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ABSTRACT 

Thin shells are widely used in structural design and developing lightweight high-performance 9 

materials and composites. A fluid coating-assisted additive manufacturing method proposed in 10 

the literature shows great potential in fabricating lightweight composites using shell-like 11 

framework architectures. However, understanding the fabrication of thin shells by controlling 12 

the fluid rheology for a submillimeter-thin coating is still limited. As a demonstration, we 13 

investigated the effect of surface tension and yield stress of cement paste on the spreading and 14 

stabilisation on a curved honeycomb scaffold to form a thin-shell structure via a lattice-15 

Boltzmann method simulation. We found the coating of cement paste is governed by the 16 

coupling effect of surface tension (γ) and yield stress (σy), which not only controls the stability 17 

but also affects its geometry. The optimal ranges of γ and σy were determined and their 18 

correlation was derived as a design guideline for future development of this cementitious thin-19 

shell structure. As well, equivalent microscale rheological parameters (γ = 0.015 N/m and σy = 20 

3.42 Pa) were identified. This study improves our understanding of the fabrication of high-21 

performance cementitious shells and sheds light on the fabrication of submillimetre-thin shells 22 

using a wide range of materials. 23 
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1. Introduction 

The formation of thin shells plays an essential role in developing lightweight high-performance 1 

materials. Thin shells are used as one of the fundamental unit cells in the architecture of 2 

lightweight materials with the function of load bearing [1], protection [2], energy absorption 3 

[3] etc., leading to various high-performance materials including mechanical [4-9] and acoustic 4 

[10, 11] metamaterials. For example, the famous high-strength, ultralight cellular material 5 

named “Shellular” was proposed in 2015 [4], in which cells are composed of a continuous, 6 

smooth-curved shell. As reported in the literature [5], by optimizing the shell geometry, the 7 

strength and stiffness of Shellular can be improved by 2.5 times and 4 times, respectively. 8 

Besides, research also reported [6] honeycombs made from ceramic-polymer composites with 9 

strength up to 280 MPa and density below 1,000 kg/m3 were reached using a specific designed 10 

shell-like framework architecture. 11 

Despite showing great potential in fabricating thin shells for lightweight, high-performance 12 

material, fluid coating-assisted additive manufacturing of thin shells has not been fully 13 

understood. Additive manufacturing (AM) [12] is the primary approach to fabricating these 14 

high-performance materials because of the ability to fabricate complex geometries [5, 13-15]. 15 

While existing AM processes is restricted to a number of metals [16], polymers [17, 18] and a 16 

limited number of ceramics [19]. A fluid coating-assisted AM approach (which is also known 17 

as surface tension-assisted AM [20, 21]) was proposed in the literature to fabricate thin shells 18 

from almost any hardenable material. Fluid coating-assisted AM uses high-precision 3D 19 

printing to manufacture a scaffold first, which is then coated with the fluid, such as fresh cement 20 

paste [20] or liquid hydrogel [21]. Thin shells with a thickness in the range of a few hundreds 21 

of microns [20, 21] are then formed after hardening of the fluid film resulting from cement 22 

hydration or polymer crosslinking. The geometry of the thin shell can be precisely controlled 23 

by the scaffold’s geometry, with resolution down to microscale [20, 21] which was reported to 24 

be challenging using AM directly in literature [22, 23]. Literature suggests that the thin shells 25 
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made from cementitious composites are 200% stronger than traditional lightweight 1 

cementitious materials [20]. However, despite the great potential demonstrated by fluid coating-2 

assisted AM, the interaction between the fluid and scaffold and the effect of fluid rheology on 3 

the formation of thin shells are not well understood, limiting the development of the fabrication 4 

process to a trial-and-error basis. 5 

To address the complex effect of fluid rheology on fluid coating-assisted AM, we used a 6 

multiphase lattice-Boltzmann method (LBM)-based scheme [24, 25] to simulate the thin-shell 7 

formation in the fabrication of novel lightweight cementitious composites. As a demonstration, 8 

we simulated the coating process of cement paste, a typical Bingham fluid. Previous 9 

understandings of the flow of Bingham fluid are mainly limited to pipeline flow [26] or radical 10 

flow on a smooth surface [27]. The investigations of Bingham fluid flow in complex boundaries 11 

driving by gravity and surface tension are rarely seen. LBM modelling, compared to other 12 

computational fluid dynamics (CFD) methods [28], has shown superior advantages in parallel 13 

computation [24], modelling of complex boundaries [29, 30] and multiphase/multicomponent 14 

flows [31, 32]. Hence, a multiphase LBM simulation was performed to investigate the fluid 15 

