufacturing [1, 4]. Among its
many uses, three-dimensional concrete printing (3DCP) has gained attention in the construction industry for its potential
to simplify labor-intensive tasks and reduce material usage. However, successful use of 3DCP depends heavily on
achieving the right rheological properties, such as yield stress, viscosity, and thixotropy. These properties are critical for
making the mixture pumpable, extrudable, and stable enough to support successive layers. Supplementary cementitious
materials (SCMs) like fly ash (FA) and silica fume (SF) , along with resting time, significantly impact these properties.
Fly ash is often used in 3DCP for its ability to improve flowability. It can enhance pumpability by reducing internal
friction, leading to reductions in both static and dynamic yield stresses at moderate replacement levels [5S—8]. However,
extremely high levels of fly ash may cause a slight increase in yield stress over time. This could be due to secondary
hydration or interactions within the cement paste [9]. Silica fume, due to its ultrafine nature, acts both as a filler to enhance
particle packing and as a pozzolanic material that contributes to early strength development. Several studies show that
adding a small percentage of silica fume (e.g., 2-2.5%) substantially increases yield stress and thixotropy [7, 10], thereby
enhancing buildability—but excessive amounts risk stiffening the mix to the point of restricting flow and pumpability
[11, 12]. Resting time—covering any delay between mixing and printing or between successive layers—further influences
rheological evolution, since ongoing hydration and flocculation processes progressively increase yield stress and
thixotropy [13, 14]. While short rest intervals may lead to insufficient structural build-up and layer deformation,
prolonged delays can produce excessively stiff material that is difficult to extrude [15, 16]. Numerical data indicate, for
example, that yield stress can drop from 500 Pa to 300 Pa when 30% fly ash replaces cement, and the flow diameter in
slump tests may increase by 15% at 50% fly ash content, thereby improving pumpability and extrusion suitability [17].
Silica fume, on the other hand, increases viscosity and promotes better cohesion and structural build-up because of the
ultrafine particle size and its high surface area. Adding 6-12% silica fume, for instance, has been shown to raise the
dynamic yield stress from 300 Pa to 650 Pa and the viscosity from 12 Pa-s to 25 Pa‘s [18]. Combined, fly ash and silica
fume can balance flowability and buildability: a mix incorporating 50% fly ash and 10% silica fume has been shown to
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produce consistent rheological properties (yield stress of around 450—550 Pa and viscosity of 20-30 Pa-s) ideal for
extrusion-based printing [19]. Furthermore, regarding thixotropy—which is vital for layer-by-layer stability—fly ash
tends to reduce the thixotropic index (facilitating smoother extrusion), whereas silica fume raises it (enhancing post-
extrusion resistance to deformation) [10]. Recent advancements in 3D printing technology have significantly enhanced
its applicability in the construction industry. For example, researchers have been working on automated systems that help
minimize waste and improve efficiency, offering promising alternatives to traditional construction methods [20, 21].
However, scaling up 3D printing for larger projects remains a challenge. Address the practical challenges that arise when
these technologies are used on construction sites is still needed [22, 23]. One of the key issues is optimizing material flow
to ensure smooth printing while maintaining structural stability. Advances in SCMs have played an important role in
overcoming these challenges. Recent research has focused on improving layer bonding and enhancing the flow behavior
of cement-based mixtures. By incorporating superplasticizers and admixtures, researchers can better control factors like
yield stress, viscosity, and thixotropy [24, 25]. These improvements have made it possible to develop high-performance,
3D-printable concrete mixes tailored to meet the demands of different construction applications.

The main aim of the research is to systematically study and improve the flow behavior of cement-based mortars
designed for 3D printing by changing the amounts of FA and SF. This study aims to understand how these SCMs affect
important flow properties such as static and dynamic yield stress, viscosity, and thixotropy. By targeting these properties,
researchers aim to improve the performance of 3D-printed construction materials, improving their pumpability, ease of
extrusion, and layer stability. These developments contribute to ongoing efforts to improve 3D printing for large-scale
and sustainable construction.

