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Abstract: Biopolymer-bound Soil Composites (BSC), are a novel bio-based con-
struction material class, produced through the mixture and desiccation of biopo-
lymers with inorganic aggregates with applications in soil stabilization, brick
creation and in situ construction on Earth and space. This paper introduces a mix-
ture design methodology to produce maximum strength for a given soil-biopoly-
mer combination. Twenty protein and sand mix designs were investigated, with
varying amounts of biopolymer solution and compaction regimes during manu-
facture. The ultimate compressive strength, density, and shrinkage of BSC sam-
ples are reported. It is observed that the compressive strength of BSC materials
increases proportional to tighter particle packing (soil dry bulk density) and binder
content. A theory to explain this peak compressive strength phenomenon is
presented.

Keywords: Compressive strength; biopolymer composites; material design; soil
bulk density; in situ material utilization; sustainable materials

1 Introduction

Ordinary Portland Cement Concrete (OPCC) is the most consumed man-made material globally, due in
part to its versatility and low cost. However, the manufacture of OPCC accounts for 5% of global
anthropogenic CO2 emissions, and much of the material used in its makeup comes from non-renewable
sources [1,2]. Thus, new construction materials and methods that are vastly different from current
practice, and utilize local, renewable resources are needed. Recognizing the potentially low impact of
biological materials used in construction, a renewable and reusable protein biopolymer is studied in this
work as a novel binder for granular soils and other aggregates. This biopolymer strategy stems from
NASA’s effort to develop closed loop building material systems for extraterrestrial environments [3].

Biopolymer-bound Soil Composites, or BSC, are a mixture of granular soil aggregate, biopolymer, and
water, which is then desiccated to form a solid composite. During the manufacturing process, BSC
transforms from a ‘green’, or wet, state to a stronger and stiffer state through the evaporation of water. In
this work the main biopolymer used is the protein bovine serum albumin (BSA), which is dissolvable in
water. Hence the material after its functional lifetime can be dissolved back into its main components to
be remanufactured.

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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In addition to BSC materials studied in this paper, other research efforts have independently created
alternate biopolymer-bound soil composites for a myriad of construction applications. Tab. 1 summarizes
recent work on binding soils with biopolymers that can also be classified as BSC by highlighting the
application, biopolymer binder used and resulting compressive strength. The work presented in this paper
presents a methodology to more broadly aid in the material design of BSC materials to achieve maximum
compressive strength.

In the case of BSC bound by proteins, the binder increases in strength and stiffness through desiccation
due to a glass-like arrest of the protein molecules at high concentration [12]. Hence the desiccated protein
phase in BSC acts as a binder for the aggregate particles, providing resistance to translation and rotation
that are typical of granular material flows, resulting in rigidity and strength of the composite. Additional
descriptions of mechanical and microstructure characterizations of BSC materials can be found in [13–15].

For mass-produced construction materials, like OPCC and Asphalt Concrete (AC), many studies have
related the design of these mixtures to targeted material properties, such as compressive strength,
permeability, density, thermal conductivity, and environmental impact [16–18]. For each mixture design

Table 1: Summary of recent works exploring biopolymer soil composites (BSC). Soil types given in parentheses
are based on the Unified Soil Classification System

Application Biopolymer binder Soil type Mc %wBP=S Bulk
Density
(g/cm3)

Comp.
Strength
(MPa)

Source

Soil
Improvement

Agar with starches (Staramic
105 and 747, Starpol 136,
469, 600 and 700)
(polysacharides)

Fontainebleau sand
(SP)

~30% 0.3–1.2% 1.50–1.54 0.12–0.5 Khatami
et al. [4]

Beta-1,3/1,6-glucan
(polysaccharide)

Korean residual
soil–KRS (CL)

60% 0.005–0.5% N/A 1.0–4.3 Chang
et al. [5]

Xanthan gum
(polysaccharide)

Sand (SP)
In-situ Soil
(SP-SM)
KRS (CL)
Clay (CH)

29%
29%

60%
60%

0.5–1.5% 1.43–1.47
1.74–1.63

1.5–1.41
1.31

0.3–1.2
3.0–4.2

4.1–5.4
2.5

Chang
et al. [6]

Xanthan gum,
Gellan gum,
Starpol 136 (polysacharides)

Sand (SP)
Silt (MH)

10–15% 0.03–0.3% 1.97–2.07
1.58–1.74

0.06–0.49
0.06–0.84

Ayeldeen
et al. [7]

Xanthan gum
(polysaccharide)

Sand (SP) 12–15% 1–5% 1.63–1.67 0.7–1.7 Qureshi
et al. [8]

Bricks Alginates
(polysaccharides with salts)

Three types of clay
(CL)

15–16% 0.1–0.5% 1.8–2.1 0.8–3.0 Dove et. al.
[9]

Xanthan gum,
Gellan gum
(polysaccharides)

Korean residual soil
(CL)

60% 1% 1.34–1.37 2.5–6.5 Chang
et al. [10]

Construction
Material

Guar gum, Xantham gum
(polysaccharides)

Soil Mixture (SC or
SM)

10–13% 0.5–3% ~2.0 1.5–4.5
2.0–4.8

Muguda
et al. [11]

Animal Plasma AP920
(Proteins)

#90 Grade Sand
(SP)

9–27% 6–18% 1.2–1.5 3.6–22.7 This paper
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methodology, there are key metric of material composition that relate directly to desired material properties.
These metrics form the basis of a material design and engineering rationale.

