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Nomenclature 15 

PFT Powder Flow Tester 

SEM Scanning Electron Microscopy 

LDA Laser Diffraction Analysis 

PSD Particle Size Distribution 

SSA Specific Surface area  

RAS Rotary Abrasive Surface 

RCB Rotary Cutting Blade 

ffc Flow Function 

𝜏 Shear stress (kPa) 

𝜎 Normal stress (kPa) 

𝜎𝑐𝑜𝑛𝑠. Normal consolidation stress (kPa) 

(𝜎𝑓 , 𝜏𝑓) Failure point 

(�̂�𝑝𝑠ℎ, �̂�𝑝𝑠ℎ) Pre-shear steady state failure point 

𝐶 Cohesion strength (kPa) 

𝑇 Tensile strength (kPa) 

𝑛 Shear index in Warren-spring model (Dimensionless) 

𝜑𝑒 Effective angle of internal friction (Degree) 

𝜑𝑠𝑓 Internal friction at steady-state flow (Degree) 

∆𝜑𝑒−𝑠𝑓 Relative difference between effective and steady-state angles of internal friction (%) 

𝜎𝑐 Unconfined yield strength (kPa) 

𝜎1 Major principal consolidation normal stress (kPa) 

𝜎𝑓1 Normal stress at the failure plane of unconfined uniaxial compression test (kPa) 

𝜎𝑓2 Normal stress at the endpoint of yield locus (kPa) 

𝑟 Consolidation's Mohr's circle Radius of the consolidation stress (kPa) 

𝜌𝑏 Bulk density (kg/m3) 

𝜌0 Bulk density without consolidation history (kg/m3) 

𝑎 an indicator of the exponential dependency of bulk density on consolidation stress  
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Abstract 17 

Determining the bulk flow properties of pulverised cassava grits is in high demand as designing 18 

efficient handling and drying systems remains a bottleneck step in the cassava value chain. A shear 19 

tester was used to collect the shear-to-failure data for samples taken at three drying stages. The flow 20 

properties were estimated based on the nonlinear Warren-Spring yield loci. The cassava grits' 21 

morphology and particle size distribution were also examined by scanning electron microscopy, 22 

mechanical sieving, and laser diffraction analysis. Drying reduced the cohesion and tensile strength, 23 

respectively, from 1.88 and 0.87 kPa to 0.16 and 0.12 kPa under 4.8 kPa of consolidation normal 24 

stress. Based on the flow function index (1/ffc), the very cohesive (0.66<1/ffc<0.86) wet sample with 25 

46 % wet-based moisture content evolved to cohesive (0.29<1/ffc<0.43) at 31 % of moisture content. 26 

It eventually approached a free-flowing (0.07<1/ffc<0.15) state towards the end of the drying process 27 

at 14 % moisture content.  28 

Keywords: Cassava; Flow properties; Warren-Spring; Tensile strength; Cohesion; Internal friction 29 

 30 

Cohesion and tensile strength increase with moisture content up to 1.8 kPa and 0.87 kPa, 31 

respectively. 32 
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1 Introduction 34 

Cassava (Manihot esculenta Crantz) has recently captured the attention of the global food business 35 

due to its unique characteristics that include highly valued nutritional benefits. According to FAO 36 

(2021), as of 2020, world cassava production accounted for 302 million tonnes; Africa's total 37 

production stood at about 193 million tonnes (about 64% of world production) (FAO, 2021). It has 38 

been speculated that the broader utilisation of cassava products can be a catalyst for rural industrial 39 

development and raise the incomes of farmers, processors, and traders. It can also contribute to the 40 

food security status of its producing and consuming households (Plucknett et al., 2000). However, 41 

there is a major constrain for the development of cassava for farmers, processors, and consumers 42 

alike, due to large distances between farms and markets (Beeching, 2001), as this crop suffers from 43 

a rapid postharvest physiological deterioration, typically 24-48 hours (Westby, 2002). However, its 44 

postharvest processing is not yet fully developed on an industrial scale and is processed mainly at 45 

small-scale processing centres across Africa (Westby, 2002). As a result of cassava's perishable 46 

nature, the drying operation takes precedence over other preservation techniques, where the wet 47 

product with an average moisture content of 50 % wb is turned into a dried product of about 14 % 48 

wb. (Balagopalan, 2002). It is a common practice to turn the peeled roots into a mash by using fast-49 

rotating cutting edges or abrasive surfaces, followed by the mechanical dewatering and a subsequent 50 

pulverising step. 51 

Attaining the optimum handling and processing condition relays heavily on having a deep 52 

knowledge of the behaviour of the bulk particulate product during storage, handling, and processing 53 

(Fitzpatrick et al., 2004). Bulk density, cohesion, tensile strength, internal friction, and the derived 54 

flow functions are important bulk properties representing the flow behaviour of a product. However, 55 

very little information is available in the literature regarding the relationship between cassava 56 

products' physical and flow properties, although flow properties of similar food materials have been 57 

characterised and reported. Teunou & Fitzpatrick (1999, 2000) studied the flow properties of flour, 58 

tea and whey permeate using an annular shear cell (Teunou & Fitzpatrick , 1999) in a chamber with 59 
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controlled relative humidity and temperature and a Jenike shear cell (Teunou & Fitzpatrick , 2000). 60 