flow behaviour of cement paste on a complex, curved honeycomb polymer scaffold. Surface 16 

tension was reported as one main driving force in the fluid coating process [21]. Besides, other 17 

rheological properties, such as yield stress, viscosity, and shear thinning/thickening properties, 18 

may also affect fluid coating performance. However, as reported in literature [33-35], the 19 

workability of cement paste is mainly related to yield stress. Thus, only the effect of surface 20 

tension and yield stress on the fluid coating was investigated in this study. 21 

Our results revealed that the fluid coating process is governed by the coupling effect of 22 

surface tension and yield stress, where the values of surface tension and yield stress must satisfy 23 

the derived equation to provide the balanced formation of cementitious composites with 24 

submillimetre-thin shells. The effect of surface tension and yield stress on the formation of 25 

submillimeter-thin cement shells were first investigated independently here, followed by their 26 
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coupling effect. Finally, by comparing the simulation results with experimental micro-1 

computed tomography (CT) data, the equivalent rheological properties, representing the fluid’s 2 

microscopic behaviour, were determined. We aimed to provide a fundamental understanding 3 

of the formation of submillimetre-thin shell structures by controlling the rheological properties 4 

of cement paste, which serves as a foundation for further development of other thin-shell 5 

structures using the fluid coating assisted AM.  6 

2. Methods 

2.1. Experiment 7 

The following sections briefly summarise experimental work described in our previous work 8 

[20]. The experimental results were used to determine the volume of cement paste to be 9 

deployed under simulation. The spreading and stability of fluid in the experiment were 10 

compared with the simulation results in Section 3.4. 11 

Additive manufacturing of the scaffold. The polymer scaffold (Figure 1a) was fabricated 12 

using an Objet Eden 360 printer and stereolithography 3D printing technology. An acrylic 13 

photopolymer (light-activated resin) was used as the printing material and a different soluble 14 

acrylic photopolymer was used as the support material. The residue of support material attached 15 

to the printed part was removed with 7wt% NaOH solution. 16 

 17 

Figure 1. (a) Curved honeycomb polymer structure as the scaffold. (b) Typical image of the 18 

polymer scaffold after coating. 19 
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Formation of thin-shell structure by fluid coating. Type GP (General purpose) ordinary 1 

Portland cement, conforming to the requirements of AS 3972 [36], was used. The chemical 2 

composition is shown in Table 1. A high-shear mixer (Model 7000 constant speed mixer from 3 

Cement Test Equipment) was used to mix the cement powder with water at a water-to-cement 4 

ratio of 0.25. A polycarboxylic-based superplasticiser was added with a dosage of 1.4% to 5 

maintain workability of the cement paste at 130 ± 2 mm diameter for the slumped paste, based 6 

on the mini-slump test [37, 38]. The mixing process was carried out following ASTM 7 

C1738/1738M [39]. The mixing environment was controlled such that humidity and 8 

temperature were 50% ± 2% and 23 ± 2 °C, respectively.  9 

Table 1. Chemical composition (w.t. %) of general purpose ordinary Portland cement.  10 

Al2O3 SiO2 CaO Fe2O3 K2O MgO Na2O SO3 LOI 

4.7 19.9 63.9 3.4 0.5 1.3 0.2 2.6 3.0 

Subsequently, the 3D-printed polymer scaffold was dipped into the cement paste and lifted out 11 

after 2 s, which ensured the scaffold was fully coated with cement paste. The cement paste was 12 

allowed to set for 16 h in an environment of controlled humidity (95% ± 2%) and temperature 13 

(23 ± 2°C). Next, the structure was cured in saturated Ca(OH)2 solution for 7 days and dried at 14 

60°C for 24 h. The finished product (Figure 1b) was stored at an ambient temperature of 20 ± 15 

2°C. 16 

X-ray micro-CT data. A ZEISS Xradia 520 Versa instrument was used to characterise the 17 

geometry of the hardened cement shell structure. Before commencing the scanning procedure, 18 

the samples were ground so that the top and bottom surfaces were flat, which resulted in a 19 

sample height of 10 ± 0.2 mm. During the scanning process, roughly 1012 cross-sectional 20 

images were taken as a sample. These continuous X-ray images were later reconstructed into 21 

volumetric images that contained 16-bit grayscale value (GSV) data. The voxel size of the 22 

reconstructed image is 20 µm/voxel. 23 

2.2.  Lattice-Boltzmann Method (LBM) simulation 24 
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Open-source software, Palabos, was used as the solver for the LBM simulation. It simulates the 1 

