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Abstract

Kangaroo rats (Dipodomys deserti) construct complex burrow systems in loose desert sand that
survive temperature and relative humidity fluctuations and storms. Animals that burrow in desert
sand typically burrow in compacted sand, near plant roots, or when the soil is unsaturated.
However, these processes are insufficient to explain tunnel stability of kangaroo rats. Our goal is
to understand how kangaroo rat burrows remain stable in loose desert sand, intending to translate
this knowledge to geotechnical engineering. A kangaroo rat habitat in the dunes of The Sonoran
Desert, AZ, was selected for the study. Dynamic cone penetrometer tests performed at active,
abandoned, and no-burrow sites demonstrated that the animals prefer loose sand for burrow
construction. Soil samples collected from the burrows' ceilings, subsurface, and surface were
characterized. Brazilian tensile strength test results showed that burrow soil has approximately 3
times greater tensile strength than the rest at dry state, which indicates increased interparticle
attractive stress in burrow ceilings due to biocementation. Laboratory experiments, scanning
electron microscopy, and confocal microscopy images showed that fungal and microbial biofilms
provided 17 kPa increase in interparticle attractive stress at less than 1% biomass concentration,
indicating potential to be used in soil improvement applications.
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1. Introduction

Kangaroo rats (Fig. 1a) are keystone desert mammals that are known for their well-developed
burrow systems in loose sand where they live and store food (Anderson and Allred 1964;
Reichman et al. 1985). They feed on the seeds of desert vegetation. When seeds are available,
kangaroo rats collect and carry them in their external cheek pouches and store them in the burrows.
Hundreds of thousands of seeds may be found in a burrow (Vorhies and Taylor 1922). Therefore,
if a burrow collapsed, kangaroo rats would lose not only their shelter but also their food supply.
Perhaps to prevent such a disaster, kangaroo rats carefully construct their burrows. It may take up
to two years for kangaroo rats to construct their elaborate burrows (Best 1972). After construction,
kangaroo rats occupy the same burrow for an extended period. Young kangaroo rats of some
species are known to inherit their burrows from their parents (Jones 1984). During this time,
kangaroo rats actively maintain the stability of their burrows, which may collapse after the animals
abandon them (Hawkins and Nicoletto 1992). The burrows survive severe temperature and relative
humidity (RH) fluctuations on both a yearly and daily basis, and possibly withstand multiple
convective rainfall events or high-intensity storms throughout years (Kay and Whitford 1978;
Burda et al. 2007).

Tunneling in loose sand without permanent support is a challenge for geotechnical engineers
(Takano 2000; BTC 2004). However, some desert mammals are able to build complex, perennial
burrow systems that last decades using fundamental soil mechanics principles. The stability of
burrows in desert sand can be explained by unsaturated soil mechanics, compaction, and bio-
reinforcement (Kinlaw 1999; Akin et al. 2023). For example, Damara mole-rats (Cryptomys
damarensis) build their burrows only if the soil is unsaturated after a flood event when capillary

interparticle stresses are maximum (Lovegrove and Painting 1987). Round-tailed ground squirrels
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(Spermophilus tereticaudus) perform a violent shaking motion during their excavation process
potentially to compact the soil after digging the burrows (Drabek, 1970). Many animals dig their
tunnels near plant roots of shrubs to take advantage of bio-reinforcement, thus tunnels are
physically supported by the roots (Kinlaw 1999). However, no evidence indicates kangaroo rats
(Dipodomys deserti) exploit elevated attractive capillary interparticle stresses by constructing only
after a rain event, compacting during construction, or constructing only near the plant roots (Akin
et al. 2023). Understanding how kangaroo rat burrows solve a geotechnical challenge could
provide new bioinspired geotechnical solutions. Therefore, the goal of this study is to understand
how kangaroo rat burrows stay stable in loose sand.