Later, Fitzpatrick (2004) implemented a Jenike shear cell to study different food products such as tea, 61 

sugar, corn starch, salt, cellulose, maltodextrin, cocoa, wheat flour, non-fat milk and determined 62 

yellow corn flour (Fitzpatrick, 2004). Sun (2016) also used a ring shear tester (RST-XS, Dietmar 63 

Schulze, Wolfenbüttel, Germany) to determine the flow properties of microcrystalline cellulose 64 

powder over a low range of moisture content between 1.6-10.9 % (Sun, 2016).  65 

Flowability is generally determined based on synergistically interacting factors, including particle 66 

morphology and size distribution, chemical composition, environmental conditions and consolidation 67 

stress (Schulze, 2008; Teunou & Fitzpatrick, 1999, 2000). Larger particles tend to promote the 68 

flowability of bulk solids due to presenting a lower contact area between particles (Teunou et al., 69 

1999). The flow behaviour of bulk solids is also directly influenced by the morphology and shape of 70 

the particles. Due to the interlocking between particles, their resistance to flow would mitigate with 71 

smoother particles. In comparison, irregular sharp-edge shapes intensify the interlocking phenomena 72 

and worsen the flowability (Amagliani et al., 2016). For a given bulk solid, the flowability also 73 

depends on the interparticle interactions, which is a function of their physical and chemical 74 

composition. For example, the fat tends to increase cohesiveness (Fitzpatrick et al., 2004), protein-75 

enriched ingredients typically show easy-flowing behaviour (Amagliani et al., 2016), and glycerol 76 

concentration promotes the compressive strength of starchy cassava granules (Fadeyibi et al., 2014). 77 

Sun (2016) has mentioned that the particle's surface modifications by moisture caused a deterioration 78 

in the powder flow properties of the microcrystalline cellulose when exposed to different levels of 79 

relative humidity (Sun, 2016). Even though several studies have reported the bulk flow properties' 80 

dependency on the moisture content (Fitzpatrick et al., 2004; Landillon et al., 2008; Opaliński et al., 81 

2012; Opaliński et al., 2016; Sun, 2016; Juarez-Enriquez et al., 2017; Romuli et al., 2017; Jung et al., 82 

2018; Juarez-Enriquez et al., 2019; Salehi et al., 2021); the relevant works devoted to cassava and, in 83 

particular to pulverised grits, are scarce. However, Romuli et al. (2017) studied the impact of drying 84 

on the characteristics of cassava grits, including bulk density, angle of repose, and sliding friction, 85 
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with an emphasis on the effect of particle size distribution. Their findings showed no apparent 86 

difference between wet and dried cassava grits for their angles of repose and sliding frictions.  87 

Although moisture content is one of the most critical parameters for the flow properties of food 88 

powders, systematic information on the variation of the flow properties during drying is lacking. It is 89 

crucial to know how cassava grits' flow characteristics change as their moisture content changes 90 

during the drying process. That is to say, the flow characteristics of pulverised cassava grits influence 91 

the trouble-free design of handling and feeding systems. 92 

This study investigates the flow behaviour of pulverised cassava grits prepared using Rotary 93 

Cutting Blades (RCB) or Rotary Abrasive Surface (RAS). The main objective is to determine the 94 

flow properties at different stages of drying as wet (46% wb.), partially dried (31% wb.), and dried 95 

(14% wb.). A Powder Flow Tester (PFT), developed at The Wolfson Centre in collaboration with 96 

Brookfield Engineering and a few food manufacturer partners (R. Berry et al., 2015), was used to 97 

measure both incipient and steady-state failure points under different consolidation conditions. 98 

Further theoretical analysis of the measured data was adopted using the nonlinear yield model of 99 

Warren-Spring. The physical properties of the samples were characterised using Scanning Electron 100 

Microscopy (SEM) imaging, mechanical sieving, and laser diffraction analysis (LDA). 101 

 102 

2 Material and Methods 103 

2.1 Sample preparation 104 

Waxed cassava roots were purchased from a local market. Two ways were selected to turn the 105 

peeled roots into the cassava mash. First, a kitchen food blender (Moulinex LM2211) was used to 106 

represent the cassava grits prepared with RCB. Each batch containing 250 g of chopped roots was 107 

blended for 5 minutes. Subsequently, an electrical cheese grater (Sirman GP) was used to represent 108 

the cassava grits prepared with RAS. The resulting mash was dewatered mechanically for 10 minutes 109 
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under 20 kPa pressure in muslin bags of 0.3 m × 0.2 m, separately for RCB and RAS samples of 110 

cassava grits. Obtained cassava cakes were pulverised and turned into bulk cassava grits. The grater 111 

tool previously stated was used to pulverise the cake bits. Figure 1 depicts the sequential preparation 112 

stages followed for different cassava grit samples. 113 

 114 

Averaged moisture content values along with the corresponding standard deviations were 115 

measured in triplicate using a moisture analyser (MB120, Ohaus, NJ, USA), set to fast drying with a 116 

maximum temperature of 60 ℃, as 46±1.2 % wb and 47±1.0 % wb, respectively for RCB and RAS 117 

samples of cassava grits. Afterwards, a laboratory convection drying rig, GUNT CE130, Germany, 118 

shown in Figure 1, was used to reduce the moisture content of the samples into two levels of 31 % 119 

wb and 14 % wb. The partially dried samples had 31±1.1 % wb and 30±1.60 % wb, whereas the dried 120 

samples had 13±1.2 % wb and 14±0.6 % wb, respectively for RCB and RAS. The fresh pulverised 121 

cassava grits were gently spread over three trays, and the excess grits were scraped off using a ruler. 122 