interaction between three essential phases within the system, namely, polymer scaffold (solid), 2 

cement paste (liquid) and air (gas). To avoid simulation of large quantities of cement paste and 3 

improve the simulation efficiency, a pre-determined volume of cement paste was applied onto 4 

the top of the polymer scaffold and allowed to flow down the structure (Figure 2) until the 5 

system reached equilibrium. The volume of cement paste was controlled to be same with the 6 

experimental conditions as determined by micro-CT analyses. The results showed that the 7 

simulation scheme could capture the thin film’s formation process under surface tension and 8 

gravity. The formation of cement shells has two stages: a dynamic formation process and an 9 

equilibrium stage. As shown in Figure 2, the dynamic process starts when the cement paste is 10 

released at the top of the scaffold. It flows downward during the dynamic stage until it reaches 11 

equilibrium where the fluid stops moving. The following sections summarise the setup of the 12 

LBM simulation.  13 

 14 

Figure 2. (a) Geometry of the polymer scaffold, (b) initial conditions for the LBM simulation 15 

and (c) stabilised condition of flow.  16 
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Basic algorithm. The LBM is essentially a method of solving a discrete-velocity Boltzmann 1 

equation, which can be expressed as [40, 41] 2 

 3 

where at a given time 𝑡 and position 𝒙, 𝑓𝛼
𝜎(𝒙, 𝑡) is the particle distribution function (PDF) of 4 

the 𝜎th fluid component; 𝑓𝛼
𝜎(𝑒𝑞)

 is the local equilibrium PDF; 𝛼 is a constant, the value of 5 

which depends on the implemented lattice model (a three-dimensional nineteen velocity lattice 6 

(D3Q19) model was used for the simulation; hence 𝛼 varied from 0 to 18); 𝛿𝑡 denotes the time 7 

increment, which was set to unity for simplicity; 𝒆𝛼 is a vector that represents the discrete lattice 8 

velocity; 𝜏𝜎  is the relaxation time, which controls the rate of the system approaching 9 

equilibrium.  10 

The 𝑓𝛼
𝜎(𝑒𝑞)

 term in Eqn. (1) can be written as 11 

 12 

where 𝜌𝜎 and 𝒖𝜎
𝑒𝑞

 are the macroscopic (bulk) density and velocity of fluid, respectively; 𝑤𝛼 is 13 

the weightage, the value of which is dependent on the chosen lattice model; when 𝑐𝑠 = 𝛿𝑥/𝛿𝑡 14 

is the lattice speed of sound and 𝛿𝑥 is the lattice spacing, 𝑐𝑠 can be taken as 1/√3, the time 15 

increment and lattice spacing are set as unity. 16 

Models. As the cement paste was surrounded by air and was allowed to flow freely without any 17 

confinement, the LBM simulation needed to be able to handle the large viscosity ratio and high 18 

density ratio between the liquid and surrounding air [42]. Thus, a free-surface model was 19 

adopted. As suggested by its name, the interface boundary between the fluid phases (liquid and 20 

gas) is allowed to change and move freely.  21 

𝑓𝛼
𝜎(𝒙 + 𝒆𝛼𝛿𝑡 , 𝑡 + 𝛿𝑡) = 𝑓𝛼

𝜎(𝒙, 𝑡) −
1

𝜏𝜎  𝑓𝛼
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𝜎(𝑒𝑞)
(𝒙, 𝑡)  (1)  

𝑓𝛼
𝜎(𝑒𝑞)

= 𝑤𝛼𝜌𝜎  1 +
𝒆𝛼 ∙ 𝒖𝜎
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As for the rheological properties of cementitious material, considering the Bingham model is 1 

a discontinuous model which also overestimated the yield stress of cement paste in the region 2 

of low shear rates [43], the Carreau model was adopted to account for changes in viscosity of 3 

the cement paste in relation to a changing strain rate. The Carreau model is widely used to 4 

demonstrate the properties of non-Newtonian fluids such as cementitious materials [44-46]. 5 

The dynamic viscosity 𝜇, which changes in relation to the shear rate 𝑆, can be expressed by the 6 

equation [47] 7 

𝜇 = 𝜇∞ + (𝜇0 − 𝜇∞)(1 + (𝜆 × |𝑆|)2)
(𝑛−1)

2  (3) 8 

where 𝜇∞ and 𝜇0 are the fluid’s viscosity at infinite and zero strain rate respectively; 𝜆 is the 9 

relaxation time in seconds; 𝑛 is the power index. The shear stress 𝜏, can be calculated using the 10 

Newton’s law of friction 11 

𝜏 =  𝜇𝑆 (4) 12 

The Carreau model follows a collision model of the simplified Bhatnagar-Gross-Krook 13 