A study site consisting of sand dunes containing active and abandoned burrows located several
meters from the nearest plants in the Sonoran Desert, near Yuma, AZ was selected. Dynamic cone
penetrometer tests were conducted to determine if soil density near animal burrows is different
from no-burrow sites and to understand the influence of soil compaction on the animals’ site
selection preference. Bulk soil samples were collected from the ceilings of the abandoned burrows,
from the desert surface, and from the subsurface (0.5 m) to quantify the attractive interparticle
stresses in the laboratory using a small-scale Brazilian tensile strength (BTS) test. A limit-
equilibrium tunnel stability analysis was conducted to quantify the minimum required attractive
interparticle stress to maintain the stability of the burrows and the results were compared with the
BTS results. Scanning electron microscopy and confocal laser scanning microscopy with specific
staining were used to evaluate the microstructure of the burrow soil and biological substances that

provide an increased interparticle attractive stress to burrow soil through biocementation.
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2. Materials and Methods

2.1. Study Site and Sample Collection

The study site was selected in D. deserti habitat in the sand dunes of the Sonoran Desert, near
Yuma AZ (Fig. 1). This part of the Sonoran Desert is also known as the Yuma Desert and consists
of low sandy plains, extensive dunes, and scattered hills of highly eroded volcanic rock (Jaeger
1957). The area has minimal precipitation and high daily and seasonal temperature fluctuations.
For example, in 2022 the area received 1 mm/year of precipitation in the form of high-intensity,
short-duration rainstorms, and summer temperatures reached 45 °C while winter temperatures fell
below 3 °C in the same year (NOAA 2022). Field testing and sampling was performed away from

any plants.

100,
Google Earth

Fig. 1. Map of the Study Site, (Google Earth, Yuma Desert, AZ, 2023). (a) Desert Kangaroo Rat,
Dipodomys deserti habitat including (b) abandoned burrows and (c) active burrows. Bulk soil
sample collection locations: burrow sand (blue), subsurface sand (orange), and surface sand

(green)
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The kangaroo rat burrows were distributed over a large area. Active and abandoned burrows
were present at the site, with the total burrow area extending beyond a 3.3 km perimeter and 78.5
hectares. The site was divided into three subsections for sampling and field testing: active burrow
sites, abandoned burrow sites, and no-burrow sites. The division was made based on field
observations. Activity around entrances including recent kangaroo rat spoor, which were wind-
swept clean each day, were used to distinguish between active and abandoned burrows (Fig.1).
Active burrows were identified if kangaroo rat footprints, tail drag, and fresh sand excavated from
the tunnel spread around the entrance like an apron were observed near the entrances. In addition,
a round tunnel ceiling and a well-kept floor were characteristics of active burrows. Irregular tunnel
shape, spider webs, and straws at or inside the tunnel entrances indicated abandoned burrows. The
no-burrow site was selected if no burrow openings were visible within the vicinity of a location.
This was 8.4 m away from the nearest active burrow site in the field. The geometry of active
burrows was used to perform tunnel stability analysis; however, burrow ceiling samples were
collected from the abandoned burrows not to disturb the kangaroo rat habitat.

Bulk soil was collected from each site in three 5-gallon buckets. At the abandoned burrow site,
soil samples were collected from the ceilings of the abandoned burrows using hand shovels and
spatulas. These samples will be referred as “burrow sand.” At the active burrow site, soil samples
were collected from approximately 50 cm deep trenches near the active burrow entrances. The
samples collected at this location reflect subsurface desert soil and will be referred to as
“subsurface sand.” Soil samples at the no-burrow site were collected from the top 10 cm depth
using shovels to reflect the surficial desert sands and will be referred as “surface sand.”