2. Methods

Six concrete mixes were prepared to assess how FA and SF affect the flow properties of 3D-printable mortar at various
water-to-binder (w/b) ratios, as shown in Table 1. The main binder was Ordinary Portland Cement (OPC, ASTM Type
I), along with Class F fly ash (ASTM C618 compliant) and Grade 920D silica fume, both obtained from local suppliers
in the UAE. Mixes were prepared and tested under controlled conditions of 25 + 2°C temperature. The fine aggregate
content (0—2 mm) and a fixed 2% superplasticizer dosage (by total binder mass) were kept constant across all mixes. To
investigate the role of FA in improving workability without requiring additional water, three mixes (0%, 15%, and 30%
FA replacement of OPC) were produced at a 0.30 w/b ratio. Similarly, to address SF’s higher water demand and prevent
overly stiff mixtures, another three mixes (0%, 10%, and 20% SF replacement) were prepared at a 0.45 w/b ratio. To
ensure consistency in the fine aggregates particle size distribution used in the concrete mixes, a sieve analysis was
conducted. The fine aggregates were sieved through standard sieves ranging from 2 mm to 0.075 mm to determine the
percentage passing through each sieve. The resulting distribution of the particle size is shown in Fig. 1. All samples were
prepared following the step by step procedure [26] outlined in Table 2.

Table 1. Mix Design Details

ID w/b! SP%? s/b? SF% FA%
FAO 0
FA15 0.3 0 15
FA30 o 30
SFO 2% ! 0
SF10 0.45 10 0
SF20 20
!'w/b: water-to-binder ratio.
2 SP%: percentage of superplasticizer by total binder mass.
3s/b: sand-to-binder ratio

The following procedure, outlined in Table 2, were used to prepare the mixtures. For the rheometer test, one batch is
made for each mix then three different specimens were tested at intervals of 0, 15, and 30 minutes after mixing. The
rheological properties, including thixotropy, viscosity, and yield stresses, were measured using a standard hysteresis loop
test performed with an Anton Paar MCR 302 rheometer with a 50 mm parallel plate spindle. The gap between the plates
was set to 4 mm, and tests were performed within a shear rate range of 0 to 100 s'. Yield stress and viscosity were
determined using the Bingham model. A single shear history method was employed, generating a hysteresis loop by
recording the up-curve and down-curve (Fig. 2(a)). During testing, the spindle's rotational speed was increased from 0 s™!
to 100 s over 60 seconds and then reduced back to 0 s™ in another 60 seconds.

Yield stress and plastic viscosity were calculated from the down-curve (shear rate range of 20 s to 80 s™') using the
Bingham equation presented in Eq. 1:
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where 7 is the shear stress, 1o is the yield stress, 1 is the plastic viscosity, and y" is the shear rate. Thixotropy was
quantified by calculating the enclosed area between the up-curve and down-curve (Fig. 2(b)), representing the energy
stored in the flocculated structure of the sample.
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Fig. 1. The sieve analysis of the fine aggregates used.
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Fig. 2. Loading history and typical result of a flow curve.

Table 2. Mixing procedure

Time (min) Mixing Steps

0:00 — 1:00 Dry mix OPC, SCM, and aggregates at low speed.

1:00 — 2:00 Gradually add water, continue mixing at low speed.

2:00 —3:00 Pause, scrape mixer sides, add superplasticizer, then resume at low speed.
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3:00 —4:00 Continue low-speed mixing.
4:00 —4:30 Pause, scrape mixer sides again.
4:30 - 6:00 Mix at high speed.

3. Results

3.1 Overview of Rheological Behavior

This section discusses the rheological properties of six mortar mixes. These mixes were designed to investigate the
effects of FA and SF on 3D-printable mortar. Flow curve data from a standard hysteresis loop test were used to evaluate
key parameters such as static yield stress, dynamic yield stress, plastic viscosity, and thixotropy.