(BGK) model. This collision model controls the rate of change in particle distribution within 14 

the system upon particle collisions. More insight into the BGK model can be found in the 15 

literature [48]. 16 

Parameters. Firstly, the rheological parameters of the cement paste were set. As cement paste 17 

is a Bingham fluid with a viscosity that is essentially infinite at zero strain rate, 𝜇0 was set at a 18 

relatively large value of 40 Pa⋅s. 𝜇∞ ranges from 0.005 Pa⋅s to 0.282 Pa⋅s in literature [49-51]. 19 

Here, we set 𝜇∞ at 0.06 Pa⋅s. According to literature [52-55], λ usually ranges from 0.032 s to 20 

103.088 s and the range of n is 0 to 1 for shear-thinning fluid. The values of 𝜆 and 𝑛 used in the 21 

simulation were selected based on these ranges to (1) fit to a range of desired values of yield 22 

stress (𝜎𝑦) and (2) ensure a sharp viscosity change around yield point to simulate the Bingham 23 

fluid behaviour of cement paste (as shown in Figure 3). The yield stresses simulated in this 24 
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study were 0.99 Pa, 2.21 Pa, 3.42 Pa, 4.64 Pa, 8.31 Pa, 12.0 Pa, and 15.6 Pa according to the 1 

range of yield stress reported in the literature [49, 51, 56, 57]. 2 

 3 

Figure 3. Example of Carreau-model approximation (shear stress 𝜏 against shear rate S) of 4 

cement paste. 5 

 6 

As the formation of a film covering the windows of the polymer scaffold is primarily 7 

attributed to surface tension, it is essential to study the effects of surface tension of cement paste 8 

on fluid behaviour. Considering the surface tension (𝛾) of cement pore solution is lower than 9 

water (which is 0.073 N/m at room temperature [58]) [59, 60], 11 surface tension values were 10 

simulated in this study, which were 0.01 N/m, 0.015 N/m, 0.02 N/m, 0.025 N/m, 0.03 N/m, 11 

0.035 N/m, 0.04 N/m, 0.045 N/m, 0.05 N/m, 0.055 N/m, and 0.07 N/m. Other parameters, which 12 

were specified before commencing the LBM simulation, included contact angle and density. 13 

The contact angle was set as 0 degrees to demonstrate perfect wetting on the hydrophilic surface 14 

of the polymer scaffold. The density of the cement paste was set to 2000 kg/m3. 15 

Initial and boundary conditions. As shown in Figure 2, the boundary conditions in the x- and 16 

y-axis were set to be periodic. To effectively reduce the computational cost, only two tiers of 17 

the structure (Figure 2a) along the z-axis were simulated in the study. In the z-axis, a confined 18 

boundary condition was used so that extra cement paste was allowed to accumulate on the 19 

bottom surface of the periodic box. The use of confined boundary conditions also prevented 20 

excess cement fluid from re-entering the system at the top of the structure, which is closer to 21 

the real-world situation.  22 
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Before commencing the LBM simulation, the unit cell that defined the polymer scaffold’s 1 

geometry was imported as a stereolithography (STL) file and voxelised into a block structure 2 

[61]. At the beginning of the LBM simulation, a block of cement paste was dropped onto the 3 

polymer scaffold (Figure 2b) and allowed to freely flow along the polymer scaffold until the 4 

stopping criteria were fulfilled, as shown in Figure 2c. 5 

Stopping criteria. The stopping criteria were set to be when equilibrium was achieved, which 6 

was satisfied when the momentum of fluid was less than 2.7×10-12 kg⋅m/s. Another criterion to 7 

judge if the system had achieved a stable state was when the magnitude of shear stress over the 8 

fluid body was below its yield stress. The freshly coated structure was termed the “3D fluid 9 

structure” in this study, and it should be noted that the fluid structure was deemed stable when 10 

any one of the criteria was achieved. 11 

Behaviour indicators. To quantify the behaviour of the fluid structure, a number of indicators 12 

are proposed and used in the present study. The first indicator was the average velocity (𝑣) of 13 

all fluid components, reflecting how fast the fluid spreads on the scaffold. The second indicator 14 

was the average shear stress (𝜏) of all fluid components, an overall indicator of the forces that 15 

the fluid structure is sustaining. The third indicator was the centre of mass (CM) elevation (𝑧𝑐𝑚), 16 

which indicated the overall downward spreading of the fluid on the scaffold. Finally, the 17 

eccentricity CM (∆𝑒𝑐𝑚) to the centre of the periodic unit in the x and y directions represented 18 

