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6

7 ABSTRACT

8

9 The remarkable increase in the flow resistance of dense suspensions can hinder 3D-printing 

10 processes on account of flow cessation in the extruder, and filament fragility/rupture following 

11 deposition. Understanding the nature of rheological changes that occur is critical to manipulate 

12 flow conditions or to dose flow modifiers for 3D-printing. Therefore, this paper elucidates the 

13 influences of clay particulates on controlling flow cessation and the shape stability of dense 

14 cementing suspensions that typically feature poor printability. A rope coiling method 

15 implemented with varying stand-off distances was used to probe the buckling stability and 

16 tendency to fracture of dense suspensions that undergo stretching and bending during 

17 deposition. The contributions of flocculation and short-term percolation due to the kinetics of 

18 structure formation to deformation rate were deconvoluted using a stepped isostress method. 

19 It is shown that the shear stress shows a divergence with a power-law scaling when the particle 

20 volume fraction approaches the jamming limit; ) � )J �)max. Such a power-law divergence of 

21 the shear stress decreases by a factor of 10 with increasing clay dosage. Such behavior in clay-

22 containing suspensions arises from a decrease in the relative packing fraction ()/)max) and the 

23 formation of fractally-architected aggregates with stronger interparticle interactions, whose 

24 uniform arrangement controls flow cessation in the extruder and suspension homogeneity, 

25 thereby imparting greater buckling stability. The outcomes offer new insights for 

26 assessing/improving the extrudability and printability behavior during slurry-based 3D-printing 

27 process. 

28

29 Keywords: rope coiling, rheology, buckling stability, flow cessation, dense suspension, fractal 

30 structuring.

31

32

33 1. INTRODUCTION AND BACKGROUND

34 To create materials that are amenable to 3D-printing, it is advantageous to combine powder 

35 feedstocks with a carrier liquid (often water) to form a concentrated suspension (�slurry�).1,2 

36 The suspension can then be printed layer-by-layer (i.e., in the form of a filament) by extrusion 

37 through a printer nozzle assisted by air-pressure, a ram or screw auger.2�4 It is broadly accepted 

38 that suspensions amenable to layer-wise extrusion/deposition 3D-printing can be composed by 

39 adjusting the rheological properties of the suspension.5�9 Suspensions with suitable rheological 

40 properties feature the ability: (i) to be extruded through a print nozzle without experiencing 

41 flow cessation,10�12 (ii) to support the weight of the printed layer itself, and of overlying 

42 layers,9,13 and (iii) to be shape stable while limiting the potential for filament rupture during 

43 extrusion/deposition.12,14 In 3D-printing of suspensions, two competing failure modes are 

44 typically noted: (i) material failure by yielding, and (ii) elastic buckling failure through local or 

45 global instability, which in turn may be accompanied by material failure.15,16 The failure mode 

46 depends on the printed object�s geometry, the kinetics of (the suspension�s) structure 

47 formation, i.e., post-extrusion/-deposition, the shear history of the suspension prior to 

48 extrusion,17�19 loading rate, boundary conditions, and process parameters (e.g., print speed, 

49 nozzle distance).12,20
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50

51 To ensure shape stability during the 3D-printing process, particulate suspensions are often 

52 composed at a high solid volume fraction () � 0.40),9,21,22. Such dense particulate suspensions 

53 generally display non-Newtonian flow behaviors, including shear thinning, shear thickening, and 

54 shear-induced jamming.23�26 Shear jamming, where flow is arrested and the suspension exhibits 

55 solid-like behavior, is understood to be strongly dominated by particle volume fraction and 

56 interparticle interactions.27�31 To approach the shear jamming regime, both a minimum stress 

57 level (or, equivalently, a minimum shear rate) and a sufficiently high packing fraction () � )j) 

58 are required.30 Dense suspensions exhibit high shear rate dependence: at low applied shear, 

59 most particles in the suspension are lubricated by solvent layers, thus shear thinning is 