Hot air passed over three stainless-steel trays of 340 mm * 310 mm, each holding around 300 g of 123 

wet sample. Data acquisition was performed using the equipment's software twice a second. A 124 

delicate frame had the trays weighed on a scale with 0.1 g precision. Drying was conducted by forcing 125 

670 m3/h of hot air flow at 70 ℃ with 12 % relative humidity for an adequate time. The heat transfer 126 

mechanism was convection, giving results comparable to common methods practised in Africa, 127 

described elsewhere (Precoppe et al., 2020). Every set of experiments was completed on the same 128 

day with fresh samples to eliminate any unnecessary errors from the storage or preservation 129 

conditions.  130 

 131 

2.2 Particle size and morphology 132 

Morphological characterisation of dried samples was conducted using SEM images (TM3030 Plus 133 

Benchtop Electron Microscope Hitachi, Japan). The dried samples were spread thinly on carbon tape, 134 
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one layer of powder was applied to the stubs, and the samples were sputter-coated with gold to make 135 

them conductive before analysis, using an Edwards S150B sputtering equipment. After coating, the 136 

samples were scanned under a vacuum to capture the microstructural images. The acceleration 137 

voltage used was 1 kV. Images were acquired at different magnifications ranging between ×30 and 138 

×5000. 139 

Mechanical sieving and LDA were employed to characterise particle size in samples ranging from 140 

small particles to coarse agglomerates and fibrous flecks. According to ISO-3310-1 (2016), a stack 141 

of sieves with aperture sizes 3150, 2000, 1000, 630, 425, 250, and 100 µm was agitated in an Octagon-142 

200 test sieve shaker for 5 min at 3 mm of amplitude. The approach was only used for samples that 143 

had been completely dried (14 % wb.) because the early efforts indicated substantial agglomeration 144 

during sieving samples with higher moisture content. The net weights of retained grits on each sieve 145 

were measured using a digital balance Sartorius LA8200S (AG, Germany) and then divided by the 146 

total weight of 250 g to give a percentage retained in each sieve. 147 

Volume-weighted particle size analysis was conducted as described in (Lanzerstorfer, 2020). A 148 

Sympatec HELOS/RODOS (Clausthal-Zellerfeld, Germany) Laser Diffraction particle size analyser 149 

equipped with an R5 lens (measuring range: 0.5/4.5–875 μm) was used for aerosolised samples. D10, 150 

D50, and D90 were described as particle sizes below which 10 %, 50 %, and 90 % of the sample volume 151 

are found, respectively. Span values were also obtained to determine the distribution width using Eq. 152 

1. 153 

 154 

 𝑆𝑝𝑎𝑛 =
𝐷90 − 𝐷10

𝐷50
 Eq. 1 

 155 

Furthermore, the specific surface area (SSA) was calculated by dividing the total area of the 156 

particles by the total weight.  157 

 158 
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2.3 Flowability tests 159 

Flow properties and bulk density of wet, partially dried, and dried samples for RCB and RAS grits 160 

were determined with a shear tester of PFT, Brookfield AMETEK, as described in (R. Berry et al., 161 

2015; R. J. Berry & Bradley, 2007). The values of 1.0 mm/s and 1 rev/h were set to the axial and 162 

torsional lid's speeds, respectively. The 6-inch 304 stainless steel vane lid and the 230 mL aluminium 163 

sample trough were used. Table 1 shows four selected levels of normal stress consolidation 164 

geometrically spaced across the whole range of the PFT normal consolidation stress, from 0.482 kPa 165 

to 4.819 kPa, as well as their corresponding over-consolidated failure stresses.  166 

 167 

Figure 2 shows schematic illustrations of shear-to-failure points at a certain consolidation stress 168 

level used to determine the flow properties. The failure envelopes were considered to define an area 169 

in 𝜎 − 𝜏 plane that delineates stable and unstable stress states for a given consolidation load.  170 

Even though the repeatability of the measured failure points can be secured by using PFT (R. J. 171 

Berry & Bradley, 2007), the critical role of the analysis procedure in expressing the yield loci is still 172 

a challenging subject (Ashton et al., 1965; Hirota et al., 2007; García-Triñanes et al., 2019). The 173 

criticality comes when it must secure the back extrapolation towards the zero consolidation stress 174 

states to predict cohesion and tensile strength (García-Triñanes et al., 2019). Previous studies on 175 

cohesive materials' behaviour in shearing (R. J. Berry & Bradley, 2007; Hirota et al., 2007; Schulze, 176 

2008; R. Berry et al., 2015) recognise a convex upward curvature in the lower consolidation stress. 177 

Therefore, the Warren-Spring model, Eq. 2, was used. This model is broadly described in the 178 

literature and offers a better means to estimate the cohesion and tensile strength as an alternative to 179 

the arduous experimental methods needed, specifically for cohesive materials (Ashton et al., 1965; 180 

Hirota et al., 2007; García-Triñanes et al., 2019). 181 

 
𝜏

𝐶
= [

𝜎

σ𝑇
+ 1]

1
𝑛

 Eq. 2 
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 182 

Where C is cohesion, σ𝑇 is the tensile strength, and n is the curvature number or shear index. 183 

Assigning a unit value to the parameter n will remove the curvature and represent the Mohr-Coulomb 184 

model. The linear model is implemented more frequently when dealing with free-flowing materials.  185 