the degree of evenness of the fluid structure. 19 

 20 

3. Results and discussion 

3.1. Effects of surface tension on cement shell structure 21 

The surface tension of a fluid is generated by intermolecular forces around the interface between 22 

fluid and air, which tends to minimise the interface area to reduce the surface energy [62]. In 23 
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this study, the effects of surface tension on the formation of the cement shell were examined 1 

and quantitatively analysed.  2 

Surface tension has a significant effect on the flow of cement paste fluid and the shear stress 3 

generated within the fluid. As illustrated in Figure 4 and Figure 5, the transient velocity and 4 

shear stress in the cement paste fluid was notably influenced by the surface tension, γ. After the 5 

cement paste fluid was released, it immediately reshaped its surface geometry to minimise the 6 

surface energy [62]. As a result, the fluid was subjected to high acceleration and began to move 7 

downwards. The peak velocity was reached before 0.01 s (Figure 4, Figure 6a). After reaching 8 

its peak, the velocity decreased substantially over 0.01–0.05 s until the system was close to 9 

equilibrium. The behavioural indicators (average velocity (𝑣) and average shear stress (𝜏) 10 

shown in Figure 6a, Figure 6b) also showed a pattern of high acceleration and an increase in 11 

shear stress at the start of the dynamic formation stage. Figure 6a,b shows that the cement paste 12 

fluid with a higher surface tension had a higher peak velocity and higher shear stress.  13 

 14 

 15 
Figure 4. Variation in velocity distribution during the flow of a cementitious fluid with 16 

different surface tension (γ = 0.01 to 0.07 N/m) at σ𝑦 = 0.99 Pa. 17 
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 1 
Figure 5. Variation in shear stress distribution during the flow of a cementitious fluid with 2 

different surface tension (γ = 0.01 to 0.07 N/m) at σ𝑦 = 0.99 Pa. 3 

 4 
Figure 6. Line plots of the temporal effects of surface tension on (a) average velocity (𝑣) of all 5 

fluid components, (b) average shear stress (𝜏) of all fluid components, (c) centre of mass 6 

elevation (𝑧𝑐𝑚) of the fluid structure and (d) change in the centre of mass eccentricity (∆𝑒𝑐𝑚) 7 

of the fluid structure in comparison with the initial time step. 𝜎𝑦 in all cases is 0.99 Pa. Range 8 

bars show the 25th and 75th percentile values. The voxel size is 18.75 µm/voxel. 9 

 10 

We found that surface tension had a two-fold effect on the spreading of the cement paste 11 

across the polymer scaffold: it drove the initial movement and stopped the movement when 12 

close to equilibrium. As shown in Figure 4, when the cement paste approached a subsequent 13 

tier of polymer beams (t = 0.009 s), the paste was dragged downwards by the surface tension 14 
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on the scaffold (high-velocity and high-stress region in Figure 4 and Figure 5). This effect is 1 

likely due to the polymer element’s hydrophilic surface, which tends to attract the fluid to 2 

reduce the element’s surface energy [62]. After about 0.015 s, as shown in Figure 4 and Figure 3 

5, the interaction between the scaffold and fluid acted as a stopping force that resisted further 4 

fluid flow. This effect is also shown in Figure 6c, where the downward movement of 𝑧𝑐𝑚 has 5 

slowed after about 0.015 s. An exception was when surface tension was as low as 0.01 N/m, 6 

gravity dominated and fluid kept flowing downwards. Hence, a stable cement films could not 7 

be formed (Figure 4). This can be quantitatively observed in Figure 6c where at low surface 8 

tension (𝛾 = 0.01 N/m), the CM of the cement paste dropped dramatically until it hit the bottom 9 

of the periodic box.  10 

At equilibrium, surface tension plays a vital role in the formation of stable and uniform 11 

cement films. As shown in Figure 5, the fluid around the polymer showed high shear stress, 12 

which counteracted the gravity force on the cement paste fluid and maintained a stable film. 13 

This is also why the average shear stress (Figure 6b) in the stable state was higher than the yield 14 

stress. By contrast, in the case of surface tension higher than 0.025 N/m, the cement paste fluid 15 

was retained on the scaffold and as a result, the elevation of the CM became constant as the 16 

system approached a stable state. However, when surface tension was higher than 0.045 N/m, 17 

the CM eccentricity of the cement paste (∆𝑒𝑐𝑚) significantly increased at equilibrium (Figure 18 

