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Abstract 9	
  

This paper introduces a damage-based model for determining the compressive strength of 10	
  

Biopolymer-bound Soil Composites (BSC), a novel class of bio-based construction 11	
  

composites that are produced through the mixture and desiccation of biopolymers with 12	
  

inorganic aggregates. A damage-based sliding wingtip crack model is used, in 13	
  

conjunction with experimental results from mechanical testing and X-ray micro-14	
  

computed tomography image analysis, to predict the response of BSC materials under 15	
  

uniaxial compression. The model explores a range of mixture designs with varying 16	
  

biopolymer solution content. This methodology extends existing mixture design theory 17	
  

for BSC materials based on maximum bulk density of the soil phase. 18	
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1. Introduction 25	
  

 26	
  

For the past century, construction materials use has accounted for almost 70 % of all 27	
  

materials used in the United States by mass [1]. Typically obtained from non-renewable 28	
  

sources and requiring energy intensive processing and transport, construction materials 29	
  

contribute significantly to global anthropogenic CO2 emissions.  The manufacture, 30	
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transport, and use of Ordinary Portland Cement Concrete (OPCC), for instance, accounts 1	
  

for 8% of annual global CO2 emissions [2]. To provide an alternative to OPCC as a more 2	
  

sustainable construction material, a novel bio-based material class, Biopolymer-bound 3	
  

Soil Composites (BSC), has been introduced by NASA and Stanford, in the context of 4	
  

developing novel materials for extraterrestrial environments.[3,4].   5	
  

 6	
  

BSC is a mixture of aggregate, biopolymer, and water, which is then desiccated to form a 7	
  

solid, yet porous, composite. By this manufacturing method, BSC transforms from a 8	
  

green state (i.e. undesiccated) to a solid composite through desiccation of the biopolymer 9	
  

phase. This increase in strength and stiffness through desiccation was studied by 10	
  

Brownsey et al. for Bovine Serum Albumin (BSA), a protein (biological polymer 11	
  

composed of repeating amino acids)  that has served as a test biopolymer for this new 12	
  

class of materials[5]. Brownsey showed that at moderate to high concentrations of BSA, 13	
  

a glass-like arrest of the molecules occurs during desiccation, thus increasing the 14	
  

material’s stiffness.  The desiccated biopolymer phase in BSC acts as a binder for the 15	
  

aggregate particles, helping them to resist translation and rotation that are typical of 16	
  

granular material flows, and providing rigidity and strength to the composite.  Additional 17	
  

descriptions of mechanical characterizations and microstructure of BSC materials can be 18	
  

found in Roedel et al. and Rosa et. al [3,4,6,7]. 19	
  

 20	
  

Predicting the mechanical properties of porous materials like rock, concrete, and brick 21	
  

has long been of interest to material designers and structural engineers [8]. Numerous 22	
  

scientific studies have led to mechanistic and numerical models to predict the 23	
  

compressive and tensile strength of porous materials such as rock and concrete. Wang 24	
  

and Shrive provide a review of methods that predict the brittle fracture mechanisms of 25	
  

OPCC in compression[9].  In their review, Wang and Shrive discuss the difficulty of 26	
  

accurately predicting failure mechanisms in compression due to the heterogeneous nature 27	
  

of concrete, which leads to multiple failure mechanisms occurring randomly and 28	
  

simultaneously.  This phenomenon is also discussed by Basu et al. in their study of rock 29	
  

failure under compressive loads[10]. 30	
  

 31	
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Compressive loading leads to a complex stress state at and around flaws within porous 1	
  

materials. In one failure mechanism, proposed by Lehner and Kachanov[11], the 2	
  

deformation and stress intensities around a flaw can lead to the formation of wingtip 3	
  

cracks, typically oriented 70 degrees from pre-existing flaws. In a uniaxial compressive 4	
  

stress state, it is shown by Brace and Bombolakis[12] that wingtip cracks grow stably 5	
  

from large flaws until, ultimately, they are aligned parallel to the direction of 6	
  

compression. This phenomenon has been mathematically formalized into the sliding 7	
  

wingtip crack model by Ashby and Hallam, Ashby and Sammis, and Horii and Nemat-8	
  

Nasser[8,13,14]. 9	
  

 10	
  

The failure mechanism presented by Horii and Nemat-Nasser assumes a crack geometry 11	
  