In addition to bulk sand samples, burrow sand was sampled from the ceilings of abandoned

burrows using sterilized spatulas for microscopy imaging. Approximately 1 mL of sand was placed
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on sterile malt extract agar (MEA) plates and tryptic soy agar (TSA) plates. The selected media
facilitates the growth of fungi or bacteria. MEA only facilitates the growth of fungi at pH 3.5 and
TSA only facilitates the growth of bacteria. The purpose of enriching microbes on agar plates is to
scale up biocementation processes for a clear visualization of the impact of bacterial and fungal
biofilms on the sand matrix. The plates were prepared beforehand in the laboratory. TSA plates
were prepared by suspending 40 g tryptic soy agar (BD Difco™, cat. no. DF0369-17-6) in 1 L
distilled water and autoclaving at 121 °C for 15 min. MEA plates were prepared by suspending 50
g malt extract agar (Sigma Aldrich, cat. no. 70145) in 1 L distilled water and autoclaving at 121
°C for 15 min. For the inhibition of bacterial growth, 2 mL of 10% sterile lactic acid (Sigma
Aldrich, cat. no. 69785) was added to the MEA medium to adjust the pH to 3.5. The samples and
the agar plates were preserved in a water-tight container and cold-stored on ice until they were
transported back to the laboratory. The sand-filled agar plates were preserved at 4 °C to slow down
microbial and fungal activity before microscopy imaging.

2.2. Burrow Network Geometry

A tunnel of a recently abandoned burrow far from the DCP locations was excavated to
determine the geometry of the burrow network in the field after the part of the tunnel was partially
collapsed during measurement. Plaster of Paris (6 kg) was mixed with water (3 kg). The mixture
was stirred to get the proper consistency to pour inside the burrow. The burrow was completely
filled with the plaster and excavated after 24 h with hand shovels avoiding damage to the hardened
plaster. The measurements of the burrow were noted as length, depth, and diameter of the tunnels;

entrance slopes; entrance slopes of the side tunnels.
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2.3. Soil Characterization

The particle size distribution curve was measured with dry and wet sieve analysis according to
ASTM D6913 and ASTM D1140. Specific gravity was measured according to ASTM D854, and
minimum-maximum void ratios tests were determined according to ASTM D4245. Additionally,
a loss-on-ignition (LOI) test was conducted when quantifying polymer content as described by
Scalia IV et al. 2014 to find the organic matter content of the desert soil. Samples were placed in
a 550 °C furnace for 4 h. All characterization tests were repeated at least 3 times while both the
average and the standard deviation were recorded (Table 1).
Table 1. Soil properties. Gy: Specific gravity, €, ma: Minimum, maximum void ratio, dsy: mean

particle size diameter (mm), c,: coefficient of uniformity, c.: coefficient of curvature and fines
percent (%), LOI: Loss-on-ignition (%).

Property Burrow Sand Subsurface Sand Surface Sand

G, 2.64 +0.003 2.64+0.014 2.67+0.016
€ ax 0.82 +0.002 0.88+0.012 0.89+0.013
€ in 0.56 + 0.006 0.61 +0.020 0.60 + 0.006
dg, 0.12 0.12 0.16
C, 2.00 1.67 1.80
C, 0.95 0.82 0.80

Fines 7.97 2.95 2.31

LOI 0.94 1.11 0.79

Mineral composition of the soils collected from each of the three sites were determined with
X-ray diffraction (XRD) analysis. PANalytical Empyrean XRD was run with a Cu X-ray tube,
2.3° divergence soller slits, 5-, 10-, and 15-mm mask, and a PIXcel-1D detector. The XRD
spectrums were collected at a wavelength of 1.54 A, at room temperature (25 °C), over 20 range
of 10° to 90°, with a step size of 0.026°. Diffraction patterns were analyzed with HighScore Plus

software to identify phases.
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Exchange complex (Table 2) of the soils was determined by Best Test Laboratories (Moses
Lake, WA) using the sodium acetate method. Soil samples (2.0 g + 0.1 g) were first rinsed with
IN sodium acetate solution, followed by a 99.8% methanol rinse, and a IN ammonium acetate

rinse. The amount of sodium in the extract was measured after the ammonium acetate rinse with

a spectrophotometer (Horneck et al. 1989). The bound cations were predominantly Ca’’. The
difference between the exchange complex of burrow, subsurface, and surface soil was not

statistically significant.

Table 2. Exchange complex of burrow, subsurface and surface sand.