Theoretically, the premises of the analysis procedure are based on finding the best possible 186 

combination of the three parameters: σ𝑇 , C, and n. After conducting the fitting task, other flow 187 

properties of cassava samples, such as major principal consolidation normal stress (𝜎1), unconfined 188 

yield strength (𝜎𝑐), internal friction as effective (𝜑𝑒) and steady-state flow (𝜑𝑠𝑓) angles, as depicted 189 

in Figure 2, using Mohr's circle analysis as follows.  190 

It is important to note that the Warren-Spring model was applied using the previously accepted 191 

guidelines in PFT software for selecting the cut-off points for creating the linear Mohr-Coulomb 192 

failure yield loci, as mentioned in (R. J. Berry & Bradley, 2007). The geometrical characteristics of 193 

two Mohr's circles, which determine the other flow properties shown in Figure 2-a, were discovered 194 

by solving two sets of nonlinear equations. The first set, Eq. 3 and Eq. 4, characterised a Mohr circle 195 

(coloured blue in Figure 2-a) passing through the origin and touching the yield locus. It resulted 𝜎𝑓1 196 

and 𝜎𝑐, where the former one represents the failure point in an analogous unconfined compression 197 

test.   198 

 199 

Condition of contacting 

yield locus 
(𝐶 [

𝜎𝑓1

𝜎T
+ 1]

1
𝑛

− 0)2 + (𝜎𝑓1 −
𝜎𝑐

2
)

2

= (
𝜎𝑐

2
)2 Eq. 3 

Condition of tangency 
𝐶2

𝜎T
2𝑛2

[
𝜎𝑓1

𝜎T
+ 1]

2−2𝑛
𝑛

=
(

𝜎𝑐

2
− 𝜎𝑓1)

2

𝜎𝑓1𝜎𝑐 − 𝜎𝑓1
2
 Eq. 4 

 200 
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The larger Mohr circle, shown as red in Figure 2-a, was determined by simultaneously solving Eq. 201 

5, Eq. 6, and Eq. 7. It passed through recorded steady-state failure points of (�̂�𝑝𝑠ℎ , �̂�𝑝𝑠ℎ) and touched 202 

the previously obtained Warren-Spring failure yield locus at the endpoint of this locus (𝜎𝑓2, 𝜏𝑓2).  203 

 204 

Condition of passing 

through pre-shear point 
�̂�𝑝𝑠ℎ

2 + (�̂�𝑝𝑠ℎ − (𝜎1 − 𝑟))
2

= 𝑟2 Eq. 5 

Condition of 

contacting yield locus 
(𝐶 [

𝜎𝑓2

𝜎T
+ 1]

1
𝑛

− 0)2 + (𝜎𝑓2 − (𝜎1 − 𝑟))
2

= 𝑟2 Eq. 6 

Condition of tangency 

𝐶

𝑛𝜎T
[
𝜎𝑓2

𝜎T
+ 1]

1−𝑛
𝑛

=
𝜎1 − 𝜎𝑓2 − 𝑟

√𝑟2 − (𝜎𝑓2 − (𝜎1 − 𝑟))
2

=
𝜎1 − 𝜎𝑓2 − 𝑟

𝐶 [
𝜎𝑓2

𝜎T
+ 1]

1
𝑛

 
Eq. 7 

 205 

Where, 𝑟 is the circle's radius representing the steady-state yield limit. An envelope was then built 206 

for each sample holding a specific moisture content and having a given normal stress history by 207 

adding parts. The first part denoting the incipient failure points was formed by the regressed Warren-208 

Spring model of Eq.2 over the normal stress range of (−𝜎T, 𝜎𝑓2). The second part was attributed to 209 

the pre-shear failure points expressed by a section of the consolidation Mohr circle laid over the 210 

normal stress range of (𝜎𝑓2, 𝜎1). 𝜎𝑓2 determined the transition between these two different states of 211 

failure. However, this transition can also be expressed by the angles of internal friction, as seen in 212 

Figure 2-b. Hence, the internal friction was also characterised by the effective angle of internal 213 

friction (𝜑𝑒), and the angle of internal friction at steady-state flow (𝜑𝑠𝑓), as shown in Figure 2-b, 214 

using Eq. 8 and Eq. 9, respectively. 215 

 
sin 𝜑𝑒 =

𝜎1 − 𝜎2

𝜎1 + 𝜎2

 
Eq. 8 

 
tan 𝜑𝑠𝑓 =

�̂�𝑝𝑠ℎ

�̂�𝑝𝑠ℎ

 Eq. 9 

 216 
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2.4 Statistical Analysis 217 

Particle size characterisation and shear tests were carried out in triplicate, and the results were 218 

presented as mean values and standard deviation values. The statistical and mathematical calculations 219 

were coded in Python using Scipy library (Virtanen, et al, 2020). Visualisation of results is handled 220 

by the Matplotlib library (Hunter, 2007). Analysis of variance was carried out at a significance level 221 

of P<0.05. Fitting the shear-to-failure data over the Warren-Spring equation (Eq.2) and solving Eq.3 222 

to Eq.7 were carried out by the least-squares method with the convergence criterion of 10-6 using 223 