60 observed, whereas at high shear, a large fraction of particles are forced into close proximity, 

61 such that the lubrication layer can rupture or is reduced to molecular length-scales, resulting in 

62 shear thickening behavior.25,26,32�34 As a result, particles make direct (Hertzian) contacts and 

63 experience friction. This effect becomes more critical as ) approaches )max where )max ranges 

64 between 0.50 to 0.60, which can lead to flow cessation and shear-induced jamming.33,35�37 This 

65 behavior can cause heterogeneity in the arrangement of neighboring particles and fragility* in 

66 dense suspensions when subjected to shear.36,38,39 For instance, the consolidation of dense 

67 suspensions during 3D-printing has been observed to result in differing (spatial) solid 

68 concentrations as a function of position due to liquid phase migration.10,11,39 Such increases in 

69 solid concentration due to liquid phase migration can cause the suspension�s transition from 

70 flowing to solid-like state, thereby resulting in flow cessation in the extruder. Although the 

71 complexity of the rheological behavior of dense suspensions has been extensively studied, it 

72 remains unclear how such attributes impact printability and filament homogeneity during the 

73 3D-printing processes.

74

75 The kinetics of structure formation in a dense cementitious suspension are critical for 3D-

76 printing. This requires, in general, that the time-dependent evolution of the yield stress of 

77 suspension should be sufficient to prevent the flow of the printed layer itself, and the ability to 

78 resist force amplification associated with the deposition of overlying layers (see Figure 1a). 

79 Furthermore, the rate and extent of structure formation also control the rate and extent of 

80 deformation of the printed layer, i.e., both at short and later times (see Figure 1b). For 

81 example, while thixotropic rebuilding associated with flocculation is relevant at short time 

82 scales, rigid structure formation associated with the progress of hydration reactions dominates 

83 at later times.13,40 While structure formation is necessary and important, it needs to be 

84 controlled, since it can induce issues such as: (i) flow cessation during extrusion, (ii) filament 

85 rupture during deposition, and (iii) poor interface bonding between layers after deposition. To 

86 affect such structure formation rates, colloidal particles such as clays have been added to 

87 cementitious suspensions. Clay particulates feature a platelike morphology consisting of 

88 negatively charged faces and positively charged edges.41�43 This anisotropic surface charge 

89 results in the formation of the house of cards-like structures within the suspension.44�46 

90 Therefore, clay suspensions feature high thixotropic rebuilding rates (i.e., recovery rate)47,48 and 

* Suspensions in the vicinity of jamming can feature fragility (i.e., particle-particle contact breakage) when the 

material experiences a rapid change in the direction of applied stress.36,38
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111 ratios between 0 % and 31 %. The upper bound of clay dosage was determined based on: (i) 

112 establishing the total solid volume fraction of suspension, that is required to ensure printability, 

113 i.e., typically in excess of 0.40, and (ii) the stiffening that results from OPC hydration, which is 

114 retarded/suppressed at high clay replacement levels. The median particle diameters (d50) of the 

115 OPC and kaolin were 17.2 µm and 1.4 µm, respectively, as determined using static light 

116 scattering (SLS; LS13-320, Beckman Coulter). The densities of OPC and kaolin were measured as 

117 3140 kg/m3 and 2650 kg/m3, respectively, using helium pycnometry (Accupyc II 1340, 

118 Micromeritics). The suspensions were formed by mixing the powders and water in a 500 mL 

119 beaker using a high shear, four-blade impeller-type mixer (RW 20 Digital, IKA) for 180 s at 500 

120 rpm, followed by an additional 180 s of mixing at 600 rpm.