Bound Cations (%) Burrow Subsurface Surface

Ca’ 73 76 63

Mg 11 14 15

K 6.9 9.7 13

Na 0.4 1.4 0.7

CEC (meq/100g) 4.5 3.7 2.7

2.4. Smart Dynamic Cone Penetrometer (DCP) Test

Dynamic Cone Penetrometer (DCP) tests were conducted in each subsection (Fig. 1) using a
Smart DCP (VERTEK, Randolph, VT) as described in ASTM D6951. The 60° cone of the DCP
with a 20 mm base diameter was driven into the soil by dropping a 4.6 kg hammer from 57.5 cm
height. The total penetration for a given number of blows was measured with a laser and
automatically recorded in mm/blow using a smartphone. DCP has been commonly used on sandy
soil profiles (Gomez et al. 2015; Ghasemi and Montoya 2022) and selected for this study because

of its relatively easy setup in the desert environment and high measurement accuracy.
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The relationship between the number of blows and depth of penetration at a given linear depth
segment was recorded as the DCP penetration index, DPI (Embacher 2006). Using the DPI, the
relative density D, (%) of the soil profile was calculated according to eq. 1 (Mohammadi et al.

2008), which was derived based on a series of laboratory tests at constant void ratios.

189.93
(D D.(%) = (DPI1)0-53

Based on eqn. 1, the soil layers were classified as very loose (DPI > 42 mm/blow and D, <25
%), loose (DPI =42 to 23 mm/blow and D, = 25 to 35 %), medium (DPI =23 to 12 mm/blow and
D, =35 to 50 %), dense (DPI =12 to 5 mm/blow and D, = 50 to 75 %), or very dense (DPI <5
mm/blow and D, > 75 %).

2.5. Tunnel Stability Analysis

The stability of the burrows was analyzed using the upper limit theorems of plasticity. The
work rate calculation for the upper bound that defines an unsafe stress level involves the self-
weight of the soil and the corresponding tunnel pressure based on kinematic collapse mechanisms
(Atkinson and Potts 1977; Davis et al. 1980). Burrow stability analysis was performed according
to Espinoza and Santamarina (2010) equivalent continuum limit analysis (eq. 2)

@) A=Wx (=1 -ng)
where 4 is the minimum net attractive interparticle force required for tunnel stability, W is the self-
weight of the soil grains, a is the geometric parameter (1 for 2D and 2 for 3D analysis), D is the
tunnel diameter, ds, is the average grain size, and » is the porosity. The geometric parameter was
taken as 1 in this study.

For an uncemented unsaturated sand, the maximum theoretical attractive interparticle stress
due to capillary and van der Waals forces were calculated according to simple cubic (SC) and

tetrahedral (TH) packing of sand particles, where the force is spread over the unit cell area, 4R’
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(for SC) and 8R? (for TH) with R being the grain size radius. The capillary force, F4y,, is defined

as Santamarina et al. (2001):

(3) Fcap = ZE TstOl2 - (g WGS)%]

where w is gravimetric water content (up to 0.06), 7y is air-water surface tension (0.072 N/m at 25
°C), ds is the mean grain size diameter, G;is the specific gravity. Sand particles were assumed to
be monosized spheres.

The van der Waals force, F,4,, Was calculated according to eq. 5 (Santamarina and Fam

1995; Santamarina et al. 2001; Israelachvili 2011) as:

Ap
(4) dew = 24t2d50

where A, is the Hamaker constant (6.5 x 102° J at dry condition and 6.4 x 102! J at saturated
condition) and ¢ is the particle separation distance that was taken as 2 nm.