of a narrow flaw oriented at an angle to the primary direction of loading[13]. As the 12	
  

compressive load increases, the two faces of the flaw interact, causing a resistive 13	
  

frictional force. As slip occurs on the two faces of the flaw, wingtip cracks begin to 14	
  

propagate from the edges of the original flaw. Increased compression causes wingtip 15	
  

growth to be aligned with the primary direction of loading. Wingtip growth during 16	
  

loading is stable until it reaches a critical flaw size, after which unstable crack growth 17	
  

leads to specimen failure.    18	
  

 19	
  

Extending the model of a single wingtip crack to multiple flaws, Ashby and Hallam 20	
  

incorporated the density of flaws or pores, along with their interaction, to the overall 21	
  

compressive strength model of porous materials[14]. Building upon this, Ashby and 22	
  

Sammis’ model used the average size and length between flaws to determine the initial 23	
  

and final damage states of uniaxially and triaxially compressed porous materials, such as 24	
  

aplite, dunite, granite, sandstone, limestone, marble, and rock salt[8]. 25	
  

 26	
  

At present, no model has been developed to predict and design for the compressive 27	
  

strength of Biopolymer-bound Soil Composite materials. This paper presents 28	
  

experimental compression test data and X-ray micro-computed tomography image 29	
  

analysis to support the adaptation of the Ashby and Sammis sliding wingtip crack model 30	
  

for predicting BSC ultimate compressive strength.  The compressive strength model is 31	
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then fitted against uniaxial compression test data for BSC materials with a range of mix 1	
  

designs.  The paper begins with a description of experimental materials and methods, 2	
  

followed by experimental test results, the application of the sliding wingtip crack model, 3	
  

and discussion of a sensitivity analysis of the model, before closing with conclusions and 4	
  

future work. 5	
  

 6	
  

2. Experimental Materials and Methods 7	
  

 8	
  

2.1 Experimental Materials and Specimen Manufacture 9	
  

 10	
  

Sand (small particle-size feldspathic amber glass) was used as the inorganic aggregate 11	
  

(i.e. soil). The sand was purchased from P.W. Gillibrand, Simi Valley, California, USA 12	
  

with trade name #90 Silver Sand 2 . The sand specific gravity, reported by the 13	
  

manufacturer, was 2.60 [15].  Bulk density measurements following a modified ASTM 14	
  

Standard C29 method, pre-loaded with a 10 MPa compaction pressure to match BSC 15	
  

manufacturing conditions, show the bulk density of the sand to be 1.48 g/cm3 ± 0.04 g/ 16	
  

cm3 [16].   17	
  

 18	
  

Unfractionated bovine blood proteins were used in the manufacture of BSC specimens. 19	
  

This protein preparation consists primarily of albumin and immunoglobins. The 20	
  

biopolymer preparation was purchased from API, Inc. (Ames, IA), and sold under the 21	
  

trade name AP920 Bovine Plasma. The biopolymer was used as received from the 22	
  

manufacturer. This biopolymer binder was chosen due to its lower environmental 23	
  

footprint, compared to purified bovine serum albumin, similar mechanical properties, and 24	
  

availability in bulk quantities[4].  AP920 contains (by mass) 78 % protein, 10 % ash, 8 % 25	
  

water, with fiber, lipids, and minerals making up the remaining fraction [17]. Of the 26	
  

protein fraction, AP920 contains 50 % to 60 % albumin, 40 % to 50 % globulin, and 1 % 27	
  

to 3 % fibrinogen[18].  28	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2 Certain commercial equipment, instruments, or materials are identified in this paper to foster 
understanding. Such identification does not imply recommendation or endorsement by the National 
Institute of Standards and Technology, nor does it imply that the materials or equipment identified are 
necessarily the best available for the purpose. 
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 1	
  