The static yield stress was identified as the highest point in the loading curve of the flow test. This point shows the
stress needed to start flow. On the other hand, the dynamic yield stress was found at the intercept of the unloading curve
with the shear stress axis. This indicates the stress needed to maintain flow. Plastic viscosity, which defines the flow rate
under applied stress, was calculated from the linear section of the down-curve. Thixotropy was measured as the area

between the up-curve and down-curve of the hysteresis loop. This shows how much energy is required to break down and
rebuild the mix internal structure.

3.2 Flow curve for FA Mixes

Fig. 3 illustrates the hysteresis curves for the three mixes with varying FA proportions, tested at 0, 15, and 30 minutes
resting times.
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Fig. 3. Flow curves for FA mixes at different resting times.

The curves show a steady increase in shear stress as the shear rate rises for all mixes and resting times, indicating the
material’s growing resistance to flow as the rate of deformation increases. This behavior reflects the basic rheological
response of the mortar, where higher shear rates demand more stress to break down the internal structure. The gradual
changes in shear stress over the different resting times also shows how the mortar’s flow properties evolve with time, as
structural build-up and time-dependent rheological changes take place.

3.2.1 Static and dynamic yield stresses

As shown in Fig. 4, the static yield stress demonstrates varying trends across the resting times for the three mixes. For
FAO, the static yield stress increases progressively with resting time, showing a steady rise from 0 to 15 minutes and
continuing to increase at 30 minutes. FA1S exhibits the sharpest increase, with a significant rise between 15 and 30
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minutes, resulting in the highest static yield stress among the three mixes at 30 minutes. For FA30, an unusual trend is
observed. The static yield stress increases from 0 to 15 minutes but decreases noticeably at 30 minutes. This decline
contrasts with the other mixes, highlighting a potential limitation in FA30's ability to maintain structural build-up at longer
resting times.
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Fig. 4. Static stress for FA mixes at different resting times.

The dynamic yield stress results are presented in Fig. 5. FAO shows a steady increase in dynamic yield stress with
resting time, displaying consistent changes at each interval. FA15 experiences a steep rise between 0 and 15 minutes,
followed by a smaller increase between 15 and 30 minutes, maintaining the highest values among the three mixes. FA30,
however, shows the smallest dynamic yield stress values. It demonstrates only a slight increase between 0 and 15 minutes
and then stabilizes with minimal change between 15 and 30 minutes. This limited development of dynamic yield stress
suggests weaker resistance to flow under increasing shear compared to the other mixes.
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Fig. 5. Dynamic stress for FA mixes at different resting times.

3.2.2 Thixotropy

Fig. 6 shows the thixotropy trends for the three mixes over time. FAQ demonstrates a consistent increase in thixotropy
with resting time, exhibiting moderate increases between each interval. FA15, however, shows a rapid rise, particularly
between 15 and 30 minutes, leading to the highest thixotropy at 30 minutes. This indicates a strong time-dependent build-
up of the internal structure for FA15. In contrast, FA30 exhibits the lowest thixotropy values across all resting times.
Although an increase is observed between 0 and 15 minutes, the rate of increase slows considerably between 15 and 30
minutes, indicating a more limited structural development compared to FAO and FA15.
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Fig. 6. Thixotropy for FA mixes at different resting times.

3.2.3 Plastic Viscosity

Fig. 7 highlights the trends in plastic viscosity for the FA mixes. FAO begins with the highest viscosity at 0 minutes
and shows a gradual decrease with time, exhibiting the lowest viscosity at 30 minutes. This suggests that FAO becomes
less resistant to flow over extended resting periods. FA15, on the other hand, shows an initial increase in viscosity from
0 to 15 minutes, reflecting the structural build-up over this period. After 15 minutes, the viscosity stabilizes with minimal
change at 30 minutes. This stabilization suggests a balance between structural build-up and breakdown due to resting
time. FA30 demonstrates consistently low viscosity values compared to the other mixes. A slight increase is observed
from 0 to 15 minutes, followed by a significant drop at 30 minutes, indicating a reduction in its ability to resist deformation
at higher resting times.
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Fig. 7. Plastic viscosity for FA mixes at different resting times.
3.3 Flow curve for SF Mixes