"scipy. optimise" library. 224 

 225 

3 Results and Discussion 226 

3.1 Particle morphology and size  227 

The failure strength of bulk solids is significantly influenced by the morphology and size distribution 228 

of the constitutional components. Figure 3 depicts the shape of cassava particles using a scanning 229 

electron microscope at various magnification levels. No apparent differences in the morphology of 230 

the grits' entities with regard to their production method were seen at the observed magnification 231 

levels. The observed granules at ×5000 and ×1000 magnification levels can be described as truncated 232 

round ovals, sometimes appearing as irregular polygonal particles. These granules are made up of 233 

two distinct glucose polymers - amylopectin and amylose (Han et al., 2019), owning smooth surfaces 234 

with no cracks. According to (Dudu et al., 2019), they form approx. 85% of the cassava samples, 235 

where protein (1.55%), lipids (0.84%), crude fibre (1.73%), and 1.64% ash form the rest. Truncated 236 

surfaces can impact the bulk properties of cohesion and tensile strength, resulting in inferior 237 

flowability by enhancing van der Waals forces and mechanical interlocking between granules. 238 

Furthermore, due to the limitations of SEM imaging of wet samples, the presence of water can be 239 

dominant either by inflating the granules or by sculpting inter-particle bridges and enhancing capillary 240 
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forces (Salehi et al., 2021). At ×100 magnification level, the clusters of starch granules can be seen 241 

along with individual particles. The acquired SEM images also show various irregular shapes of 242 

clusters. At a magnification level of ×30, the effects of applying various preparation techniques were 243 

palpable. Qualitative observation of the variance in cluster sizes was carried out through further PSD 244 

analyses. Figure 4 depicts the results of the particle size characterisations conducted according to 245 

volumetric and weight measurements by LDA (Figure 4-a) and sieving (Figure 4-b), respectively.  246 

 247 

The population of individual granules is expected to increase by reducing the moisture content, as 248 

evidenced by Figure 4. Based on the size distribution measurements, it can be postulated that the 249 

preparation methods, RCB or RAS, caused different shapes and sizes of the clusters formed by 250 

individual particles agglomerated. The span values in Figure 4 agreed with the SEM images at ×5000 251 

magnification, showing a range of variation in the shape and size of starch granules, between 5-18 252 

μm. This finding also agrees with the work (Airlangga et al., 2020; Zhang et al., 2018). According to 253 

weight-based measurements of sieving, dried RCB grits showed a wider span of 2.44 with D50 equal 254 

to 225 μm compared to RAS grits with a D50 of 385 μm and a span of 1.56.  255 

 256 

3.2 Bulk density 257 

Bulk density, 𝜌𝑏, was used to characterise the bulk structure of samples in collaboration with their 258 

PSD and moisture content. Figure 5 plots the measured bulk density values for wet, partially dried, 259 

and dried samples subjected to several consolidation stresses.  260 

The analysis of variance at a 95% confidence level showed that the preparation procedure did not 261 

affect the variation of 𝜌𝑏  with increasing consolidation stress at any moisture content level. 262 

According to Vasilenko et al. (2013), the bulk density's dependence on the consolidation stress can 263 

be represented in Eq. 10 (Schulze, 2008), where 𝜌𝑏 is the bulk density at specific consolidation, 𝜌0 is 264 

the initial value of bulk density and 𝜎𝑐𝑜𝑛𝑠. is consolidation stress in kPa (Vasilenko et al., 2013). 265 
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 266 

 𝜌𝑏 = 𝜌0 + 𝑎 ln(𝜎𝑐𝑜𝑛𝑠.) Eq.  10 

 267 

As seen in Figure 5, although the basic profiles remained comparable, the rise rate for wet samples 268 

in relation to the applied normal consolidation load was substantially higher compared to partially 269 

dried and dried samples. From morphology and size characterisation (Figure 3 and Figure 4), it can 270 

be conceived that the clusters of starch granules appear as the major players in defining the bulk 271 

behaviour of the samples, which are prone to be deformed. This deformation may occur either at the 272 

granule scale, as reported previously by (Fitzpatrick et al., 2004; Sun, 2016; Salehi et al., 2021) or at 273 

the cluster scale. In the latter case, it is anticipated that agglomerates and granules will be rearranged 274 

in relation to one another. The presence of water molecules mainly promotes the change in the cluster 275 

structures. This statement can be supported by the PSD results shown in Figure 4 graphs, where the 276 

drying effect was found to be more remarkable in the particle size range of 100-1000 μm, representing 277 

the clusters of starch granules. This finding may help to explain why, regardless of the weight of 278 

water lost during drying, the bulk density of wet samples is more sensitive to the amount of the applied 279 

normal consolidation load than samples that have been partially dried or dried (Figure 5). 280 

 281 

3.3 Failure envelopes and Flow properties 282 

The presence of moisture can prevent pulverised cassava grits from flowing by two main 283 

mechanisms. First, it can facilitate the formation of liquid bridges and promote capillary forces 284 

between grits. Second, it can also alter the mechanical properties of grits, as Salehi et al. (2021) 285 

highlighted the fact that neglecting the change in the particle's plasticity due to the absorbed moisture 286 

content led to a significant deviation in the prediction of the actual interparticle forces (Salehi et al., 287 