The manufacture of BSC was conducted using a dry-mixing method, wherein dry, pre-2	
  

weighed amounts of sand and biopolymer were mixed before adding water. Reverse 3	
  

osmosis purified water with a resistance of 18.2 MΩ-cm was added to dry mixtures of 4	
  

aggregate and biopolymer to manufacture the composite. Mixtures were kept dry enough 5	
  

to prevent any particle segregation. Mixture and specimen masses were measured using a 6	
  

laboratory balance accurate to ±10 mg.  Mixtures of biopolymer, sand (i.e. soil), and 7	
  

water were blended by hand for five minutes until visually uniform. 8	
  

 9	
  

Three sets of experimental tests, each with a different specimen geometry, were 10	
  

performed in this study. Thus, three custom molding apparatuses for the different 11	
  

experimental test geometries were used. To manufacture the 13 mm diameter by 25 mm 12	
  

tall cylindrical specimens for uniaxial compression testing, a cylindrical mold was used 13	
  

with a 13 mm inner diameter, 51 mm outer diameter, and 76 mm height made from 316 14	
  

stainless steel. A matching piston with a 12.8 mm diameter and 84 mm height was used 15	
  

to compact samples.  To manufacture the 4 mm diameter by 8 mm tall cylindrical X-ray 16	
  

micro-computed tomography image specimens, a stainless steel cylindrical mold with a 4 17	
  

mm inner diameter, 38 mm outer diameter, and 38 mm height, with matching 3.8 mm 18	
  

diameter and 40 mm tall piston, was used.  To manufacture the 13 mm by 26 mm by 104 19	
  

mm prisms for notched beam fracture toughness testing, three rectilinear molds that could 20	
  

be disassembled, and a matching platen 12.8 mm by 25.8 mm by 103.8 mm, was used. 21	
  

The rectilinear mold was made from acetyl polymer resin (also known as Delrin). 22	
  

 23	
  

Cylindrical specimens for compression testing and imaging were formed using freshly 24	
  

mixed BSC raw materials (aggregate, biopolymer, and water) loaded into cylindrical 25	
  

molds in one lift and compacted. Notched beam specimens were manufactured by adding 26	
  

freshly mixed BSC into the beam molds and compacting. An MTS Criterion Model 43 27	
  

electromechanical universal testing machine was used to compact mixtures to 10 MPa for 28	
  

specimens compacted at one face and 5 MPa in specimens compacted at two faces, in 29	
  

order to create homogeneous specimens. Specimens were then immediately ejected from 30	
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their respective molds, their mass measured, and placed in a 60 °C oven for 24 h to fully 1	
  

desiccate. 2	
  

 3	
  

Once fully desiccated, each uniaxial compression specimen's top and bottom surfaces 4	
  

were cut flat using a dry tile saw. Specimen diameter and height dimensions were 5	
  

measured using digital calipers accurate to ±0.05 mm, using an average value of no less 6	
  

than three measurements. Dry mass measurements were also taken and used in 7	
  

conjunction with the caliper measurements to calculate specimen density.  A minimum of 8	
  

six test specimens were used to determine each sample measurement (i.e., each mixture 9	
  

of protein, aggregate and water). 10	
  

 11	
  

2.2 Uniaxial Compression and Single Notched Edge Fracture Testing 12	
  

 13	
  

Uniaxial compression tests of BSC samples were carried out using an MTS Criterion 14	
  

Model 43 electromechanical universal testing machine with small sample compression 15	
  

platens and a 10 kN load cell. Digital force and crossbeam displacement measurements 16	
  

are recorded at 20 Hz. Samples were loaded at a rate of 0.05 mm/s. Post-peak response 17	
  

was recorded until load measurements are 80 % of peak load. Ultimate compressive 18	
  

strength was determined as the peak load divided by the nominal cross-sectional area of 19	
  

the cylindrical specimen. BSC specimens with large variations (±0.2 mm) in diameter 20	
  

throughout their height, or specimens with surfaces that did not make flat contact with the 21	
  

compression test heads, were excluded from the experimental dataset. 22	
  

 23	
  

Single edge notched beam tests following ASTM Standard 1820 were conducted to 24	
  

determine the fracture toughness (KIC) of BSC samples[19]. Manufactured rectilinear 25	
  

beams (14 mm × 26 mm × 104 mm) were notched using a bandsaw, with the initial flaw 26	
  

size set between 40 % to 60 % of the beam height (~10 mm to 15 mm). Specimen 27	
  

dimensions and notch lengths were measured using digital calipers accurate to ±0.5 mm. 28	
  