121

122 2.2. Printing and fabrication 

123 A layer-wise extrusion system (LUTUM dual v2.0, VormVrij)55 fitted with a 5 mm diameter 

124 nozzle was used to print the suspensions under controlled air-pressures and flow rates (see 

125 Figure 2a). Following mechanical mixing, the suspension was immediately loaded in a cylindrical 

126 barrel �M 600 cm3 volume) above the print head and the pressure generated by compressed air 

127 was used to force the suspension into a single-screw auger. Different air pressure values 

128 ranging between 0.15 MPa and 0.41 MPa were applied to the print cartridge to vary the 

129 extrusion velocity of material and the resulting gravitational stress rate that is induced in the 

130 print layers/coils (see Supporting Information, Figure S1). The non-linearity between coiling 

131 speed and air pressure in Figure S1 is due to the lubrication layer formation with increasing air 

132 pressure that can facilitate material movement in the extruder. 

133

134 To evaluate the suspension�s bucking stability, a rope coiling approach with different coil 

135 angular velocities was implemented (see Figure 2b). A coiling viscous rope features a quasi-

136 vertical tail that ruptures mainly by gravitational-induced stretching and a helical coil that 

137 ruptures primarily by bending. The stand-off distance (i.e., the distance from the nozzle tip to 

138 the substrate) was maintained at 50 mm for all suspensions during printing, which enabled the 

139 formation of both the tail and coil during printing. During 3D-printing, layers were continuously 

140 deposited until failure occurred and the critical height, Hcr , corresponding to the buckling 

141 instability of the printed coil at failure, was determined. The buckling stability of the coils is 

142 primarily controlled by the resistance of the coil to compressive stresses induced by the 

143 deposited coils as well as bending resistance of the tail following coiling.52,53 The total print time 

144 was limited to 100 s. It should be noted that the total print time was substantially lower than 

145 the time required to form a rigid structure due to OPC hydration (see Supporting Information, 

146 Figure S2a). The kinetics of structure formation of cementing suspensions can be decomposed 

147 in three successive phases: (i) colloidal interaction, (ii) percolated network formation due to the 

148 formation of flocs and hydrate nucleation between flocculated particles, followed by (iii) 

149 stiffening due to the formation of bonds amongst particles by OPC hydrates.40,56�58. 

150

the National Institute of Standards and Technology, nor does it imply that the equipment and/or materials used 

are necessarily the best available for the purpose.
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179 shear rate sweep. To mimic the 3D-printing process, no rest time was permitted as shown 

180 schematically illustrated in Figure 1(b).

181 � The adhesive properties that determine the stretchability of the suspension were 

182 characterized via extensional rheology (i.e., tack test).69 The sample was placed on the 

183 bottom plate and a 1 mm gap was set between the top and bottom plates. A pre-shearing 

184 regime similar to that used for the shear rate sweep was used, and no rest time was 

185 allowed to suspension. The top plate was raised vertically upward at a controlled velocity of 

186 10 Q�=� until the sample became separated from the top plate. The normal force 

187 experienced by the top plate, corresponding to the stretching force exerted by the 

188 suspension, was recorded as a function of the plate�s separation distance. The adhesive 

189 energy of suspension was then calculated as the area under the force-displacement curve.

190 � The viscoelastic behavior of the suspension over time was characterized via small amplitude 

191 oscillatory shear (SAOS) rheometry. A time sweep (up to 1000 s) was performed at a fixed 

192 frequency of 1 Hz and strain amplitude 5 = 0.05 %. This strain amplitude was selected such 

193 that all the suspensions remained in the linear viscoelastic region (LVR). 

194

195 2.3.2. Structure characterization

196 To assess the floc size of suspensions for varying clay dosages, dynamic light scattering (DLS) 

197 analysis (Malvern, Zetasizer Nano) was carried on dilute suspensions (0.05 gsolid/Lsolution) of OPC-

198 clay solids in aqueous medium of cement pore solution. The Z-average size (intensity-based 

199 overall average size) of aggregate was determined by cumulants analysis (Malvern, Zetasizer 

200 Software). Optical microscopy (Leica DM750P) was carried out with image capture using a 

201 digital camera on similar dilute suspensions as used to assess fractal structuring. Samples used 

202 for the optical microscopy were prepared by dripping dilute suspension on the surface of glass 

203 slide. To minimize dynamic flow and its subsequent structural changes, the sample was 

204 immediately smoothened and squeezed using the edge of another glass slide. Before 

205 application, the surfaces of the glass slides were cleaned using isopropanol.