Fig. 8 illustrates the hysteresis curves for the three mixes with varying SF proportions, tested at 0, 15, and 30 minutes
resting times.
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Fig. 8. Flow curves for SF mixes at different resting times.
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The curves show a steady increase in shear stress with shear rate for all mixes and resting times. This indicates how the
mortar resists deformation under different flow conditions. This behavior reflects the basic flow properties of the mortar.
Higher shear rates require more stress to keep the flow going. The upward shifts in the curves over the three resting times
point out the time-dependent changes in the mortar's structure, which are affected by resting time and SF content. At 0
minutes, the curves show fairly consistent patterns, demonstrating the initial flow characteristics of the mixes. At 15
minutes, the upward shift in the curves becomes more noticeable, reflecting the increasing resistance to flow as the internal
structure continues to develop. By 30 minutes, the differences between the mixes are even more pronounced, with the
curves shifting further upward across all shear rates. This shows a notable increase in the material's resistance to flow
over time, influenced by the addition of SF and the longer resting period. These changes highlight how SF content and
resting time affect the changing flow behavior of the mortar.

3.3.1 Static and dynamic yield stresses

The static yield stress of the SF mixes in Fig. 9 changed noticeably with different resting times, as seen in the figure.
At 0 minutes, SF20 had the highest static yield stress compared to SF10 and SF0, which were much lower. By 15 minutes,
all mixes showed an increase in static yield stress. SF20 had the largest rise, followed by SF10 and SF0. At 30 minutes,
static yield stress continued to increase for all mixes, with SF20 reaching the highest value, well above SF10 and SFO.
This trend demonstrates the growing resistance to flow over time, which is more evident as the SF content increases.
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Fig. 9. Static stress for SF mixes at different resting times.

The dynamic yield stress shows significant variation across resting times, as depicted in Fig. 10. At 0 minutes, SF20
demonstrates the highest dynamic yield stress, followed by SF10, with SFO showing the lowest value. By 15 minutes, all
mixes experience an increase in dynamic yield stress. SF20 continues to exhibit the highest value, with a noticeable rise
compared to SF10 and SFO, which also increase but to a lesser extent. At 30 minutes, the dynamic yield stress further
increases for all mixes, with SF20 maintaining the highest value, significantly surpassing both SF10 and SFO0.
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Fig. 10. Dynamic stress for SF mixes at different resting times.
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3.3.2 Thixotropy

The thixotropy values of the SF mixes demonstrated notable variations over different resting times, as shown in Fig.
11. At 0 minutes, SFO exhibited the highest thixotropy, followed by SF10 and SF20, which showed lower but comparable
values. By 15 min, thixotropy increased slightly for all mixes, with SFO and SF10 showing nearly identical values, while
SF20 remained lower in comparison. At 30 minutes, significant differences observed, with SF10 demonstrating a
substantial increase and reaching the highest value, far exceeding SF20 and SF0. SF20 also experienced a noticeable
increase at 30 minutes, while SFO showed only a marginal rise. These results indicate that resting time and SF content
have a considerable influence on the thixotropy of the mixes, particularly at longer resting periods.
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Fig. 11. Thixotropy for SF mixes at different resting times.

3.3.3 Plastic Viscosity

Fig. 12 highlights the trends in plastic viscosity for the mixes. At 0 minutes, all mixes exhibited relatively similar
viscosity values, with SF10 having the highest value, followed closely by SF20 and SF0. By 15 minutes, SF20 displayed
an increase in viscosity, becoming the highest among the mixes, while SF10 and SFO0 both decreased, with SF0 recording
the lowest viscosity at this time. At 30 minutes, SF20 exhibited a significant rise, reaching the highest viscosity value
overall, followed by SF10, which also increased slightly. SFO, however, showed a further decrease and remained the
lowest among the mixes.
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Fig. 12. Viscosity for SF mixes at different resting times.
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4. Discussion