Beams were loaded to fracture failure using the same MTS frame with a three-point 29	
  

bending apparatus and 10 kN load cell. Digital force and crossbeam displacement 30	
  

measurements were recorded at 20 Hz, with the rate of displacement set to 0.05 mm/s. An 31	
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average fracture toughness value was determined as an average value from all tests 1	
  

following ASTM Standard E1820 Annex A1.4 and assuming the test is done in the 2	
  

presence of the K-dominant zone in the linear elastic regime linear elastic material 3	
  

response. This assumption was later verified as correct since the width B, the process 4	
  

zone 𝑤 − 𝑎, and the initial crack size a were all greater than 2.5(𝐾!"/𝜎!), which had an 5	
  

estimated value of 4 mm for the specimens with the lowest yield strength. 6	
  

 7	
  

2.3 X-ray Micro-computed Tomography Imaging 8	
  

 9	
  

X-ray micro-computed tomography (µCT) datasets of 4 mm diameter by 8 mm tall 10	
  

cylindrical specimens were used to determine BSC microstructural features.  Cone beam 11	
  

X-ray projections were obtained using a Zeiss Versa XRM500 scanner. Image stack 12	
  

reconstruction (filtered back-projection algorithm) was performed on-site using 13	
  

manufacturer's software. Projections were collected using an average voltage and current 14	
  

of 80 kV and 88 µA, respectively (total power of 7 W, no X-ray tube filter). Specimens 15	
  

were glued to the experimental stage (an aluminum nail, gripped by a pin vise) using 16	
  

commercially available ethyl cyanoacrylate adhesive. Four scans were made of each 17	
  

sample.  Two higher-resolution scans were made inside the sample at two different non-18	
  

overlapping locations. These scans have a pixel size of 1.746 µm.  Two lower-resolution 19	
  

scans were made, with each scan covering one half of the entire cylindrical sample.  The 20	
  

pixel size for the lower-resolution scans varies between 4.2 µm and 5.5 µm. Camera 21	
  

settings include an optical zoom of 4X, and exposures ranging from 0.5 s to 2.0 s. 22	
  

 23	
  

µCT datasets were preprocessed using the software package FIJI[20], prior to being 24	
  

segmented and analyzed. Image stacks were cropped to remove beam hardening effects 25	
  

near the outer ends of the specimens and normalized by allowing 2 % to 10 % of the 26	
  

voxels to reach full brightness. Image segmentation on each µCT dataset was performed 27	
  

using the software package iLastik [21]. Pixels in specimen cross-section images were 28	
  

segmented into one of four material phases: pore, biopolymer, aggregate, and out-of-29	
  

sample. A random sub-sample of images in the dataset was used to train a random forest 30	
  

segmentation classifier using non-linear image filters. 31	
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 1	
  

Image segmentations of each µCT dataset were checked for accuracy using two different 2	
  

methods. In each case, a training set was initially created to provide a segmentation 3	
  

prediction on a statistically significant subset of the µCT data (50 images out of 992). 4	
  

Lower-resolution scanning datasets were validated by comparing the volume fraction of 5	
  

the soil phase against estimated values from the known BSC mixture. Once trained and 6	
  

validated through comparison of predicted and segmented volume fractions, the classifier 7	
  

was applied to the entire µCT dataset to provide a complete segmentation. The 8	
  

segmented lower-resolution datasets were used to virtually measure composite pore size 9	
  

and pore inclination with respect to the longitudinal axis of the cylindrical sample. 10	
  

 11	
  

Separately, image segmentations from the higher-resolution datasets used a cross-12	
  

validation scheme. After the primary training set produced a segmentation, a second 13	
  

classifier algorithm was thoroughly trained on a single image that was not part of the 14	
  

primary training set.  Images from both segmentations were compared on a pixel-by-pixel 15	
  

basis. Differences of 5% or more required re-training of the primary classifier. This 16	
  

method was chosen for the high-resolution datasets as the volume captured was not able 17	
  

to accurately represent the calculated volume fractions expected from mixture design. 18	
  

The higher-resolution datasets were used to measure biopolymer structure thickness. 19	
  