2021). Hence, to study the flow behaviour of pulverised cassava grits during the drying process, it is 288 

necessary to understand the moisture content's effect. The failure envelopes, shown in Figure 6, were 289 
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constructed for wet and dried samples at four different levels of consolidation stresses, according to 290 

the procedure described in section 2.3.  291 

 292 

Generally, the failure envelopes become smaller as the drying process progresses. This shrinkage 293 

indicates that the flowability was promoted by losing water content, i.e., by applying the same loads, 294 

the dried samples began to flow sooner than the wet samples. The impact of the preparation approach 295 

was noticeable, as can be seen by the difference between the dashed curves for RAS grits and solid 296 

curves for RCB grits. At the larger magnitude of the imposed consolidation stress (2.237 and 4.819 297 

kPa), RAS grits displayed more curvature around the origin, resulting in lower resistance to incipient 298 

failure states. Under higher normal loads that end up with the steady-state failures, the dried RCB 299 

grits with D50 of 456.92 μm showed a better flowability than the dried RAS grits with D50 of 608.57 300 

μm. However, for wet samples, the impact of grit size was different. The wet samples with smaller 301 

grits size (RCB with 473.23 μm) showed better flowability only at the lowest consolidation stress 302 

level of 0.482 kPa. The wet samples with larger grit sizes (RAS with 536.54 m) tended to exhibit less 303 

resistance to incipient failure states when the consolidation stress increased. 304 

Figure 7 shows how the estimated flow properties of cohesion (Figure 7-a) and tensile strength 305 

(Figure 7-b) vary with respect to the physical condition of samples determined by the experienced 306 

consolidation stress and the moisture content. The water content's effect was dominant, while the 307 

impact of the cassava grits size distribution was also clearly visible but with a lower magnitude.  308 

 309 

It is worth noting that there is no general agreement on the reliability of the quantities obtained by 310 

the back extrapolation of the measured incipient-failure points. However, when it comes to estimating 311 

those quantities without actually measuring them, using the Warren-Spring equation can be a practical 312 

and conclusive choice, especially for cohesive materials, as demonstrated in (Ashton et al., 1965; 313 

García-Triñanes et al., 2019). Using the nonlinear Warren-Spring model resulted in much more 314 
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accurate flow property values than the values attained by using the linear model of Mohr-Coulomb 315 

(Ashton et al., 1965; García-Triñanes et al., 2019). 316 

 317 

The increasing trend of cohesion seen in the graphs at higher consolidation stress in Figure 7.a  318 

was alleviated as the product's moisture content was reduced, implying an enhanced flowability of 319 

the bulk casava grits. The predicted values for cohesion reached 1.8 kPa at the highest level of 320 

consolidation (4.819 kPa) for wet samples with RCB grits. After drying, however, the opposite 321 

tendency was seen, with RAS grit samples having slightly higher cohesion values. The effect of 322 

particle size, as one of the most important physical attributes, on the flowability of cohesive powders 323 

has been previously studied (Teunou et al., 1999). In the lower levels of consolidation in Figure 7-a, 324 

the effect of cassava grits size is dominant, where RAS samples showed higher cohesion than RCB 325 

samples. Nonetheless, grit size was not the dominant cause on wet samples, and RCB grits showed 326 

noticeably higher cohesion indicating a poorer flowability. At the 31% wb. of water content, green 327 

graphs in Figure 7-a, the effect of grits size on cohesion has changed with respect to the consolidation 328 

stress. 329 

In Figure 7-b, the combined effect of the water content and the consolidation stress on the 𝜎T 330 

values was dominant during the drying process. The obtained values for wet samples were nearly 331 

three times higher for C and four times higher for 𝜎T than dry sample values. This range of variation 332 

has significant consequences in the handling of these materials.  333 

A possible mechanism to point out here is the decrease in cohesion during drying as the reduction 334 

in the starch granule's surface roughness due to the water evaporation, which reduces the magnitude 335 

of interparticle forces. Tensile strength is a magnitude based on the influence of interparticle adhesive 336 

forces on the strength of the bulk solid against pure tension loads. Tensile strength is probably linked 337 

to bulk density because these forces' magnitude depends on the spacing between the packing particles 338 

(García-Triñanes et al., 2019).  339 
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According to the results presented in Figure 4, the wet RCB samples showed a significantly higher 340 

surface area compared to RAS samples, 70 cm2/g versus 51 cm2/g, respectively. Furthermore, the 341 

value of D10 accounted for 227.4 μm and 323.6 μm, respectively, for RCB and RAS grits. The contact 342 

surface area of cassava grits rises as their size decreases, resulting in increased van der Waals 343 

attraction forces between the particles. The readily available water molecules in the finer clusters of 344 

RCB grits may cause the augmentation of interparticle interactions. Subsequently, a significant surge 345 

is observed in cohesion and tensile strength, especially at the highest consolidation level (4.819 kPa). 346 

In support of these findings, other researchers have reported similar behaviour when quantifying 347 

flowability indexes (Sun, 2016; Juarez-Enriquez et al., 2019).  348 

 349 

3.4 Flowability classification 350 

It is common practice to classify the flowability state into specific groups for bulk solids under a 351 

particular consolidation load. Therefore, further evaluations were conducted to reproduce the classic 352 