4.1 Static and Dynamic Yield Stresses

The static and dynamic yield stresses of the FA mixes (FA0, FA15, and FA30) and SF mixes (SF0, SF10, and SF20)
showed significant changes over time. This reflected the impact of the material content and hydration processes.
The static and dynamic yield stresses of the FA mixes (FAO, FALS, and FA30) and SF mixes (SF0, SF10, and SF20)
changed significantly over time because of material content and hydration processes. For the FA mixes, FA15 had the
highest static and dynamic yield stresses at all resting times, with increases of about 85% compared to FAOQ. This is likely
due to a balance between pozzolanic activity, the filler effect, and particle cohesion. Together, they help improve
structural build-up. In contrast, FA30 showed a different trend. Its static yield stress increased at 15 minutes but dropped
by over 70% at 30 minutes. This drop may be caused by the higher water demand of FA30. As a result, its internal
structure weakens over time. The slower pozzolanic reaction may also contribute to this behavior. The result is reduced
interparticle cohesion. Further investigation is needed to understand the mechanisms behind this unusual behavior and to
explore possible solutions for improving the stability of FA30 mixes. FAO consistently showed the lowest static and
dynamic yield stresses, which highlights the lack of SCM contributions to structural development. For SF mixes, SF20
showed the highest static and dynamic yield stresses. By 30 minutes, it increased by more than 50% compared to SF10
and over 180% compared to SFO. This is due to the high reactivity and fine particles of silica fume. These properties
increase the fast formation of calcium-silicate-hydrate (C-S-H) gel and create a denser particle network. SF10 showed
moderate increases over time. At 30 minutes, its static and dynamic yield stresses were about 40% higher than SF0. For
SFO, it consistently had the lowest static and dynamic yield stresses, showing it lacked reactive materials needed for
hydration and structural build-up.

4.2 Thixotropy

Thixotropy trends for both FA and SF mixes demonstrated the time-dependent evolution of structural build-up and
breakdown, influenced by material composition and hydration.

For the FA mixes, FA15 exhibited the highest thixotropy at 30 minutes, with approximately a 20% increase compared
to FA30 and over 125% higher than FAOQ. This reflects its ability to recover its internal structure after shearing due to
balanced pozzolanic activity and particle packing. At 15 minutes, FA15 displayed significant structural build-up, with
about 37% higher thixotropy compared to FAO and 26% higher than FA30. By 30 minutes, both FAO and FA30 showed
declines in thixotropy, with FA30 experiencing a reduction of nearly 60% compared to its peak at 15 minutes. This sharp
drop in FA30 is attributed to its high-water demand and delayed pozzolanic reaction, which weakens the structure and
prevents efficient recovery after shear. FAO’s lower thixotropy reflects its reliance on the cement matrix without the
benefits of supplementary pozzolanic activity.

For SF mixes, SF10 exhibited the highest thixotropy at 30 minutes, with approximately 60% higher values compared
to SF20 and more than double the thixotropy of SFO. SF10’s higher thixotropy suggests an optimal balance between
particle cohesion and dispersibility, enabling better recovery of the internal structure. SF20, while having higher yield
stresses, showed lower thixotropy at 30 minutes, likely due to over-consolidation caused by excessive SF, which limits
structural rebuilding after shear. SFO had the lowest thixotropy values throughout, reflecting its limited cohesion and
structural development in the absence of SF.

4.3 Plastic viscosity

The plastic viscosity trends for both FA and SF mixes reveal complex behaviors influenced by hydration, particle
interactions, and water availability. While viscosity generally increases over time due to structural build-up and
densification, certain mixes exhibit decreases in viscosity at later stages, reflecting shear thinning and changes in
microstructure.