206

207 2.3.3. Printability and filament homogeneity characterization 

208 To quantify the printability of a suspension following the rope coiling method, the self-buckling 

209 instability was determined when the stack of coils buckled under its own weight upon 

210 exceeding a critical height Hcr. The gravity-induced stretching of the filament was assessed by 

211 determining the maximum stand-off distance (MSOD) at which the extruded filament ruptured 

212 under its own weight. To evaluate the potential for liquid phase migration and heterogeneity of 

213 materials, the local solid volume fractions were quantified by determining the solid mass of the 

214 extrudate by oven drying at 110 °C ± 5 °C for 24 h. The measurements were performed on 

215 extruded filaments at: (i) different positions of material across the height of the cylindrical 

216 barrel, and (ii) different positions across the diameter of the filaments. In (i), at different 

217 material displacement in the cylindrical barrel, the air pressure was set at zero to stop 

218 extrusion, and then the material remaining in the extruder (around 50 g) was removed and 

219 used for the analysis of its solid volume fraction by drying material and determining water 

220 content. This procedure was repeated at different positions of material in the cylindrical barrel 

221 (L* = x/L, see Figure 2a). In (ii), extrusion was stopped at  L* = x/L = 0.5, and the material 

222 remaining in the extruder was extruded to form a filament. The filament (5 mm × 100 mm; D × 
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223 H) was then sectioned across its diameter to form 3 strips consisting of sections of the following 

224 dimensions 1.5 mm × 100 mm, 2 mm × 100 mm, and 1.5 mm × 100 mm. The solid volume 

225 fraction of each strip was then determined to evaluate the homogeneity of filament across its 

226 diameter.     

227

228 3. RESULTS AND DISCUSSION

229 3.1. Rheology and fractal structuring of OPC-clay suspensions

230 The influence of clay dosages on rheology was examined by analysis of the scaling exponents of 

231 the measured (apparent) yield stress (see Figure 3a). Herein, the yield stress-solid volume 

232 fraction curves for varying clay dosages were fitted by a power-law function of the form �� = �

233 [Eq. 1], where a and b are fitting variables. Increasing the clay dosage required a lower 	
��

234 total solid volume fraction to achieve equivalent yield stress. This reduction arises from strong 

235 interparticle interactions and high aspect ratio of the clay particulates, which results in the 

236 formation of a house-of-cards structure and a reduction in the interparticle spacing for a given 

237 solid content.2,70,71 The results of dynamic light scattering (DLS) analysis confirmed that the 

238 addition of clay resulted in an increase in floc size (see Supporting Information, Figure S3) while 

239 producing a structural transition from densely packed flocs in the neat OPC suspension to 

240 highly-branched flocs (open structure) in OPC-clay suspension, as evidenced by the optical 

241 microscope images (see Figure 4e-f). The power-law scaling exponent, b, of the yield stress 

242 decreased with clay loading (see Supporting Information, Figure S4), meaning that the 

243 dependence of yield stress on solid volume fraction reduced with clay dosage over a wide range 

244 of yield stress-matched suspensions (100 Pa � 3y � 1000 Pa). This results from the formation 

245 of fractally-architected aggregates that lead to more uniform arrangements of particles in the 

246 clay-containing suspensions, as indicated by the optical microscopy imaging (see Figures 4e-f). 