For OPCC mixture design, which focuses on achieving a targeted compressive strength, it has long been
understood that the water-to-cement (w/c) ratio is a key design metric. Lower values of water-to-cement ratio
lead to higher compressive strength, but lower mixture workability. Studies of the water-to-cement ratio have
shown that the ratio can go lower than 0.1 with the use of superplasticizers [19]. Normal mixtures without
additives, however, require a minimum water-to-cement ratio of approximately 0.4 for workability [16]. For
Asphalt Concrete (AC) materials, the amount of binder, measured as the voids filled with asphalt (VFA), the
voids in mineral aggregate (VMA), and air voids, are three important measures that are used to design a high
quality AC mixture [17]. Based on the Superpave standard by the Strategic Highway Research Program used
in current AC mix design, VMAvalues should range between 11% and 15%, and VFAvalues from 65–80%.
The optimal amount of binder is achieved when air voids are approximately 4% after compaction, which
historically has been chosen to allow for additional compaction from traffic loads, and to prevent
performance degradation when the void content becomes zero [20,21]. Both OPCC and AC mixture
design methodologies also specify aggregate characteristics, such as particle size, shape, and angularity,
as important characteristics for the successful design of compressive strength of the mixtures [22].

Recognizing that a rational method is needed to engineer the mechanical properties of BSC material, and
promote further study, this paper presents a mixture design theory for achieving peak compressive strength of
BSCs. Twenty mix designs with varying component proportions and compaction regimens were studied for
an experimental soil (sand) and biopolymer binder (dried blood plasma proteins). The mixture design theory
is based on a fundamental understanding of the mechanics of the material as they relate to the primary
constituents of the desiccated composite–biopolymer solution and soil. Experimental results from more
than 150 uniaxial compression tests and 20 shrinkage investigations of BSC with varying amounts of
protein binder are presented. It was found that the soil bulk density, biopolymer content, and biopolymer
saturation ratio have the largest effects on the composite peak compressive strength and are important
mixture design variables.

2 Mixture Design Theory

As manufactured, BSC consists of densely packed soil particles with a biopolymer binder partially
filling the void spaces between the particles (Fig. 1). It is hypothesized that BSC’s compressive strength
is largely a result of the soil particles bearing the majority of the load, with the biopolymer matrix
providing the particles with shear resistance [23]. Hence, the goal of designing BSC mixtures with
maximum compressive strength is to achieve a maximum dry soil bulk density, while also introducing as
much biopolymer binder into the voids as possible. A methodology to balance these two efforts is shown
in Tab. 2 and is discussed step by step.

Step 1: Find the Maximum Biopolymer Solution Concentration

Similar to OPCC mixture design theory, one key consideration is workability of the fresh material. BSC
material is produced by dissolving biopolymer into an aqueous solution, and then mixing this aqueous
solution with soil. However, there exists an upper limit to the amount of biopolymer that can exist in
solution before the solution viscosity changes dramatically as it undergoes glass-like kinetic arrest.
Brownsey et al. [12] found this maximum mass concentration, referred here as % w=wBPð Þmax , to be 55%
for bovine serum albumin. Experimentally, mix with such high biopolymer concentration are hard to
manufacture with current methods, hence a value of 48% was used as the maximum. Biopolymer solution
concentration is a key design variable for BSC and is defined in Eq. (1).
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Figure 1: Microstructure of BSC at varying biopolymer to soil ratios %wBP=S captured using X-ray
Microcomputed Tomography (µCT) (after [15]). The mixes correspond to mix 16 (%wBP=S ¼ 8%), mix
17 (%wBP=S ¼ 12%), mix 19 (%wBP=S ¼ 14%), and mix 14 (%wBP=S ¼ 16%) in Tab. 3

Table 2: Methodology for designing Biopolymer-bound Soil Composites (BSC) for maximum strength.
Values are shown for the soil-biopolymer combination used in this study (sand and dried blood plasma)

Step Equation and Value Source

1. Determine the maximum biopolymer concentration
%w=wBPð Þmax in solution

Eq. (1)
%w=wBPð Þmax ¼ 48%

Literature or
experiments

2. Find the density of the biopolymer solution qBP sol: at the
maximum biopolymer concentration

Eq. (2)
qBP sol: 48%ð Þ ¼ 1:15 g=cm3

Literature or
experiments

3. Specify the volume of BSC material desired Vmix

4. Find the maximum dry bulk density qmaxdry;bulk soil for the
particular soil and manufacturing method to be used

qmaxdry;bulk soil ¼ 1:48 g=cm3 Experiments

5. Determine the density of the soil particles qsoil qsoil ¼ 2:6 g=cm3 Literature or
experiments

6. Calculate the amount of soil needed to manufacture the
desired volume of BSC

Eq. (3)
msoil

7. Calculate the minimum volume fraction of voids Vmin
v

Eq. (4)
Vmin
v ¼ 0:43

8. Calculate the mass of biopolymer solution required to
manufacture the desired volume of BSC

Eq. (6)
mBP Sol:

9. Calculate the mass of biopolymer and mass of water
required to manufacture the desired volume of BSC

Eq. (7) mBP

Eq. (8) mw
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%w=wBPð Þ ¼ mBP

mBP þ mwater
¼ mBP

mBP Sol:
(1)

where mBP Sol: is the mass of the solution and is equal to the dry mass of the biopolymer mBP plus the mass of
water mwater. For other biopolymers, the method used by Brownsey et al. can be used to determine the
maximum mass concentration of a biopolymer solution [12].