 20	
  

3.0 Experimental Results 21	
  

 22	
  

3.1 Uniaxial Compression and Single Notched Edge Fracture Test Results 23	
  

 24	
  

Ultimate compressive strength results of BSC material produced from different mix 25	
  

designs are shown in Table 1. The mix design theory of BSA states that the soil bulk 26	
  

density in the dry material (𝜌!"#,!"#$  !"#$) and the biopolymer to soil mass ratio (%𝑤!" !) 27	
  

are the primary predictors of ultimate compressive strength in BSC materials. In general, 28	
  

strength increases with both soil bulk density and the ratio of biopolymer to soil. 29	
  

 30	
  

 31	
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Table 1- Mix Designs of BSC Mixes (measured to the nearest 0.1 g) 1	
  

Mix Name 

Wet Mix Mass Percentages 
%𝑤!"/! 

 

𝜌!"#,!"#$  !"#$ 

𝑔 𝑐𝑚!  

Compressive 

Strength 

 (MPa) 
Soil Biopolymer Water 

Mix 1 77.3 6.5 16.2 8.5 1.23 4.2 

Mix 2 78.3 5.7 16.0 7.3 1.25 3.8 

Mix 3 78.2 7.8 14.0 9.9 1.28 6.5 

Mix 4 76.5 9.5 14.0 12.4 1.32 7.8 

Mix 5 75.7  10.3 14.0 13.6 1.36 9.8 

Mix 6 74.8 11.2 14.0 14.9 1.38 11.3 

Mix 7 74.3 11.6 14.1 15.6 1.38 10.0 

Mix 8 74.0 12.0 14.0 16.3 1.38 10.3 

Mix 9 73.5 12.5 14.0 17.0 1.40 9.9 

Mix 10 73.1 12.9 14.0 17.6 1.35 8.2 

Mix 11 72.3 13.8 14.0 19.0 1.34 7.2 

Mix 12 71.3 14.6 14.0 20.5 1.31 6.9 

Mix 13 68.5 14.0 17.5 20.5 1.19 3.6 

Mix 14* 77.9 6.9 15.2 8.8 1.46 11.8 

Mix 15* 74.5 10.3 15.2 13.8 1.45 14.3 

* Mixtures 14 and 15 were manufactured using two compaction regimes at 5 MPa. All 2	
  
other mixes were compacted once at 10 MPa.  3	
  
 4	
  

Results of the single notched edge fracture tests are presented in Table 2. In the fracture 5	
  

tests of notched beams, no significant trend between BSC fracture toughness and bulk 6	
  

density was found. Thus, an average 𝐾!"  value of 0.164 MPa-m½ was used for all further 7	
  

calculations in this study.  8	
  

 9	
  

 10	
  

 11	
  

 12	
  

 13	
  

 14	
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Table	
  2	
  -­‐	
  Fracture	
  toughness	
  𝐾!" 	
  of	
  BSC	
  mix	
  designs.	
  	
  1	
  

Mix Name 
𝜌𝑑𝑟𝑦,𝑏𝑢𝑙𝑘  𝑠𝑜𝑖𝑙 
𝑔 𝑐𝑚!  

 

%𝑤!"/! Fracture Toughness 
 (𝑀𝑃𝑎 𝑚) 

Mix 3 1.22 9.9 0.154 ±0.010 
Mix 4 1.29 13.6 0.176 ±0.004 
Mix 6 1.35 14.9 0.157 ±0.005 
Mix 9 1.31 17.1 0.173 ±0.014* 

  
Average 0.164 ±0.013 

*The average value of Mix 9 was obtained only from 2 samples 2	
  

 3	
  

3.2 X-ray Micro-computed Tomography Imaging Results 4	
  

 5	
  

Lower-resolution X-ray µCT image slices of specimens of Mix 3 and Mix 12 show the 6	
  

structure of the composite material (Figures 1(a) and 1(b), respectively). In these figures, 7	
  

the lightest hues represent aggregate particles, with midrange hues representing 8	
  

biopolymer. The darkest regions represent pores and areas outside of the sample. Phase 9	
  

segmentations of Figures 1(a) and 1(b) are shown in Figures 1(c) and 1(d), respectively. 10	
  