247 This behavior is desirable for 3D-printing, since dense suspension can experience shear- and /or 

248 pressure-induced liquid phase migration during extrusion. Such changes in solid volume fraction 

249 � induced due to liquid phase migration (i.e., dewatering of the slurry, locally) can result in the 

250 onset of jamming () � )j), which causes the cessation of flow in the extruder. At an equivalent 

251 total solid volume fraction, the yield stress also exhibited a power-law scaling with clay loading 

252 C/S (see Figure 3b). With increasing total solid volume fraction, ), the yield stress diverges at a 

253 lower C/S, indicating that the maximum possible clay loading, C/Smax, is dominated by the 

254 volume fraction of OPC contained in the suspension. This is on account of the formation of 

255 stronger space-spanning networks between clay and OPC particles and reduced interparticle 

256 spacing that feature a reduced lubricating liquid film thickness. The electrokinetic interactions 

257 in the suspensions were determined using zeta potential data, and calculating the interparticle 

258 interaction potential (i.e., the contributions of electrostatic repulsion and van der Waals 

259 attraction) between clay particles in DI water and OPC pore solutions (see Supporting 

260 Information, Figure S5). Cement dissolution produces high ionic strengths (i.e., 0.52 M)72 that 

261 results in a strong screening of electrostatic repulsions between particles. First, the high ionic 

262 strength of OPC pore solutions compresses the electric double layer (EDL) around OPC particles, 

263 thereby screening electrostatic repulsions, while increasing the tendency to form aggregates 

264 between OPC-OPC particles. Second, only attractive van der Walls forces operate between clay-

265 clay particles in OPC pore solution thus enhancing the potential of their aggregation between 

266 clay-clay particles (see Supporting Information, Figure S5). Third, the attractive electrostatic 
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343 Figure S4), Df is the fractal dimension of the aggregate cluster, d� is the Euclidean dimension (d� 

344 = 3), and X is the bond dimension that describes the fractal geometry of the cluster backbone (X 

345 M 1.081,82). A value of Df M	 was determined for the neat OPC suspension with )/)maxM� 

346 indicating no fractal behavior wherein particles aggregate into closely-packed assemblages. 

347 Conversely, the fractal dimension decreased with clay addition, wherein the aggregates tend to 

348 form fractally-architected regions that feature a more open structure, thereby resulting in more 

349 uniform arrangements of particles, as evidenced by optical microscopy (see Figures 4e-f). 

350

351 3.2. Structure formation kinetics of OPC-clay suspensions

352 The kinetics of structure formation and the deformation resistance of the suspensions were 

353 thereafter probed using the stepped-isostress method (see Figure 5a). Within each step, the 

354 suspension experienced an instantaneous strain that was followed by transient strain, which 

355 reached a plateau. In general, the extent of instantaneous strain and the rate of transient strain 

356 were strongly reduced by clay dosage. To determine the time required to reach a plateau for 

357 each cycle, i.e., the relaxation time, a Kelvin�Voigt model of the form � =

358  [Eq. 5],83 was fitted to the data, where tr,i is the retardation time (i.e., !
" = 10

$ = 1
%$(1 � &

�
 

 �'$)

359 relaxation time) and Ai is a fitting parameter. This approach is analogous to creep flow 

360 characterization using the Boltzmann superposition principle (i.e., time-aging-stress) of soft 

361 glassy materials that show strong time and stress dependency.84,85 Semi-log plots showing 5�tr 

362 collapses all cycles on a single master curve for each suspension (see Figure 5b). It should be 

363 noted that although the retardation times were extracted by fitting Eq. 5 to each shear stress 

364 cycle of 30 s, in effect, some strain trends did not truly reach a plateau, specially at higher shear 

365 stress cycles, as indicated in the zoomed view (see Supporting Information, Figure S8). Herein, it 

366 is seen that structural rebuilding that is induced by the clay particles results in a lower 

367 deformation rate as indicated by a greater power-law scaling b for clay-enriched suspensions. 

368 The rate of strain development is controlled by: (i) thixotropic rebuilding that is dominated by 

369 flocculation, and (ii) short-term stiffening that is induced by the formation of a percolated 

370 network at pseudo-contact points*.40,86 The formation of a percolated network is suggested to 

371 be caused by both physical and chemical changes.58,86 The physical effect is linked to the time-

372 dependent colloidal flocculation, which tends to bring particles into contacts while the chemical 

373 effect results from formation of percolated network between particles via nucleation and 

374 growth of hydrates at pseudo-contact points between flocculated particles.40

375

* Pseudo-contact points refer to connectivity between particles in cementing suspensions that are connected by 

colloidal interactions rather than by cement hydration products, which, all together, results in formation of 

percolated networks between particles.
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Figure 5: (a) The evolution of strain with stepwise changes in shear stress for varying clay 

dosages. The shear stress was stepped up between 0 and 200 Pa at 20 Pa increments over 10 

steps and held constant for a 30 s period prior to next step over a cumulative period of 300 s. 