2.6. Brazilian Tensile Strength (BTS) Test and Suction Stress

BTS tests were conducted as described in (Akin and Likos 2017a). Disk-shaped specimens
with 3 cm diameter and 1 cm thickness were prepared using a custom-made compaction mold
(Akin and Likos 2017a). Bulk soil samples were recompacted into disk-shaped specimens as
undisturbed samples could not be obtained in the field. Bulk soil (14.2 g) at 10% water content
was compacted in the mold to 0.46 + 0.02 void ratio. Ten specimens were prepared with each soil
sample (i.e., burrow sand, subsurface sand, and surface sand). After compaction, specimens were
dried following three methods: air dry, 105 °C oven-dry, and 40 °C oven-dry. Specimens were
placed between two curved bearing blocks having a 14° arc of contact with the specimen and
compressed using a 35 kPa capacity load cell with a constant displacement rate of 0.3 mm/min

until the specimens broke along the vertical diameter. All specimens failed within 3 min. The
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gravimetric water content of the specimens measured post-test verified that all three drying
methods resulted in fully-dry specimens and indicated that water uptake during the BTS test was
less than 0.40% for air-dry, 0.30% for 40 °C oven-dry, and 0.15% for 105 °C oven-dry specimens.

Tensile strength, o; was calculated according to (Hondros 1959):

2P
(5) o= — ¢

where P is the compressive force at failure, d is the specimen diameter, and ¢ is the specimen
thickness.

The suction stress was quantified using the tensile strength as described in (Akin and Likos 2017b):

1
(6) ng(ax'i'o'y‘l'o-z)

N =70y =02 (0, =002 ¥ (0, — 0,)2

®) p=p-o
where ¢° is the suction stress (or the resultant attractive stress), p is the mean total stress, p’ is the
mean effective stress, g is the deviatoric stress, o, = g, with corresponding orthogonal stresses o,
= — 30, and g, = 0. A linear failure envelope was plotted using internal friction angle ¢ inp’- ¢
space with slope m where m = (6sin ¢)/ (3 —sin¢). A critical state friction angle of 31° was
used for the analysis. The difference in mean stress between the total stress envelope (p — ¢) and
the effective stress envelope (p'— g) is reported as the resultant attractive stress (a°).

2.7. Microscopy Imaging

Two sets of scanning electron microscopy (SEM) images were taken with burrow sand to
evaluate the presence of cementation between sand particles. In the first set, SEM images of the
in-situ sand samples were taken with Variable Pressure Scanning Electron Microscope (VPSEM)—

Hitachi SU3900 or FEI Verios 460L (FEI-SEM). The VPSEM is equipped with a standard
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Everhard-Thornley secondary electron detector and a five-segment solid state backscattered
electron detector. Samples imaged with VPSEM were coated with 1 nm gold and palladium to
observe roundness and angularity of the sand grains. FEI-SEM is an ultra-high resolution
Schottkey emitter SEM and was used to resolve presence of cementation between sand grains due
to better resolutions at higher magnifications. For this microscope, the soil samples were coated
with 3 nm gold and palladium.

In the second set, the burrow sand samples on MEA and TSA plates were incubated to induce
microbial and fungal growth and scale up the bio-cementation. Burrow sand samples were fixed
to preserve the structure of microbes. The fixation process was done by adding 2%
paraformaldehyde (Electron Microscopy Sciences, cat. no. 15710), 2% glutaraldehyde (Electron
Microscopy Sciences, cat. no. 16320), and 0.1 M sodium phosphate buffer. The sodium phosphate
buffer (pH 7.2) was prepared by mixing 17.85 g sodium phosphate dibasic heptahydrate (J. T.
Baker™, cat. no. 02-004-206) and 1.41 g sodium phosphate monobasic monohydrate (J. T.
Baker™ cat. no. 02-004-202) in 1 L of deionized water (DI). The samples were incubated
overnight at 4 °C and washed with 0.1 M sodium phosphate buffer three times in 10 min intervals.
The samples were dehydrated through a series of 30%, 50%, 70%, 90%, and 100% ethanol
solutions. Finally, 100% hexamethyldisilazane (HMDS) solution (Electron Microscopy Sciences,
cat. no. 16700) was added and left overnight for final drying. The fixed samples were then mounted
on stubs, gold coated, and imaged with SEM (Quanta 200F, Hillsboro, OR).