Step 2: Calculate the Density of Biopolymer Solution at the Maximum Concentration

Biopolymer solution density changes with biopolymer solution concentration due to the volume of
solution effect. Using the method of partial specific volume and data for BSA from Bernhardt and Pauly
[24], the density of the biopolymer solution for any given gravimetric concentration of BSA, %w=wBP

can be estimated using Eq. (2).

qBP sol: ¼
1

P
mivi

¼ 1

% w=wð ÞBP � 0:734 cm3=g þ 1�% w=wð ÞBP
� � � 1:003 cm3=g

(2)

where, qBP sol: is the biopolymer solution density, vi. is the partial specific gravity of the component, mi is
the mass fraction of the component and the temperature of water and the solution is taken to be 25°C.
Although Bernhardt and Pauly data is up to 36% concentration, the theory can be extended to higher
concentration to obtain an acceptable estimate for the purpose of mix design. Additionally, although
blood plasma is composed of other proteins in addition to BSA, globulins, another main component,
are non-conjugated proteins whose partial specific volume is clustered at 0.735 cm3/g, very close
to the BSA values. Values for partial specific volumes can be found in the literature for other
biopolymers in solution, or experimentally determined following the methods of Bernhardt and Pauly
and Durchschlag [24,25].

Step 3: Specify the Volume of BSC Material Desired

Step 4: Find Maximum Dry Bulk Density for Soil and Manufacturing Method

Similar to both OPCC and AC materials, greater fractions of soil or aggregate per unit volume of
material increase the peak compressive strength of BSC. This relationship is responsible for particle
packing algorithms used to optimize aggregate gradations in OPCC and AC [26–29].

In the case of soil materials, the maximum bulk density of the soil fraction is influenced by the
compaction methods and the soil moisture content [30]. Thus, the maximum dry soil bulk density,
qmaxdry;bulk soil, is experimentally determined using a modified ASTM Standard C29 method and adopting the
same compaction protocols as intended for final manufacturing [31].

Step 5: Determine the Density of the Soil Particles

The density of the soil particles can be found from product specifications, in literature, or through
laboratory experiments (i.e., ASTM D854).

Step 6: Calculate the Mass of Soil Required to Manufacture the Desired Volume of BSC

It is assumed that the composite will reach maximum bulk density in order to achieve peak compressive
strength. Thus, the mass of soil needed for manufacturing a desired volume of BSC can be estimated using
Eq. (3) and assuming that the wet bulk soil density is approximately equal to the dry bulk soil density. This
assumption is reasonable when the saturation ratio does not exceed unity, as will be discussed in Step 7.

msoil ¼ qmaxdry;bulk soil � Vmix (3)
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Step 7: Calculate the Minimum Volume Fraction of Voids

The volume of biopolymer solution, VBS Sol:., must not exceed the available void volume, Vv, at the
maximum bulk density (i.e., the minimum void fraction Vv

min) or the voids between the soil particles in
BSC will become oversaturated. Thus, a crucial step in designing BSC for peak compressive strength is
calculating this minimum void fraction (Vv

min) using Eq. (4).

Vmin
v ¼ 1� qmaxdry;bulk soil

qsoil
(4)

where qsoil is the density of the soil particles.

Step 8: Calculate the Mass of Biopolymer Solution Required to Manufacture the Desired Volume

The volume fraction of solution, VBP sol:, can be calculated such that VBS Sol: � Vv
min, or the Biopolymer

Saturation Ratio VBP Sol:=Vv
min must be less than or equal to unity (Eq. (5)). This limit is imposedince a

saturation ratio greater than 1.0 will produce lower strength BSC materials due to larger pores and
shrinkage cracks in the biopolymer phase.

VBP Sol:

Vmin
v

� 1:0 (5)

Thus, to maximize the amount of biopolymer binder, a biopolymer saturation ratio of unity is used to
calculate the mass of biopolymer solution needed, following Eq. (6).

mBP sol: ¼ qBP sol:V
min
v Vmix (6)

where Vmix is the total volume of the fresh BSC mix taken from Step 3.