(b) The master curves of strain responses using data shown in (a) that are obtained by fitting 

to the Kelvin�Voigt model. (c) The dependence of strain rate on clay dosage. The deviation 

from the initial slope captures the transition from flocculation to percolation (i.e., short-term 

stiffening) in the suspension.

376

377 Closer analysis of the kinetics of structure formation of OPC-clay suspensions indicates that the 

378 suspensions demonstrate transition points with initial slope m1 corresponding to flocculation 

379 with a progressive switchover, with time, to percolation slope m2 (see Figure 5c). The 

380 contribution of flocculation to the strain rate remains constant as indicated by a constant slope 

381 m1 in Figure 5c. However, due to the progressive formation of percolated networks between 

382 particles, the contribution of short-term kinetics to reducing the strain rate increases 

383 progressively (see Figure 5c). As such, the contributions of flocculation and percolation due to 

384 the short-term kinetics of suspension structure formation to deformation associated with 

385 deposition of subsequent overlying layers can be estimated by an equation of the form 
��

� 
=

386  [Eq. 6], where m1 is the flocculation rate, which is constant up �1,  �(�  <  * +exp(�2/ ��(�  >  *

387 to the onset of percolated network formation, and m2 (tc,t) is the percolation rate, which 

388 initiates at time tc (i.e., transition from flocculation to percolation) and varies exponentially with 

389 time. Notably, as a result of OPC dilution, clay dosages delay stiffening. For example, the 31 % 

390 clay suspension exhibited solely the early-age slope m1, suggesting that the contribution of 

391 short-term stiffening is minimal. These observations are in agreement with the non-linear 

392 structural build-up of storage modulus (see Supporting Information, Figure S9b). The initial 

393 storage modulus is related to the degree of flocculation while the evolution rate of storage 

394 modulus is controlled by percolated network formation.

395

396 3.3. Buckling stability and filament homogeneity of OPC-clay suspensions

397 The resistance to buckling, i.e., the buckling stability of the filament is controlled by both the 

398 structure formation kinetics and filament homogeneity. The former is important to sustain 

399 stability during layer build-up while the latter ensures consistent properties of the filament 

400 during deposition to minimize imperfections during printing. The critical buckling height, Hcr, of 
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448 sequence of images obtained from video recording of crack propagation and rupture mode 

449 revealed that the neat OPC suspension exhibited elastic rupture wherein a crack initiated at the 

450 edge and propagated inward (i.e., edge fracture) while the clay-enriched suspension featured 

451 necking failure (i.e., ductile failure) � more similar to plasticity-driven failure. This suggests that 

452 in the neat OPC suspension, strain localization, caused by local dewatering along the filament�s 

453 length/diameter, formed fracture critical regions during extrusion and deposition. Indeed, more 

454 detailed analyses of local particle density variations of the filament as a function of both 

455 relative position of material in the cylindrical barrel and along the filament diameter indicated 

456 that the neat OPC suspension underwent significant changes in particle volume fraction during 

457 3D-printing/extrusion; unlike the clay-enriched suspensions (see Figures 7b-c). This was 

458 qualitatively suggested by visual evidence of water leakage from the extruder indicative of the 

459 dewatering of the OPC suspension. It has been observed that the imposition of extrusion 

460 pressure and shear can lead to the formation of different zones, including plug flow, shearing, 

461 and dead regions, within the material in the extruder.10,11 This can induce liquid phase 

462 migration, which may result either in flow cessation due to a reduced lubricating water film 