Additionally, confocal scanning laser microscope (CSLM, (TCS SP-8, Leica Microsystems,
Buffalo Grove, I1)) was used to verify the presence of biofilm formation and extracellular

polymeric substances (EPS) within the matrix in the burrow sand samples enriched on MEA and
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TSA plates. For the evaluation of live and dead microbes and fungi, samples were stained with
300 nM DAPI (4',6-diamidino-2-phenylindole) live/dead stain (Thermo Fisher Scientific, D1306)
and washed 3 times with 0.1 M Phosphate-buffered saline (PBS) at pH 7.4 after 5 min of
incubation (Glockner et al. 1999). The imaging was performed with 430 nm to 500 nm emission
band. To verify the presence of lipid molecules, samples were prepared as described in (Ostle and
Holt 1982). The slides were heat fixed, stained with 1% Nile Blue-A solution (Thermo
Fisher Scientific, 415690100), and incubated at 55 °C for 10 min. The slides were then washed
with 8% acetic acid for 1 min and the excess dye was washed with water (Ostle and Holt, 1982).
The prepared samples were examined with 600 to 700 nm emission wavelength range (Gattuso et
al., 2016). For the identification of the biofilm matrix, samples were heat fixed and stained with
FilmTracer™ SYPRO® Ruby biofilm matrix stain (Thermo Fisher Scientific, F10318). 200 pL
FilmTracer™ SYPRO® Ruby biofilm matrix stain was added to the burrow sand samples and
incubated at room temperature (25 °C) for 30 min, protected from light. After the incubation, the
excess stain was removed with DI water (Park et al. 2021). The wavelength emission range was

chosen as 575 to 710 nm to image the stained samples as indicated in (Loza-Correa et al. 2019).
3. Results and Discussion

3.1. Soil Characterization

The surface and subsurface sand were characterized as poorly-graded sand (SP) according to
Unified Soil Classification System (USCS, (ASTM D2487)), whereas the burrow sand was
classified as SP-SM (Fig. 2 and Table 1). The angularity of the sands was classified according to
Youd (1973) and Powers (1953) as subrounded for the subsurface (C, = 1.67, C. = 0.82) and

surface sand (¢, = 1.80, ¢, = 0.80), and a mixture of subrounded and subangular for the burrow
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sand (c, = 2.00, ¢.= 0.95). The burrow sand had 8% fines while the surface and subsurface sand

had less than 3% fines.
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Fig. 2. Grain size distribution curve of burrow sand, subsurface sand, and surface sand in scale of
500 um VPSEM images.

The mineral composition of the fines was determined with XRD analysis (Fig. 3). The peaks
were identified as quartz and feldspars. The feldspars were consisted of albite, plagioclase, and
anorthite. In Figure 3, black dashed lines show quartz peaks, red dashed lines show albite and
plagioclase, and blue dashed lines show anorthite peaks. The peaks appeared mainly at locations
for quartz (Heaney and Post 1992). The peaks were observed at the same positions for both the
coarse and fine portion of the sands, suggesting the fines are generated largely because of sand
particle erosion. Therefore, unlike silt and clay, the fines in the burrow soil are expected to provide

negligible interparticle attractive stress due to van der Waals forces (Akin and Likos 2020).
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Fig. 3. XRD patterns of (a) unprocessed sand and (b) the fine fraction of sand from the burrows,
subsurface, and surface. Black dashed lines show quartz peaks, red dashed lines show albite and
plagioclase peaks, and blue dashed lines show anorthite peaks.