Jenike flowability classification. According to Jenike the flowability can be explained by considering 353 

the ratio of 𝜎𝑐/𝜎1, known as flow function (1/ffc). This ratio can represent the shape of the failure 354 

envelopes in Figure 6, while 𝜎1 shows the length of the envelope and 𝜎𝑐 can reflect the steepness of 355 

the left-hand side of the envelopes. Figure 8-a portrays the flow function values obtained at a different 356 

level of consolidation stress, while Figure 8.b shows the ratio considering the relative difference 357 

between internal friction angles. 𝜑𝑒 − 𝜑𝑠𝑓  is representing the transition phase between incipient 358 

failure and steady-state failure states. Therefore, the shape of the envelopes can also be represented 359 

by the geometrical feature of ∆𝜑𝑒−𝑠𝑓 =
𝜑𝑒−𝜑𝑠𝑓

𝜑𝑠𝑓
× 100, as depicted in Figure 8-b.  360 

 361 

Results imply that the stress history influences both steady-state (right-hand tail of failure 362 

envelopes in Figure 6) and the incipient (left-hand tail of failure envelopes in Figure 6) failure points. 363 

However, the influence of the consolidation history is eliminated in determining the flow function 364 
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values. While the same conclusion can be made for ∆𝜑𝑒−𝑠𝑓  of dried samples, the effect of the 365 

previous consolidation load was significant in the wet samples, shown as blue markers in Figure 8-b. 366 

Five well-known groups of free-flowing (𝜎𝑐/𝜎1 < 0.1), easy-flowing (0.1 < 𝜎𝑐/𝜎1< 0.25), cohesive 367 

(0.25 < 𝜎𝑐/𝜎1< 0.5), very cohesive (0.5 < 𝜎𝑐/𝜎1< 1) and non-flowing (𝜎𝑐/𝜎1> 1) were depicted as a 368 

colour pallet in Figure 8-a, where lighter colours represent a better flowability. Figure 8-a shows that 369 

the wet samples are very cohesive bulk solid, resulting in poor flowability, independent of their 370 

consolidation history. Partially dried samples with 31% wb. of water content are placed in the 371 

cohesive region. Further drying made the samples with RCB grits completely free-flowing, while the 372 

samples with RAS grits were located in a marginal place between easy-flowing and free-flowing. In 373 

Figure 8-a, neither the preparation methods used nor the consolidation history is related to the flow 374 

function as average values of 𝜎𝑐/𝜎1 at a given moisture content (P<0.05).  375 

 376 

It is expected to see that ∆𝜑𝑒−𝑠𝑓 is relatively small for easy-flowing bulk solids (Schulze, 2008). 377 

The smaller ratio reflects the linear tendency in constructing the incipient yield locus in Figure 2. 378 

That is to say; a steeper transition will be experienced from incipient failure into steady-state failure, 379 

which comes with a smaller ratio of  ∆𝜑𝑒−𝑠𝑓. This situation can be seen in the lowest range of applied 380 

consolidation stress which caused a bulk density range of 450-550 kg/m3 for the dried samples, 381 

whether prepared using RCB or RAS. For the samples with higher bulk density, a slightly smaller 382 

∆𝜑𝑒−𝑠𝑓 would be expected. Overall, ∆𝜑𝑒−𝑠𝑓was much more moisture-dependent rather than being 383 

consolidation-dependent.  384 

 385 

4 Conclusions 386 

This study provides relevant information on the physical and flow properties of pulverised cassava 387 

grits dried from 46% to 14% wb., replicating the materials typically used in small-scale food 388 
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processing centres in Africa. The morphology of grits was found as irregularly shaped clusters 389 

generated by truncated-oval starch granules. At magnifications lower than 30, the effect of the used 390 

preparation procedure can be seen. Using rotating abrasive surfaces caused coarser wet grits with D50 391 

of 608.57 µm compared to 456.92 µm for the grits obtained by rotary cutting blades. The effect of 392 

moisture content was studied on the bulk density variation to the consolidation stress using a well-393 

known logarithmic equation. There was no significant difference in bulk density due to the 394 

preparation techniques. The constructed failure envelopes shrunk as the drying process progressed, 395 

showing the decreasing resistance against the plastic flow of bulk cassava grits. Cohesion and tensile 396 

strength increased with consolidation stress, specifically at higher moisture content levels. On the 397 

contrary, the internal friction angles were a function of the moisture content rather than their 398 

consolidation history. The relative difference between effective and steady-state angles of internal 399 

friction showed a tendency to be independent of the stress history effect, in particular at lower levels 400 

of water content. Therefore, the proposed 𝜑 ratio can be applied to rank the flowability of the samples, 401 

compared to the classic classification based on flow function values, i.e., wet samples placed in a 402 

very cohesive zone, partially dried samples placed in a cohesive zone, and dried samples lied on the 403 

limits of the free-flowing zone.  404 

 405 
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Table & Figures 517 

Table 1: Summary of the consolidation normal stresses and over-consolidated failure stresses applied to the cassava 518 
samples. 519 

   Yield Locus number 

   1 2 3 4 

1 Consolidation normal stress (kPa)  0.482 1.038 2.237 4.819 

2 1st over-consolidation failure stress (kPa)  0.096 0.208 0.447 0.964 

3 2nd over-consolidation failure stress (kPa)  0.193 0.415 0.895 1.928 

4 3rd over-consolidation failure stress (kPa)  0.289 0.623 1.342 2.891 

5 4th over-consolidation failure stress (kPa)  0.386 0.831 1.789 3.855 

6 Consolidation normal stress (kPa) *  0.482 1.038 2.237 4.819 

 * Measurement points for checking consistency according to (R. Berry et al., 2015)  

 520 

 

Figure 1: Subsequential stages of preparing different samples of pulverised cassava grits, grated with either RAS or 521 
RCB, at three levels of moisture contents using a laboratory convection drying equipment of GUNT CE130, Germany. 522 

  523 
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a) Flow properties  b) Failure envelopes  