Blue, white, and gray segments represent pore, biopolymer, and aggregate phases, 11	
  

respectively. Comparisons of the volume fractions of the pore, biopolymer, and aggregate 12	
  

phases are shown in Table 3. Volume fraction values from image analysis are based on 13	
  

ratios of pixel counts of the respective phases from segmented images. Since the soil 14	
  

phase is easily identifiable in the µCT images, the volume fraction of soil calculated by 15	
  

image analysis was assumed to be correct. As seen in Figure 1, identifying the protein 16	
  

can be challenging. To validate the segmentation of the biopolymer phase after visual 17	
  

examination, the density of the phase was calculated and found to be in the range of 0.75 18	
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g/cm3 to 0.85 g/cm3. This range is in good agreement with the apparent density of 1	
  

desiccated proteins from milk [22].   2	
  

	
  3	
  
Figure 1 - (a) Lower-resolution X-ray µCT slice of BSC specimen made using Mix #3; (b) 4	
  
Lower-resolution X-ray µCT slice of Mix #12; (c) phase segmentation of image shown in 5	
  

(a); (d) phase segmentation of image shown in (b). 6	
  

	
   	
  7	
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Table 3 - Volume fractions of pore, protein, and aggregate phases of BSC determined by 1	
  
X-ray µCT image analysis 2	
  

Mix Name Sample 

Volume Fractions (%) 

%𝑤!"/! 
𝜌!"#,!"#$  !"#$   from 

image analysis 
(𝑔/𝑐𝑚!) 

𝜌!"#$#%&'() 
form Image 

Analysis 
(𝑔/𝑐𝑚!) 

Soil Biopolymer Voids 

Mix 3 
3_A 57 12 32 

10.1 
1.48 0.78 

3_B 57 12 31 1.48 0.83 

Mix 4 
4_A 57 16 27 

13.6 
1.48 0.80 

4_B 57 16 26 1.49 0.81 

Mix 6 
6_A 58 19 24 

15.1 
1.50 0.82 

6_B 58 18 24 1.50 0.80 

Mix 9 
9_A 56 20 24 

17.0 
1.45 0.82 

9_B 56 20 25 1.45 0.81 

Mix 12 
12_A 55 23 22 

20.5 
1.43 0.79 

12_B 55 23 22 1.42 0.80 

      Average 0.81 ± 0.013 
 3	
  

Higher-resolution X-ray µCT slices of specimens made with Mix 5 and Mix 12 show the 4	
  

detailed microstructure of the composite material (Figures 2(a) and 2(b), respectively).  5	
  

Once again, the lightest hues represent aggregate particles, with midrange hues 6	
  

representing biopolymers. The darker regions represent pores.  Shown in Figures 2(c) and 7	
  

2(d) are the phase segmentations of Figures 2(a) and 2(b), respectively. Black, white, and 8	
  

gray segments represent pore, protein, and aggregate phases, respectively. 9	
  

  10	
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 1	
  

 2	
  
Figure 2 - (a) Higher-resolution X-ray µCT slice of BSC specimen made with 12 % 3	
  
biopolymer by volume (Mix 3); (b) Higher-resolution X-ray µCT slice of BSC specimen 4	
  
made with 23 % protein by volume (Mix 12); (c) phase segmentation of image shown in 5	
  
(a); (d) phase segmentation of image shown in (b) 6	
  

4.0 Theory and Parameter Calculation 7	
  

 8	
  

The wing tip crack model used to predict compressive strength of BSC materials follows 9	
  

that of Ashby and Sammis [8] and is presented as Equation 1.  10	
  

𝑆! =

!!
!
!!

!
!!!!!!

!
!
!!! !! !!

!!!!

!
!

!!!
!
!

!
!!

!
!!! !!!

!
!!

!
!!!

!

!!!!
!!

!
!

!!!
!
!  

!
!!

!
!!!

!   (1) 

 11	
  

where 𝑆!  is the principal compressive stress normalized by the quantity 𝐾!"/ 𝜋𝑎. This 12	
  

paper only looks at uniaxial compression, hence 𝑆!   = 0. Thus, the simplified Ashby and 13	
  

Sammis model used in this paper is presented in Equations 2 through 6. 14	
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𝜎! =
𝐶!

𝐷
𝐷!

!
!
− 1+ 𝛽𝛼

!
!

1+ 𝐶!
𝐷!
!
!

1− 𝐷
!
!  

𝐷
𝐷!

!
! − 1

!