Step 9: Calculate the Mass of Biopolymer and the Mass of Water Required to Manufacture the Desired
Volume of BSC

Using the maximum biopolymer solution concentration identified in Step 1 and the mass of biopolymer
solution calculated in Step 8, the mass of biopolymer and mass of water required to manufacture the desired
volume of BSC can be calculated using Eqs. (7) and (8), respectively, which are derived from Eq. (1). In the
case of biopolymers with a moisture content greater than 0, the equations should be modified to account for
the additional water.

mBP ¼ %w=wBPð Þmax � mBP sol: (7)

mw: ¼ mBP sol: � mBP (8)

In addition to the steps previously described, two other important descriptors of BSC mixtures are the
biopolymer to soil mass ratio, %wBP=S , and the moisture content, Mc, defined as the mass ratio of water to
soil.%wBP=S is useful for describing dry mixes of BSC because it indicates the ratio of biopolymer binder to
soil particles when BSC materials are fully desiccated after manufacture. Using the mixture design
methodology detailed above, the maximum %wBP=S for a given biopolymer-bound soil material can be
calculated. For the soil and biopolymer combination experimentally studied in this paper, %wBP=S . is
equal to 18.7% assuming a maximum concentration %w=wBPð Þmax of 55% (from Step 2) and a maximum
soil dry bulk density qmaxdry;bulk soil of 1.48 g/cm3 from (Step 4).

As mentioned previously, the goal of designing BSC mixtures with maximum compressive strength is to
achieve a maximum dry soil bulk density while also introducing as much biopolymer binder into the voids as
possible. Using dry soil bulk density, qdry;bulk soil, and the biopolymer to soil mass ratio, %wBP=S ; BSC
material design space for possible mixture combinations can be created, and is shown in Fig. 2. As seen
in Fig. 2, there is a large solution space that is “efficient and feasible.” These are mixture designs that
have dry soil bulk densities that are below the maximum value determined in Step 4 of the mixture
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design methodology (Tab. 2), and biopolymer to soil ratios for which the volume of biopolymer solution is
equal to the volume of voids, up to the maximum concentration of biopolymer in solution, %w=wBPð Þmax.
Mixtures that contain a volume of biopolymer solution greater than the volume of voids are deemed
“feasible, but inefficient”, since too much biopolymer solution has been introduced into the mixture. As
the dry bulk density of the mixture approaches the maximum, this “feasible, but inefficient” design space
changes to “feasible, with shrinkage”, indicating a higher likelihood for the formation of shrinkage cracks
during desiccation. These shrinkage cracks can lead to lower compressive strength of the composite. The
design space is marked “not feasible” at dry bulk densities above the maximum determined in Step 4 of
the mixture design methodology (Tab. 2). The BSC mixture with peak compressive strength, as designed
according to the methodology presented in Tab. 2, maximizes both the dry soil bulk density and the
biopolymer to soil mass ratio, shown in Fig. 2 with an “X” mark.

3 Materials and Experimental Methods

3.1 Experimental Design
Sand (small particle sized feldspathic amber glass) was used as the inorganic aggregate for this

experimental study. The sand was purchased from P.W. Gillibrand, Simi Valley, California, USA with
trade name #90 Silver Sand [32]. The sand’s particle density, qsoil, is reported by the manufacturer as
2.6 g/cm3. Fifteen independent measurements of the sand’s maximum dry bulk density qmaxdry;bulk soil were
made following a modified ASTM Standard C29 protocol [31]. Sand samples were compressed to 10
MPa. The bulk density of the sand under these laboratory conditions was 1.48 g/cm3 ± 0.04 g/cm3.

Bovine blood plasma proteins were used in the manufacture of BSC specimens. This preparation of
proteins primarily consists of albumin and immunoglobins, sold under the tradename AP920 Bovine
Plasma, and purchased from APC, Inc. (Ankeny, IA). The biopolymer was used as received from the
manufacturer. This biopolymer binder was chosen due to its lower environmental footprint and similar
mechanical properties, when compared to purified bovine serum albumin, and also its availability in bulk
quantities [33]. AP920 contains (by mass) 78% protein, 10% ash, 8% water, with fiber, lipids, and
minerals making up the remaining fraction [34]. Of the protein fraction, AP920 contains 50–60%
albumins, 40–50% globulins, and 1–3% fibrinogen [35]. The biopolymer water content was measured in

Figure 2: Design space for biopolymer-bound soil composite mixtures
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the lab to be around 4%. This value was used in subsequent mass ratio calculations. Reverse osmosis purified
water with a resistance of 18.2 MΩ·cm was added to dry mixtures of aggregate and protein.

The mixture design methodology shown in Tab. 2 and Fig. 2 was used to create 20 mix designs
presented in Tab. 3. Mixes 1 through 6 were designed so that VBP Sol: was less than Vv

min. Mixes and,
were designed to have the same biopolymer to soil mass ratio %wBP=S , but differing moisture content.
Mix 3 to Mix 12 were designed to have the same water ratio %wwater. Mixes 14 through 20 were
manufactured using an enhanced compaction regimen to produce a higher and more uniform dry bulk
density throughout the sample (Single 10 MPa compaction regime vs. Double 5 MPa compaction regime
discussed in Section 3.2). Mix 14 was designed according to Tab. 1 for peak compressive strength at a
biopolymer solution concentration %ðw=wÞBP of 48%.

3.2 Sample Manufacturing
BSC experimental samples were manufactured using a dry-mixing method, wherein dry, pre-weighed

amounts of sand and protein were mixed before adding water using a silicone spatula. A total of six
samples were created out of each mix. Mixture and specimen masses were measured using a Fischer
Scientific A-250 laboratory balance accurate to ±10 mg. Finally, the mixtures of biopolymer, sand, and
water were blended with a KitchenAid Stand Mixer for ten minutes until uniform.