Figure 2: Schematic of the failure envelopes in the stress plane. a) shear-to-failure points (●) and their yield locus at a 524 
certain level of consolidation stress illustrating the flow properties of cohesion (C), tensile strength (𝜎T), unconfines 525 
yield strength (𝜎𝑐), major principal consolidation normal stress (𝜎1), normal stress at the failure plane of unconfined 526 
uniaxial compression test (𝜎f1), and normal stress at the endpoint of yield locus (𝜎f2). b) Two examples of failure 527 
envelopes in the stress plane.  528 

 529 

 

Figure 3: Morphology of RCB cassava grits captured by scanning electron microscopy imaging at four different 530 
magnification levels of ×30, ×100, ×1000, ×5000 represented clockwise. 531 
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a) Laser Diffraction Analysis b) Sieving results 

 

 Volume based  Weight based 

 46 % wb.  31 % wb.  14 % wb.  14 % wb. 

 RCB RAS  RCB RAS  RCB RAS  RCB RAS 

D10 (μm) 227.37 
± 0.77 

323.55 
± 6.21 

 113.16 
± 0.71 

53.94 
± 4.52 

 141.10 
± 25.21 

183.64 
± 19.93 

 55 
± 1.23 

85 
± 2.42 

D50 (μm) 456.92 
± 4.29 

608.57 
± 4.67 

 399.90 
± 10.63 

523.45 
± 6.75 

 473.23 
± 10.63 

536.54 
± 14.63 

 225 
± 3.71 

385 
± 4.96 

D90 (μm) 724.25 
± 2.35 

806.43 
± 2.01 

 703.56 
± 8.98 

774.98 
± 3.16 

 747.41 
± 8.97 

755.63 
± 2.63 

 605 
± 12.34 

685 
± 8.15 

            
Span 1.807 0.793  1.476 1.377  1.281 1.066  2.44 1.558 

SSA (cm²/g) 69.84 
± 0.33 

50.94 
± 0.45  

197.69 
±33.4 

203.29 
± 10.67  

197.01± 

33.4 

165.63± 

10.27 

   

 

c) Size characterisations 

Figure 4: Particle size characterisations of the samples of cassava grits prepared by RCB, solid curves, and RAS, dashed 533 
curves, at different levels of water content; blue colour stands for wet samples of 46% wb, green colour stands for 534 
partially dried samples of 31% wb., and red colour stands for dried samples of 14% wb, obtained first by a) Volume 535 
based method of laser diffraction analysis and second by b) Weight based method of sieving for dried samples. 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 
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𝜌𝑏 = 647.51 + 133.4 ln(𝜎𝑐𝑜𝑛𝑠.) 

 𝑅2 = 0.98 

 

 

𝜌𝑏 = 541.62 + 72.77 ln(𝜎𝑐𝑜𝑛𝑠.)    

𝑅2 = 0.96 

 

𝜌𝑏 = 505.26 + 24.03 ln(𝜎𝑐𝑜𝑛𝑠.) 

𝑅2 = 0.97 

 

Figure 5: Bulk density of the samples of cassava grits prepared by RCB, ■ with line errorbar, and RAS, □ with strip 547 
errorbar, at different levels of water content; blue colour stands for wet samples of 46% wb, green colour stands for 548 
partially dried samples of 31% wb., and red colour stands for dried samples of 14% wb. along with their regressed 549 
logarithmic equation (Eq.10).  550 
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a) Consolidation stress of 0.482 kPa 

 

b) Consolidation stress of 1.038 kPa 

 

c) Consolidation stress of 2.237 kPa 

 

d) Consolidation stress of 4.819 kPa 

Figure 6:  Failure envelops of the cassava samples; blue colour stands for 46% wb and red colour stands for 14% wb of 552 
moisture content; solid lines for RAS grits and dashed line for RCB grits; dark colour for incipient failure and light 553 
colour for steady-state failure 554 
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a) Cohesion b) Tensile strength 

Figure 7: Cohesion and tensile strength with respect to the applied consolidation stresses; for the samples prepared by 556 
RCB, ■ with line errorbar, and RAS, □ with strip errorbar, at different moisture content levels; blue colour stands for 557 
46% wb, green colour stands for 31% wb., and red colour stands for 14% wb. 558 

 559 

  

a) Flow function (𝜎𝑐/𝜎1) b) ∆𝜑𝑒−𝑠𝑓 =
𝜑𝑒−𝜑𝑠𝑓

𝜑𝑠𝑓
× 100 

Figure 8: Flowability of the pulverised cassava grits under different consolidation stress, characterised by the Jenike 560 
flow function 𝜎𝑐/𝜎1 (a) and the relative difference between internal friction angles ∆𝜑𝑒−𝑠𝑓 (b) for the samples prepared 561 
by RCB, ■ with line errorbar, and RAS, □ with strip errorbar, at different moisture content levels; blue colour stands 562 
for 46% wb, green colour stands for 31% wb., and red colour stands for 14% wb. 563 
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Highlights 1 

1. Samples were mashed using rotary abrasive surface and rotary cutting blade methods 2 

2. Pulverised cassava grits were dried from 46% to 14% wb. using a convection dryer 3 

3. Morphology and size features of grits were studied using sieving, SEM, and LDA 4 

4. Shear testing conducted using PFT over 0.418 to 4.892 kPa range of consolidation 5 

5. Water content and grits sizes determines the flowability during the drying process 6 
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