𝐾!"
𝜋𝑎

 (2) 

𝐶! = 𝜋𝛼
3𝛼
𝛽 1+ 𝜇! − 𝜇 !!     (3) 

𝐷! =
4
3𝜋 𝛼𝑎 !𝑁! (4) 

𝐷 =
4
3𝜋 𝑙 + 𝛼𝑎 !𝑁! (5) 

𝛼 = sin  (𝜃) (6) 

where 𝜎!  is the principal compressive strength, 𝑎 is the flaw size, 𝑙  is the wingtip length, 1	
  

KIC is the matrix material fracture toughness, β is the small damage correction term,  C3 is 2	
  

equal to 𝜋 in the Ashby and Sammis model,  θ is the orientation angle of the flaw, 𝑁! is 3	
  

the number of flaws per unit volume, and µ is the coefficient of friction between the flaw 4	
  

faces.  5	
  

 6	
  

The original Ashby and Sammis model assumes an equal spacing of evenly-sized and 7	
  

uniformly oriented flaws [8].  This paper follows the same assumption, thereby providing 8	
  

a single average value for variables such as flaw size, 𝑎, despite the existence of many 9	
  

randomly shaped and randomly sized flaws. The Ashby and Sammis model is based on 10	
  

two damage states, an initial state D0 (Equation 4) and an increased damage state D 11	
  

(Equation 5), which is caused by the extension of wingtip cracks that propagate through 12	
  

the composite. Following Ashby and Sammis, flaws are equivalent to the existing pores 13	
  

in the structure 14	
  

 15	
  

4.1 Determining material flaw size, wing-tip length, flaw orientation, and flaw 16	
  

density  17	
  

 18	
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To determine pore size, 𝑎, and biopolymer structure thicknesses, a proxy for 𝑙, within 1	
  

BSC from lower-resolution and higher-resolution µCT segmented 3D images, a 2	
  

skeletonization algorithm developed by Kerschnitzki et al. was applied to both pore 3	
  

voxels and protein voxels [23]. Based on this algorithm that calculates the spatial 4	
  

coordinated of nodes in an interconnected 3D network, the pore diameter 2𝑎 and the 5	
  

biopolymer thickness 𝑙 can be calculated using the Pythagorean theorem for all of the 6	
  

samples structures. Afterwards, the average is found by fitting a two-component 7	
  

Gaussian Mixture Model. Further description of these methods can be found in Roedel’s 8	
  

dissertation [24].  9	
  

 10	
  

Average pore sizes for nine BSC specimens with increasing biopolymer binder content 11	
  

are shown in Figure 3.  A linear model was fitted to the average flaw diameter, 2𝑎. The 12	
  

model shows decreasing pore size as the dry bulk density of the soil 𝜌!"#,!"#$  !"#$ 13	
  

increases.  This decreasing trend is associated with soil particles packing closer together 14	
  

as the dry bulk density increases, resulting in smaller pores, which is expected.  The R2 15	
  

value for the linear model is 0.88. The dry bulk density of the soil 𝜌!"#,!"#$  !"#$ reported 16	
  

for mixtures in Figure 3 is higher than that reported previously in Table 2 and Table 3. 17	
  

This discrepancy is attributed to pores inside the aggregate particles that are not captured 18	
  

in the low resolution µCT scans (compare Figures 1 and 2). Hence to correct the values, 19	
  

the water absorption capacity, 𝑤!"#$ was used to obtain the apparent density of the soil 20	
  

particles, 𝜌!",!"#$. This apparent density was then used to calculate the bulk soil density 21	
  

𝜌!"#,!"#$  !"#$ presented in Figure 3 using Equation 7.  22	
  

 23	
  

𝜌!"#,!"#$  !"#$ = 𝑉!"#$ ∗ 𝜌!",!"#$ = 𝑉!!"# ∗
𝜌!"#$

1+ 𝜌!"#$ ∗ 𝑤!"#$
 (7) 

 24	
  

where 𝑉!"#$ is the volume fraction of soil in the image and 𝜌!"#$ is the particle density of 25	
  

the soil. The water absorption capacity of the sand, 𝑤!"#$, was taken to be 0.8% [25].  26	
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  1	
  