Table 3: Experimental mixture designs of biopolymer-bound soil composites

Mix Name Mix Components (% mass) %wBP=S Mc %ðw=wÞBP VBP sol:

Vmin
v

Manufacturing
Compaction Regime

%wSoil %wBP %wwater

Mix 1 77.3% 6.2% 16.5% 8.0% 21.3% 29% 0.93 Single 10 MPa

Mix 2 78% 5.4% 16% 6.9% 20.8% 26% 0.89 Single 10 MPa

Mix 3 78.2% 7.4% 14.4% 9.4% 18.4% 36% 0.87 Single 10 MPa

Mix 4 76.5% 9.0% 14.5% 11.7% 18.9% 40% 0.94 Single 10 MPa

Mix 5 75.7% 9.8% 14.5% 12.9% 19.2% 42% 0.98 Single 10 MPa

Mix 6 74.8% 10.6% 14.6% 14.2% 19.5% 44% 1.02 Single 10 MPa

Mix 7 74.3% 11.0% 14.6% 14.8% 19.7% 45% 1.05 Single 10 MPa

Mix 8 74.0% 11.4% 14.6% 15.5% 19.7% 46% 1.06 Single 10 MPa

Mix 9 73.5% 11.9% 14.6% 16.1% 19.9% 47% 1.08 Single 10 MPa

Mix 10 73.1% 12.3% 14.7% 16.8% 20.1% 48% 1.11 Single 10 MPa

Mix 11 72.3% 13.1% 14.7% 18.1% 20.3% 50% 1.15 Single 10 MPa

Mix 12 71.3% 13.9% 14.8% 19.4% 20.7% 51% 1.20 Single 10 MPa

Mix 13 68.5% 13.3% 18.2% 19.5% 26.5% 45% 1.40 Single 10 MPa

Mix 14 74.7% 12.0% 13.2% 16.1% 17.6% 48% 1.01 Double 5 MPa

Mix 15 82.8% 7.0% 10.2% 8.4% 12.4% 40% 0.64 Double 5 MPa

Mix 16 84.6% 7.1% 8.3% 8.4% 9.8% 46% 0.55 Double 5 MPa

Mix 17 79.7% 9.2% 11.1% 11.6% 13.9% 45% 0.77 Double 5 MPa

Mix 18 77.6% 10.1% 12.3% 13.0% 15.8% 45% 0.87 Double 5 MPa

Mix 19 76.0% 10.6% 13.4% 14.9% 17.7% 44% 0.96 Double 5 MPa

Mix 20 75.6% 11.3% 13.0% 15.0% 17.2% 47% 0.97 Double 5 MPa
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A custom molding apparatus, consisting of a cylindrical mold with a 13 mm inner diameter and 76 mm
height made from 316 stainless steel, was used to form the cylindrical BSC samples. A matching piston with
a 12.8 mm diameter and 84 mm height was used to compact the samples. Freshly mixed BSC material was
loaded into the cylinder and compacted, allowing for a specimen height-to-diameter ratio of 2:1. As shown in
Tab. 3, two compaction regimes were used. The “Single 10 MPa” compaction regime used an MTS Criterion
Model 43 electromechanical universal testing machine to compact mixtures once under a pressure of 10
MPa. The “Double 5 MPA” compaction regime compacted the sample under a pressure of 5 MPa, prior
to inverting the mold 180° (end over end) and compacting the specimen once again under a pressure of 5
MPa. After compaction, specimens were extruded from the mold, weighed, and placed in a Fisher
Scientific IsoTemp Oven at 60°C for 24 hours to completely desiccate.

Once fully desiccated, each specimen’s top and bottom surfaces were cut parallel using a dry tile saw.
Specimen diameter and height dimensions were measured using digital calipers accurate to ±0.05 mm, using
an average value of no less than 3 measurements. Dry mass measurements were also taken and used in
conjunction with the caliper measurements to calculate desiccated specimen density.

3.3 Sample Testing
Unconfined uniaxial compression testing of BSC samples was conducted using an MTS Criterion Model

43 electromechanical universal testing machine (model number 50-292-603) and a 30 kN load cell. Digital
axial displacement measurements were taken from the extension of the testing machine crossbar. Samples
were loaded at a rate of 0.02 mm/s. Ultimate compressive strength (rc) was taken as the peak load
divided by the measured average cross-sectional area of the cylindrical specimen prior to testing. BSC
specimens with large variations (±0.2 mm) in diameter throughout their height, or specimens with
surfaces that did not make flat contact with the compression test platens, were excluded from the dataset.