463 thickness or the formation of solid-poor regions in the filament.6,10 This results in 

464 heterogeneous gradients of particle volume fraction in the filament (see Figure 7c). This 

465 behavior is critical for suspensions whose particle volume fraction is in the vicinity of the 

466 jamming volume fraction )j, where a small local increase in solid concentration associated with 

467 liquid phase migration can cause cessation of flow and bring the suspension to the jammed 

468 state, ) � )j ,  in the extruder.89 This is indicated by the sharp power-law scaling of yield stress 

469 with ) for the neat OPC suspension (see Supporting Information, Figure S4) wherein the yield 

470 stress rapidly increases with a small increase in solid concentration. On the other hand, minimal 

471 changes in particle volume fraction induced by shear are noted in the clay-enriched suspension, 

472 since their lower relative volume fraction )/)max  and the fractally-architected arrangement of 

473 aggregates arrests water within flocs and consequently reduces liquid phase migration (see 

474 Figures 7b-c). Thus, reducing the dewatering of the suspension is a critical need to ensure ease 

475 and consistency of extrusion during the 3D-printing process.

476

477 4. SUMMARY AND CONCLUSIONS

478 This paper has elucidated the influences of clay particulates on controlling fractal structuring 

479 and flow cessation in extruder and homogeneity of cementing suspensions in the context of the 

480 3D-printing process. Special focus was placed on understanding how the rope-coiling method 

481 can be used to assess the buckling stability and fragility of the extruded filament � during 3D-

482 printing � for suspensions loaded with clay additives. In general, it is noted that neat OPC 

483 suspensions feature a steep stress�shear rate relationship, resulting from their closely-packed 

484 structure with ) � )max and fractal dimension Df � 3. The dosage of clay particulates is found 

485 to decrease the power-law divergence (i.e., non-monotonic behavior) of shear stress and 

486 mitigate flow cessation in the extruder. This is linked to the (i) stronger interparticle 

487 interactions between clay/OPC particles, (ii) decreased relative packing fraction ()/)max), and 

488 (iii) the formation of fractally-architected aggregates in the OPC-clay suspensions which can 

489 suppress the mechanically unstable behavior in shear stress response. Alterations in fractal 

490 structuring of aggregates from densely packed flocs in the neat OPC suspension to highly-

491 branched flocs (i.e., space-spanning network) in the OPC-clay suspension results in more 
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492 uniform particle arrangements that can increase the resistance to liquid-phase migration (i.e., 

493 slurry dewatering) when shear stress is applied. The analysis of interparticle interactions 

494 indicates that high ionic strengths resulting from cement dissolution disrupt electrostatic 

495 repulsion between clay-clay particles by screening charges, thus resulting in a significant 

496 interparticle interactions between all particles (clay-clay, OPC-clay, and OPC-OPC particles) in 

497 the OPC-clay suspensions. Importantly, the clay-enriched suspensions due to their greater 

498 structural recovery rate and stretchability feature higher critical buckling heights across varying 

499 coiling speeds than the neat OPC suspension. The ability of clay additions to prevent 

500 dewatering is critical for dense suspensions whose particle volume fraction is in the vicinity of 

501 the jamming volume fraction )j. Since dewatering causes the solid volume fraction to approach 

502 ) � )j, which results in flow cessation in the extruder, maintaining ) < )J �)max is a key factor 

503 for ensuring the printability of dense suspensions. The understanding gained herein offers new 

504 means to design, evaluate, and rank dense suspensions to ensure superior filament 

505 homogeneity (i.e., hindering dewatering) and stretchability. These attributes are of relevance to 

506 slurry-based 3D-printing processes wherein the filament undergoes substantial stretching and 

507 bending actions due to changes in the stand-off distance or print path curvature.
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Synopsis: Transition from closely-packed to fractally-architected structures with clay addition 
improves homogeneity and prevents local dewatering, thus enhancing coiling stability of layer-

wise extruded cementing suspensions during 3D-printing.
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