Figure 3 - Average pore size in BSC versus soil dry bulk density 𝜌!"#,!"#$  !"#$ determined 2	
  

from lower-resolution X-ray µCT images. The data labels state the biopolymer to soil 3	
  
weight ratio %𝑤!"/!.  A linear best-fit model is also shown. 4	
  

Using results from the Kerschnitzki skeletonization discussed previously, the distribution 5	
  

of varying orientations of flaws is calculated from lower-resolution X-ray Micro-6	
  

computed Tomography segmented images [23].  The mean flaw orientation angle 7	
  

between specimens of different biopolymer binder content does not vary significantly, 8	
  

thus a single average flaw angle was used for all modeling. The mean flaw orientation 9	
  

angle for all flaws is 0.61 radians.  Based on Equation 5, this flaw orientation results in a 10	
  

value of α  of 0.58.   11	
  

 12	
  

To estimate the number of flaws 𝑁! present in BSC, the number of pores in BSC was 13	
  

estimated using Equation 8 which utilizes the average pore size, 𝑎, and the porosity of the 14	
  

material 𝜙, which is equivalent to the volume fraction of voids in  15	
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Table 3. The porosity, 𝜙, can be approximated from the dry bulk density 𝜌!"#.!"#$  !"#$ 1	
  

and the biopolymer to soil weight ratio %𝑤!"/! , provided that the dry biopolymer 2	
  

density 𝜌!"!,!" and the soil particle density 𝜌!"#$ are known. 3	
  

𝑁! ≈
𝜙

4
3 ∗ 𝜋𝑎

!
≅   

1−
𝜌!"#,!"#$  !"#$

𝜌!"#$
−
%𝑤!" ∗ 𝜌!"#,!"#$  !"#$

𝜌!"#,!"
4
3 ∗ 𝜋𝑎

!
 (8) 

 4	
  

	
  5	
  

	
  6	
  
Figure 4 - Magnified view of Figure 2(b) highlighting shrinkage cracks formed between 7	
  

biopolymer structures. 8	
  

Based on observations of wingtip cracks originating and extending within the thickness 9	
  

of the protein structures (Figure 4), the biopolymer thickness is taken as a proxy for 10	
  

wingtip crack length 𝑙.Measurements using four high-resolution datasets are presented in 11	
  

Figure 5 for increasing protein binder contents. A linear model of the data points with R2 12	
  

= 0.89 is shown.  Biopolymer thickness shows an increasing trend with increasing 13	
  

biopolymer to soil weight ratio %𝑤!"/! , which is consistent with specimen mixture 14	
  

designs that have increasing amounts of protein. Biopolymer thickness measurements 15	
  

include particle-to-particle interactions and exclude any structures that connect more than 16	
  

three aggregates or extend beyond multiple pores. 17	
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 1	
  
Figure 5 – Biopolymer thickness, shown as wingtip crack length in BSC versus 2	
  

biopolymer to soil weight ratio %!!"/! determined from high-resolution X-ray µCT 3	
  
images. The data labels state the soil dry bulk density 𝜌!"#,!"#$!!"#$. A linear best-fit 4	
  

model is also shown.  5	
  

 6	
  

5.0 Results 7	
  

 8	
  

The sliding wingtip crack model in Equations 2 to 6 comprises both experimental and 9	
  

fitted parameters. In Ashby and Sammis’ model, the crack length, !𝑎, the initial flaw 10	
  

density, !!  , the wingtip crack length, 𝑙, and the mean flaw angle orientation, α, were 11	
  

obtained by fitting the model to the experimental data, whereas in this model, they were 12	
  

obtained by image analysis of the material’s microstructure [8]. The small damage 13	
  

correction term, β, and the coefficient of friction between the flaw faces, µ, were 14	
  

determined by fitting the model to the experimental data.  Ashby and Sammis include β 15	
  

within the wingtip crack model to account for wingtip lengths that are small, to ensure 16	
  

that the primary flaw, 𝑎, does not overwhelm the contribution of the wingtip length, l.  17	
  

They assume a value of β of 0.45 to best fit their data. The coefficient of friction, µ, is 18	
  

used to calculate the resisting force that acts in opposition to the opening force that 19	
  

extends wingtips when the flaw faces come into contact and was fitted to values from 0.5 20	
  

to 0.65 in the Ashby and Sammis model.  21	
  

 22	
  












































