6d), indicating a non-uniform distribution of the cement paste fluid. In general, an increased 19 

spatial variance is undesirable for hardened cement shells, because it leads to a higher stress 20 

concentration.  21 

In conclusion, when the yield stress (𝜎𝑦) is 0.99 Pa, cement paste fluid with a surface tension 22 

in the range of 0.025 N/m and 0.045 N/m is preferred for forming stable and uniform cement 23 

films. 24 

3.2. Effects of yield stress on cement shell structure 25 
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The effects of another rheological property, yield stress, on the behaviour of fluid structure were 1 

examined. Yield stress of fresh cement paste is a very common rheological parameter due to 2 

particle interactions and interlocking in the fluid [49, 51, 56, 57, 63]. Yield stress is defined as 3 

the required shear stress to initiate the flow of a fluid and it predominantly influences the fluidity 4 

of cement paste in a system.  5 

As illustrated in Figure 7 and Figure 9a, an increase in yield stress reduces the velocity and 6 

spreading of the fluid. As mentioned before, the flow of a fluid is driven by the gravity force 7 

on cement paste and surface tension, whereas yield stress resists the flow and increases the 8 

energy consumption during spreading of the fluid. With a high yield stress, for example σ𝑦 = 9 

15.6 Pa in Figure 7 and Figure 8, the velocity in the fluid was very low in the very initial state 10 

(t = 0.004 s) and the fluid stopped spreading without reaching the second tier of the scaffold. 11 

The effect of yield stress on the spreading of the cement paste was further quantified by the 12 

indicators, 𝑧𝑐𝑚 and ∆𝑒𝑐𝑚 in Figure 9c and Figure 9d. When the yield stress exceeded 8.31 Pa, 13 

there was minimal shift in 𝑧𝑐𝑚 and ∆𝑒𝑐𝑚 which proved there was limited movement of the 14 

cement fluid.  15 

 16 
Figure 7. Variation in velocity distribution during the flow of a cementitious fluid with 17 

different stiffness (σ𝑦 = 0.99 to 15.6 Pa) at γ = 0.04 N/m. 18 
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 1 
Figure 8. Variation in shear stress distribution during the flow of a cementitious fluid with 2 

different stiffness (σ𝑦 = 0.99 to 15.6 Pa) at γ = 0.04 N/m. 3 

 4 
Figure 9. Line plots of the temporal effects of yield stress on (a) average 𝑣 of all fluid 5 

components, (b) average 𝜏 of all fluid components, (c) centre of mass elevation 𝑧𝑐𝑚 of the 6 

fluid structure, and (d) ∆𝑒𝑐𝑚 of the fluid structure in comparison with the initial time step. 𝛾 7 

in all cases is 0.04 N/m. Range bars show the 25th and 75th percentile values. 8 

 9 

On the other hand, high yield stress is essential to formation of thicker and more stable films, 10 

which can be attributed to the ability of a high-yield stress cement fluid to withstand higher 11 

shear stress without flowing. As demonstrated in Figure 8 and Figure 9b, a cement paste with 12 
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higher yield stress generally had higher average shear stress in the stable state where the cement 1 

paste was stationary.  2 

To sum up, the yield stress of a cement paste should be controlled at a moderate magnitude. 3 

The yield stress should not be too high to ensure the cement paste is flowable enough to be 4 

driven by gravity and surface tension. As well, it should not be too low to incur instability, 5 

which causes failure in film formation.  6 

3.3. Coupling effects of surface tension and yield stress of the fluid 7 

To demonstrate the simultaneous effects of surface tension and yield stress on fluid behaviour, 8 

the behaviour indicators were plotted (Figure 10) against yield stress, σ𝑦 and surface tension, 9 

γ. As shown in Figure 10a and Figure 10b, the effects of surface tension and yield stress on 10 

velocity and shear stress were consistent with the trends discussed in sections 3.1 and 3.2. The 11 

coupling effect on the dynamic formation process were further quantified using the time when 12 

the maximum velocity or stress was reached. As shown in Figure 10c, the time at which the 13 

cement paste achieved maximum velocity decreased as surface tension increased, the exception 14 

being when the surface tension was lower than 0.025 N/m where the time was unchanged at 15 

any yield stress value. The trends shown in Figure 10c indicate the time for reaching the 16 

maximum velocity of cement fluid is highly sensitive to its surface tension but relatively 17 

insensitive to yield stress. By contrast, the time for reaching the maximum shear stress of 18 

cement paste is more sensitive to fluctuations in yield stress (Figure 10d). Nonetheless, the 19 

coupling effect of surface tension and yield stress is significant and should be considered in the 20 