Shrinkage caused by desiccation was measured photographically, for Mixtures 3, 5, 6, 9 and 12 (Tab. 3).
Digital images were obtained using a Canon 70D DSLR camera, mounted on a tripod, with a 18–135 mm
telephoto lens. To determine specimen shrinkage, a photo was taken of fresh specimens immediately after
they had been compression molded and placed in the laboratory oven. These specimens were positioned
on their sides in a v-shaped holder to ensure a clear image. An optical scale was placed adjacent to the
specimen to facilitate measurements from the digital images. The specimens were desiccated over a
period of 24 hours at 60°C. The relative change in mass of each specimen was verified to ensure
complete desiccation through comparison to the mix design, and a final photo was taken of the desiccated
specimens. Measurements of specimen height were observed from the digital images along the top-,
middle-, and bottom-most locations of the sample using the image analysis software package FIJI [36].
Similarly, measurements of specimen width were taken along the left-, middle, and right-most locations.
Drying shrinkage calculations were determined by measuring the average change in dimensions between
the fresh and desiccated states, divided by the average dimensional value in the fresh state.

4 Experimental Results

The results of compressive strength tests and density measurements are shown in Tab. 4 and shown
graphically in Fig. 3. The bulk densities were calculated using Eqs. (9) and (10) with the inputs being the
biopolymer to soil ratio, %wBP=S , the moisture content, Mc, and the fresh and dry densities of BSC,
measured experimentally.

qfresh; soil bulk ¼ qfresh;BSC � 1

1þ%wBP=S þMc
(9)
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qdry; soil bulk ¼ qdry;BSC � 1

1þ%wBP=S
(10)

To understand the relationship between mixture variables (i.e., void saturation ratio, moisture content,
and biopolymer to soil ratio) and BSC material properties, these mixture variables are plotted against the
composite compressive strength (Figs. 3(a) through 3(c), respectively) and dry bulk density (Figs. 3(d)
through 3(f), respectively). For comparison, data coming from mixes manufactured using different
manufacturing protocols are plotted separately (Mixes 1–13 versus Mixes 14–20). As seen in Fig. 3(a),
BSC materials exhibit a maximum compressive strength at void saturation ratios equal to approximately
unity. When comparing Figs. 3(a) and 3(d), the strong correlation between dry bulk density and
compressive strength becomes apparent, with the dry bulk density and compressive strength exhibiting
the same trend as a function of void saturation ratio. As seen in Figs. 3(e) and 3(b), respectively, BSC
materials exhibit a Proctor-like behavior with BSC maximum dry bulk density (and maximum
compressive strength) being achieved at moisture content of approximately 19%. As seen in Figs. 3(c)
and 3(f), the use of too much biopolymer can decrease the bulk density (and associated compressive
strength even though there is more binder) with peak dry bulk density obtained at a biopolymer to soil
ratio of approximately 17%. While the surface chemistries and physics that lead to this phenomenon are

Table 4: Biopolymer-bound soil composite material characteristics and properties

Mix
Name

Biopolymer
Soil Ratio
%wBP=S

Moisture
Content
Mc

Saturation
Ratio
VBP sol:

Vmin
v

Fresh
Density
qfresh; BSC
(g/cm3)

Fresh Bulk
Soil Density
qfresh; bulk soil

(g/cm3)

Dry Density
qdry; BSC
(g/cm3)

Dry Bulk
Soil Density
qdry; bulk soil

(g/cm3)

Compressive
Strength
rc (MPa)