For the FA mixes, FAO initially exhibited the highest viscosity at 0 minutes, approximately 85% higher than FA30,
as flow resistance was primarily governed by the cement matrix. However, its viscosity decreased steadily by about 45%
at 30 minutes, indicating the inability of the cement matrix alone to sustain structural integrity during prolonged resting.
FA15 showed stable viscosity at 15 minutes, maintaining about 30% higher viscosity than FA30, but a sharp reduction
of nearly 75% at 30 minutes suggests the breakdown of flocculated structures formed earlier. This reduction is due to
shear thinning, where hydration products, such as C-S-H gels, initially enhance interparticle cohesion but lose their
structural effectiveness under prolonged shear or insufficient water retention. FA30 exhibited the lowest viscosity at 30
minutes, approximately 60% lower than its initial value, reflecting the impact of its high FA content. The slower
pozzolanic reaction, combined with excessive water demand, diluted the mix, reduced interparticle friction, and hindered
the formation of a cohesive microstructure.
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For SF mixes, SF20 showed a steady rise in viscosity over time. At 30 minutes, its viscosity was about 50% higher
than SFO. This is due to the high surface area and strong pozzolanic activity of SF. These properties help densify the
structure and strengthen particle cohesion. SF10 had a moderate increase as its viscosity was about 30% higher than SFO
after 30 minutes. This suggests a good balance between workability and structural build-up, with enough water for
hydration. In contrast, SFO showed a steady drop in viscosity. Over 30 minutes, it decreased by nearly 60%. This drop
reflects the lack of reactive SF, which limits densification and weakens particle cohesion. As a result, the mix becomes
more fluid over time.

The drop in viscosity seen in FA15, FA30, and SFO is due to hydration, flocculation, and water availability. As resting
time increases, hydration products like C-S-H gels form and build structure, raising viscosity. But when mixes have few
reactive materials or too much water, like FA30 and SF0, hydration becomes less effective. This weakens the internal
structure and lowers viscosity. Shear thinning also affects the behavior as flocculated networks formed early break down
under shear. In FA30, the slow pozzolanic reaction and high-water demand make the viscosity drops faster.

Similar results have been seen in previous research. When there is too much water or not enough reactive material,
the viscosity drops over time because the structure doesn’t build up properly during rest. For example, Roussel et al. [27]
found that mixes with high amounts of supplementary cementitious materials delayed the development of the internal
structure. Jayathilakage et al. [28] also highlighted the need to carefully balance water and binder to keep viscosity stable
during 3D printing. These studies point to the importance of improving mix designs to avoid large drops in viscosity and
ensure stable structures over time.

5. Conclusion

The results of this study show that different amounts of fly ash and silica fume can greatly impact yield stresses,
viscosity, and thixotropy in 3D-printable mortars. Finding the right balance of these materials is important for maintaining
workability and strong structural build up over time. The main observations are as follows:

e Moderately increasing fly ash content (FA15) enhanced both static and dynamic yield stresses and resulted in the
highest thixotropy at longer resting times, indicating an optimal balance between workability and structural build-
up.

e  Excessive fly ash content (FA30) showed an unusual drop in yield stress after 30 minutes. This requires further
investigation into the hydration process for this specific mixture.

e Higher silica fume content (SF20) led to pronounced increases in yield stresses and viscosity, demonstrating rapid
formation of C-S-H gels and consolidated networks, beneficial for early structural gain in 3D printing.

e Despite SF20’s superior yield stress, SF10 showed the highest thixotropy at 30 minutes, indicating that an
intermediate silica fume dosage may offer the best compromise between flow and structural recovery post-shear.

e Select mixes (FA30, SF0) displayed a notable decrease in viscosity over time, attributed to interplay between
hydration, water demand, and shear thinning, highlighting the need for balanced water-to-binder ratios to maintain
rheological stability.

e Overall, a combination of moderate fly ash (around 15%) and intermediate silica fume (around 10%) shows promise
in optimizing pumpability, extrudability, and layer stability in 3D-printable mortars, while excessive dosage of
either SCM risks adverse effects on workability or final build strength.

The findings of this study are part of ongoing research to develop optimized 3D-printable cementitious mixes. These
results provide a foundation for achieving a balance between flowability and structural stability while addressing
practical challenges in large-scale applications. Future studies should investigate the long-term effects of hydration
kinetics on the rheological behavior of 3D-printed mortars, particularly the synergy between fly ash and silica fume in
enhancing structural build-up. Additionally, exploring durability and mechanical performance under real-world
environmental conditions will be critical for scaling this technology to industrial applications. Further work will focus
on ensuring the scalability and durability of these mixes in real-world construction scenarios.
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