design of thin shells. 21 

 22 
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 1 

 2 
Figure 10. Surface plots showing the coupling effects of surface tension and yield stress on (a) 3 

maximum average 𝑣 of all time steps, (b) maximum average 𝜏 of all time steps, (c) time (𝑡) of 4 

achieving maximum average 𝑣, (d) 𝑡 of achieving maximum 𝜏, (e) 𝑧𝑐𝑚 reduction of fluid 5 

structure at the last time step (∆𝑧𝑐𝑚), and (f) maximum ∆𝑒𝑐𝑚 of fluid structure. (g) Contour 6 

plot of ∆𝑧𝑐𝑚 and maximum ∆𝑒𝑐𝑚. The optimal region is shaded red. 7 

 8 

We have also identified the optimum region for balancing the spreading and stability of 9 

cement films. To determine the optimal regions of σ𝑦  and γ,  ∆𝑧𝑐𝑚  and ∆𝑒𝑐𝑚  (Figure 10e, 10 

Figure 10f) were used to represent the extend, stability and evenness of the spread. To ensure 11 
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the formation of a stable and uniform film, we chose an optimal region for ∆𝑧𝑐𝑚 within –40 1 

voxels (–0.75 mm) and –80 voxels (–1.5 mm) and an optimal maximum ∆𝑒𝑐𝑚 less than 10 2 

voxels (0.19 mm). When ∆𝑧𝑐𝑚 was less than –40 or greater than –80 voxels, the fluid either did 3 

not spread well into the second tier or dripped off from the scaffold. The smaller the ∆𝑒𝑐𝑚, the 4 

more uniform was the fluid structure. The identified optimum region is presented in Figure 10g 5 

as the shaded area. We found to ensure a stable and uniform fluid coating, the surface tension 6 

and yield stress should satisfy following relationship:  7 

{

3 ≤ −3041𝛾2 + 146𝛾 + 𝜎𝑦 ≤ 15

0.99 ≤ 𝜎𝑦 ≤ 7.5

0.01 ≤ 𝛾 ≤ 0.042

(5) 8 

In addition to the dynamic formation process, the coupled effect of surface tension and yield 9 

stress can be used to tune the cement film’s equilibrium geometry. Cross-sections of various 10 

fluid structures are presented in Figure 11, showing significant differences in the cementitious 11 

film’s curvature and thickness. As shown in Figure 11, “fillets” formed at the joints between 12 

polymer elements, which was beneficial for smooth stress flow and reduced the stress 13 

concentration [64, 65]. Comparing Figure 11d (r1) with Figure 11e (r2), it can be seen that the 14 

cement paste with higher surface tension formed fillets with a smaller radius of curvature. In 15 

terms of the thickness of the cementitious film, it can be seen that the thickness increased with 16 

both surface tension (Figure 11a to Figure 11b) and yield stress (Figure 11d, Figure 11e). It is 17 

worth noting that the cross-sections in Figure 11 were taken at the second tier of the scaffold. 18 

Therefore, the uneven distribution of thickness (Figure 11c, Figure 11f) shows that only a 19 

limited amount of cement paste reached the second tier when surface tension (γ > 0.04 N/m) or 20 

yield stress was too high (σ𝑦 > 3.42 Pa). Attention should also be given to the different thickness 21 

on the convex and concave sides, which is beneficial for the structure’s load-bearing capacity.  22 
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 1 
Figure 11. Cross-sections showing shear stress distributions of the second tier of scaffold at 2 

stable state for different variation of rheological parameters: (a) 𝛾 = 0.01 N/m, (b) γ = 0.04 3 

N/m, and (c) γ = 0.07 N/m with constant σ𝑦 = 0.99 Pa; (d) σ𝑦 = 0.99 Pa, (e) σ𝑦 = 3.42 Pa, and 4 

(f) σ𝑦 = 15.6 Pa with constant γ = 0.025 N/m. 5 

 6 

3.4.  Comparison between simulation and experimental data  7 

An analysis was conducted to determine the equivalent rheological parameters that closely 8 

represented the fluid structure’s rheological behaviour in the experiments. Figure 12a,b presents 9 

the actual image and X-ray micro-CT scan of the cementitious honeycomb obtained from the 10 

experiment. The hardened structure formed a well-defined curved honeycomb configuration 11 

that could withstand a compressive stress of up to 3–4 MPa [20]. A cross-section from the 12 

micro-CT image was compared with the simulation results, as illustrated in Figure 12d and 13 