Mix 1 8.0% 21.3% 0.94 1.66 ± 0.04 1.28 1.33 ± 0.05 1.23 4.2 ± 0.4

Mix 2 6.9% 20.8% 0.89 1.60 ± 0.02 1.25 1.34 ± 0.02 1.25 3.8 ± 0.6

Mix 3 9.4% 18.4% 0.87 1.73 ± 0.03 1.35 1.41 ± 0.02 1.28 6.5 ± 1.3

Mix 4 11.7% 18.9% 0.95 1.79 ± 0.03 1.37 1.48 ± 0.03 1.32 7.8 ± 0.9

Mix 5 12.9% 19.2% 0.99 1.84 ± 0.02 1.39 1.55 ± 0.02 1.36 9.8 ± 1.1

Mix 6 14.2% 19.5% 1.03 1.87 ± 0.01 1.40 1.59 ± 0.02 1.38 11.3 ± 1.1

Mix 7 14.8% 19.7% 1.05 1.86 ± 0.02 1.38 1.60 ± 0.02 1.38 10.0 ± 0.9

Mix 8 15.5% 19.7% 1.07 1.87 ± 0.01 1.38 1.61 ± 0.02 1.38 10.3 ± 0.4

Mix 9 16.1% 19.9% 1.09 1.88 ± 0.02 1.38 1.64 ± 0.02 1.40 9.9 ± 0.5

Mix 10 16.8% 20.1% 1.11 1.86 ± 0.03 1.36 1.59 ± 0.02 1.35 8.2 ± 0.5

Mix 11 18.1% 20.3% 1.16 1.86 ± 0.03 1.34 1.59 ± 0.02 1.34 7.2 ± 1.0

Mix 12 19.4% 20.7% 1.20 1.87 ± 0.01 1.33 1.58 ± 0.02 1.31 6.9 ± 0.4

Mix 13 19.5% 26.5% 1.40 1.87 ± 0.02 1.28 1.43 ± 0.02 1.19 3.6 ± 0.3

Mix 14 16.1% 17.7% 1.01 1.99 ± 0.01 1.45 1.74 ± 0.01 1.48 22.7 ± 0.4

Mix 15 8.4% 12.4% 0.64 1.72 ± 0.03 1.42 1.55 ± 0.01 1.43 10.0 ± 0.8

Mix 16 8.4% 9.8% 0.55 1.66 ± 0.02 1.41 1.53 ± 0.01 1.41 8.2 ± 0.9

Mix 17 11.6% 13.9% 0.77 1.83 ± 0.01 1.45 1.64 ± 0.00 1.47 16.6 ± 0.5

Mix 18 13.0% 15.8% 0.87 1.87 ± 0.01 1.45 1.67 ± 0.01 1.47 17.0 ± 0.4

Mix 19 14.0% 17.7% 0.96 1.92 ± 0.01 1.46 1.72 ± 0.01 1.51 21.9 ± 0.6

Mix 20 15.0% 17.2% 0.97 1.93 ± 0.00 1.46 1.71 ± 0.01 1.49 20.3 ± 0.7
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outside of the scope of this study, further research should be done to isolate the chemical and physical
interactions between the particles and binder at the interface and the effect on compressive strength.

To better illustrate the strong correlation between dry bulk density and compressive strength of BSC,
the material’s compressive strength is plotted against the soil dry bulk density and the BSC dry density in
Figs. 4(a) and 4(b), respectively. As seen, the material’s compressive strength is heavily dependent upon
either of these measures. Soil dry bulk density was chosen as a key measure since it dissociates the data
from the amount of biopolymer in the mix.

Drying shrinkage measurements, shown in Fig. 5, indicate that increasing amounts of biopolymer-water
solution lead to higher drying shrinkage strains during desiccation, and potential residual stresses and internal
damage. Unsurprisingly, drying shrinkage increases rapidly at biopolymer solution amounts that exceed a
biopolymer saturation ratio equal to unity. This phenomenon results from all the voids between particles
being filled and exhibiting an excess of liquid biopolymer solution. Thus, to achieve a maximum
compressive strength for BSC materials, a void saturation ratio less that unity is recommended to limit
material damage during the desiccation process.

Figure 3: Biologically-bound soil composite (BSC) compressive strength versus (a) void saturation ratio,
(b) moisture content, (c) biopolymer to soil ratio, and BSC dry bulk density vs. (d) void saturation ratio,
(e) moisture content, and (f) biopolymer to soil ratio
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5 Designing BSC Materials for Desired Compressive Strength

While the mixture design methodology presented in Tab. 2 can be used to design BSC for peak
compressive strength, it does not enable design for a desired, or targeted, peak compressive strength (i.e.,
BSC with a desired compressive strength of 15 MPa). This would be analogous to designing ordinary
Portland cement concrete mixtures for minimum water to cement ratio, but without knowing the long-
standing relationship between w/c and compressive strength to facilitate rational concrete material design.
Therefore, a basic relationship between mixture design parameters and compressive strength is needed.

As seen in Fig. 4, there exists a strong correlation between BSC peak compressive strength and dry soil
bulk density. Fig. 3(c) shows that the biopolymer to soil ratio, %wBP=S , is also correlated with BSC peak
compressive strength. Therefore, to facilitate BSC material design for desired peak compressive strength,

Figure 4: Biopolymer-bound soil composite (BSC) compressive strength vs. (a) particle dry bulk density,
and (b) composite dry density

Figure 5: Shrinkage strain of fully desiccated BSC vs. void saturation ratio
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two linear models (one univariate and one bivariate) were fitted to relate peak compressive strength to dry
soil bulk density and biopolymer to soil ratio presented in Eqs. (11) and (12)

Bivariate Model:

rc ¼ a� qdry:bulk soil þ b�%wBP=S þ c

a ¼ 44:3 b ¼ 86:6 c ¼ �59:5
(11)

Univariate Model:

rc ¼ a� qdry:bulk soil þ c

a ¼ 62:7 c ¼ �75:0
(12)

Experimental data from Mixes 7 to 13 (in which the biopolymer saturation ratio is above unity) were
removed since these mix designs are not within the “efficient and feasible” mixture design space shown
in Fig. 2. The bivariate and univariate models have R-squared values of 0.924 and 0.826, respectively,
and capture the effect of biopolymer to soil ratio %wBP=S and dry bulk soil density qdry;bulk soil on
compressive strength rc observed in the experimental data (Fig. 6).

6 Discussion

From Fig. 6, it can be observed that the model for determining peak compressive strength corroborates
the design theory and methodology presented, wherein ultimate compressive strength increases with both
biopolymer content and dry bulk density, both of which have positive coefficients in the bivariate and
univariate models. Thus, to obtain peak compressive strength for BSC materials, the material designer
should look to (i) increase the soil dry bulk density qdry:bulk soil, and (ii) increase the biopolymer to soil
ratio %wBP=S , while (iii) not exceeding a biopolymer saturation ratio, VBP Sol:=Vv

min of unity. Combining
the BSC design space shown in Fig. 2 and the bivariate linear model of peak compressive strength in