Figure 12e. The comparison showed that the simulation and experimental results produced 14 

similar forms of the fluid structure when the rheological properties were within the optimal 15 

region (shown in Figure 10g). 16 

The equivalent rheological properties of the cement paste that represented the fluid behaviour 17 

of the cement paste at the microscale were also determined. The rheometer and tensiometer 18 

tests adopted in experimental measurements of the yield stress and surface tension usually 19 

measure such properties in macroscale (millimetre and centimetre scale [66, 67]) which is much 20 
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larger than the size of cement particles (mainly 1–100 microns [68, 69]). Thus, the cement paste 1 

is considered as a homogeneous material and the effect of cement particles is not considered. 2 

However, as shown in Figure 12, the minimum thickness of the cement shell was in microscale 3 

(less than 100 µm) which is comparable to the size of cement particles. From our understanding 4 

of the effect of aggregate size on rheological properties of concrete and mortar [70, 71], the size 5 

effect of cement particles plays a pronounced role on the fluid flow behaviour and cannot 6 

therefore be simply ignored in this scale. The size effect is related to interlocking and friction 7 

between cement particles which can vary significantly [72] due to changing fluid thickness and 8 

particle packing. Thus, the yield stress and surface tension determined using traditional methods 9 

are inappropriate to predict its performance in thin-shell structures formation. Hence, equivalent 10 

rheological properties were adopted here which represented the rheological properties of a 11 

homogeneous material exhibiting same flow behaviour as the cement paste in the formation of 12 

the thin-shell structures. The equivalent rheological properties are not only related to the 13 

macroscale rheological properties but also related to the size of unhydrated cement particles 14 

and the scaffold size. If the particle size is small enough compared to the size of scaffold, then 15 

the fluid can be considered as a homogeneous material and the equivalent rheological properties 16 

are the same with the macroscale rheological properties. Besides, if the particle size is relatively 17 

large compared to the scaffold size, the flow and spreading of the fluid on the scaffold will be 18 

hindered by the large particles and the flowability will be reduced (increase the equivalent yield 19 

stress and surface tension). The equivalent rheological properties are determined by comparing 20 

the simulation results with the experimental micro-CT data. Figure 13 shows the case where 21 

the simulation results conformed most satisfactorily with the experimental result for the cement 22 

paste being uniformly distributed over all windows. Hence, the equivalent rheological 23 

properties of the cement paste at the microscale were 𝛾 = 0.015 N/m and σ𝑦 = 3.42 Pa. 24 
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 1 
Figure 12. (a) Hardened cementitious composites (b) volumetric data obtained by 2 

reconstructing X-ray micro-CT scan images; (c) typical plan view of a unit cell in the stable 3 

state obtained from LBM simulation; (d, e) comparison between experimental (X-ray micro-4 

CT) and LBM simulation results with (d) showing the effect of yield stress, and (e) showing 5 

the effect of surface tension. 6 

 7 
Figure 13. Results of LBM simulation for surface tension 𝛾 = 0.015 N/m and yield stress σ𝑦 = 8 

3.42 Pa. 9 

The results also indicated the tunability of the fluid structure and the potential for optimising 10 

and developing new cementitious composites. Figure 12d and Figure 12e demonstrate the high 11 

adjustability in terms of shell thickness and curvature. The trial-and-error method of adjusting 12 

these features can be substantially improved with LBM using the described procedures. In the 13 

fabrication process, one could start with an initial trial with any mix design and rheological 14 

properties. Then the equivalent rheological parameters in the trial test can be determined by 15 

comparing the simulation results presented above. These parameters are subsequently used as 16 

a baseline to adjust the equivalent rheological properties to fit into the optimal regions shown 17 

in Figure 10g for optimising the wall thickness and performance of thin-shell structures.  18 
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4. Conclusions 

In conclusion, the formation of stable, uniform and submillimetre-thin cement shells is greatly 1 

affected by the interactions between the polymer scaffold and the fluid as well as the fluid 2 

gravity. Rheological parameters of cement paste, including surface tension and yield stress, can 3 

not only affect the formation of stable and uniform cement films but also affect the geometry 4 

of the cement film, including the fillets in corners, film thickness and non-uniform deposition. 5 

By investigating a wide range of rheological parameters, the optimal ranges were determined 6 

for surface tension and yield stress for the formation of cement shells (as shown in Figure 10g). 7 

Equations indicate the correlation between surface tension and yield stress were further derived 8 

in Equation 5. In addition, equivalent rheological properties representing the microscale 9 

rheological behaviour of cement fluid in the experiments were determined. 10 

This study not only promotes our understanding of the effects of rheological properties on 11 

the interaction between cement fluid and polymer scaffold but also provides a guideline for 12 

designing and developing this class of customised high-performance composite materials with 13 

complex architectures in the future. 14 
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