Figure 6: Compressive strength vs. dry bulk density for “efficient and feasible” BSC mixture designs. Data
labels provide the biopolymer to soil ratio %w(BP/S) of each mix. Standard deviation of the experimental
results of the compressive strength of the mix are represented by the error bars
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Eq. (11), a specific mixture design guide can be created and is shown in Fig. 7(a) for the BSC material
comprised of grade #90 sand and AP920 biopolymer. Analogous to the seminal figure relating water-to-
cement ratio and compressive strength for Portland cement concrete, a BSC material designer can use a
design guide, such as Fig. 7(a), to design a BSC mixture for a desired peak compressive strength by
selecting a biopolymer to soil and associated dry bulk density of the BSC soil. Since manufacturing
techniques can limit the amount of biopolymer solution concentration able to be incorporated in the mix,
Fig. 7(b) shows how the design space varies as a function of biopolymer concentration % w=wð ÞBP. For
BSC materials using AP920 as a binder, the maximum biopolymer concentration that is practically
workable is approximately 48%.

Although the models presented in Fig. 6, are empirical, they provide a better fit than the previously
proposed model based on the sliding wingtip crack theory originally devised for rocks [15]. In the
previous model, there was an overestimation of the compressive strength at both the low and high values
of dry soil bulk density. On the current model, there is a slight underestimate of the strength at the edge
values which is conservative thus preferred for material design. As computational models for BSC
advance, the design tools proposed in this paper can be easily modified to incorporate new strength
models in Fig. 7(a).

It is important to note that the proposed mixture design methodology shown in Tab. 2 does not yet fully
consider optimum moisture content for compaction of the soil in BSC. As was shown by Proctor [30], soils
have an optimum moisture content for compaction usually between 8–15% water content. Improved
compaction, measured by changes in bulk density, increases the bearing strength of soils through
enhanced packing of the particles and subsequent decreases in void volume and void size. Additionally,
the optimum moisture content depends on the amount of compaction effort, with increased effort
requiring less moisture for peak aggregate density. The effect of proctor phenomena and biopolymer
concentration on BSC dry bulk density and peak compressive strength remains a focus of current efforts
and future work.

The proposed methodology to produce strong biopolymer-bound soil composites could be potentially
extended to other construction applications, such as soils treated with biopolymer binders for soil

Figure 7: (a) Design guide for achieving targeted ultimate compressive strength of BSC materials
manufactured using AP920 biopolymer and #90 grade sand, and (b) variation of the design space as a
function of practically achievable biopolymer concentration % w=wð ÞBP
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improvement or brick manufacturing. Tab. 1 shows a literature summary of recent work in soil-biopolymer
composites highlighting the biopolymer and soil used, as well as the mix design by reporting moisture
content Mc, biopolymer to soil ratio %wBP=S and resulting bulk density and compressive strength.
Previous work has focused on polysaccharides (e.g., gums and starches) working as the biopolymer
binder at low biopolymer to soil ratio %wBP=S (0.005–5%). At these low biopolymer to soil ratios, the
resulting compressive strengths values ranged from 0.06 to 6.5 MPa. In contrast, the biopolymer-bound
soil composite presented in this paper used proteins as the biopolymer binder at a high biopolymer to soil
ratio to produce compressive strengths upwards 20 MPa. This may be due to the higher concentration of
biopolymer solutions associated with BSC materials examined in this paper. Regardless, for BSCs to
become viable construction materials, reliably achieving high compressive strength is crucial. The
proposed methodology has the potential to do so with different biopolymer and soil combinations,
although further research is needed when extrapolating to other biopolymers or fine grained soils, such as
clay, due to the electrostatic interactions of between fine soil particles with powdered biopolymers [6].

7 Conclusions

This work experimentally investigated the mechanisms that lead to the development of peak
compressive strength of Biopolymer-bound Soil Composites (BSC) by varying the amounts of
biopolymer binder and water added to the mixture. The investigation led to a new methodology for
designing mixtures of BSC for maximum compressive strength. In order to calculate the gravimetric
amounts of aggregate, biopolymer, and water, the methodology requires the mixture designer to define
the desired mixture volume, the target biopolymer to soil ratio, and knowing the maximum bulk density
of the soil, ensure that the biopolymer saturation ratio does not exceed unity. The methodology was
ultimately summarized in a materials design chart that allows for the rational design of BSC materials for
peak compressive strength by varying the biopolymer to soil ratio and the dry bulk density of the soil
used in BSC materials.

Compressive strength testing results compared to the dry bulk density of BSC samples revealed a linear
relationship between these two material parameters Dry bulk density increases until the void saturation ratio
exceeds unity, after which point it starts decreasing. Drying shrinkage test results show that increased
shrinkage occurs when the volume of protein solution exceeds the minimum void volume during sample
manufacture. The damage to biopolymer binding structure caused by shrinkage decreases composite
binding and results in a state of pre-damage in the material. Both effects contribute to a decrease in BSC
compressive strength with increasing biopolymer solution above a biopolymer saturation ratio of unity.

This work focused on the impact of the constituents and their effect on BSC peak compressive strength;
further investigations are needed to delve into additional manufacturing variables, such as rate of dessication
and chemical denaturation of the biopolymers during manufacture. Furthermore, investigations into the
optimum moisture content based on the Proctor method should be conducted to determine if a similar
effect is found on peak BSC compressive strength.
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