3.2. Soil Profile and Kangaroo Rat Burrows

The soil profile generally consisted of a very loose layer (DPI > 42 mm/blow) at the top 8 to

20 cm depth (Fig. 4). A DPI value of less than 42 mm/blow corresponds to a relative density (D,)

of less than 25%, which is classified as “very loose” (Mohammadi et al. 2008). Such loose surficial

layers are commonly deposited in sand dunes by wind. However, three locations (active burrow

location 1, no-burrow location 2, and abandoned burrow location 2) had stiffer surface layers that

showed low DPI values (DPI <9). These stiffer surficial layers were attributed to the presence of

desert biocrust (Belnap et al. 2001). Biocrust is commonly seen on desert surfaces and is formed

by fungi, cyanobacteria, eukaryotic algae, lichen, and bryophytes (Pietrasiak et al. 2013).
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Soil stiffness gradually increased with depth after the surface layer, with few exceptions that
showed excessive penetrations, where one blow resulted in an excessive (150 to 200 mm)
penetration. The excessive penetrations were attributed to the presence of burrows and are marked
on Fig. 4 with arrows. In other words, a kangaroo rat burrow tunnel was discovered during testing
far from any burrow entrances. DPI was measured in between 150 and 840 mm/blow for all
burrows, which corresponds to D, less than 25%, indicating that kangaroo rats prefer loose soil to
construct their burrows. This was attributed to increased digging rate efficiency in loose soil
(Sichilima et al. 2008) or increased microbial cementation in loose soil due to availability of pore
space (Rodriguez-Navarro et al. 2003; Chou et al. 2011). The results showed that deep burrow

complexes were extensive throughout the study site and were hidden from beneath the surface.
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Fig. 4. (a)Active burrow, (b) no-burrow, and (c) abandoned burrow site soil profiles obtained with
in-situ smart DCP testing. The burrow locations are indicated with opening sizes and arrows.
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The burrow diameters were determined from the DCP data as the depth over which an
excessive penetration occurred. Burrow diameters ranged between 15 cm and 83 cm, which is
greater than the reported values in the literature that averaged 12 cm (Vorhies and Taylor 1922).
The larger-than-expected tunnel diameter may reflect the layered burrow structure with the
presence of two tunnels located on top of each other or a different section of the burrow other than
the tunnel. Kangaroo rat burrows are complex systems that include different sections with varying
diameters including plugs (deeper regions to escape predators) and nest chambers (Vorhies and

Taylor 1922; Anderson and Allred 1964) as also shown in the excavated burrow in Fig. 5.
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Fig. 5. Cross section of the excavated burrow.

The excavated burrow had two entrances. The first entrance had an arched ceiling, a bottom
width of 21 cm and a height of approximately 10 cm. The second entrance had a circular opening
with a diameter of 15 cm. Both entrances led to steep tunnels with a slope of 30° or 33° angles.

The tunnel connected to the first entrance was 80 cm long and 25 cm deep. The tunnel had a left
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turn at 25 cm and connected to the main tunnel. The main tunnel was at approximately 50 cm depth
and connected to another tunnel 120 cm away from the entrance. This second tunnel closer to the
surface relative to the main tunnel was approximately in 5 cm diameter and inclined at 30°. After
the second tunnel, a round, nest-like structure was observed with a diameter higher than 21 cm.
Then, a third tunnel was found inclined at 50°. The tunnels collapsed after measuring tunnel three
incline. Thus, more measurements could not be taken. The total length between the first and second
entrances was 2.6 m.

3.3. Tensile Strength

Tensile strength of the burrow sand was up to 3 times higher than the subsurface sand and 2.5
times higher than the surface sand for all drying conditions (Fig. 6). While the tensile strength of
the burrow sand and the surface sand was not affected by drying at 40 °C, drying at 105 °C
decreased tensile strength (24% for burrow sand, 14% for subsurface sand, and 20% for surface
sand). The reduction was attributed to the decrement of biological substances because the binding
substances produced by organisms such as fungi may begin to ablate when the temperature exceeds

50 °C (Mataix-Solera et al. 2011).
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Fig. 6. Brazilian tensile strength (BTS) at dry condition for burrow sand, subsurface sand, and
surface sand.
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3.4. Burrow Stability Analysis
The limit attractive interparticle stress needed for tunnel stability is shown for each tunnel
diameter for SC and TH packing (Fig. 7, symbols). The lines show the limits for stability for SC
and TH conditions, where the area below each line represents unstable conditions. Given attractive
physiochemical and capillary stresses, the minimum required attractive stress for tunnel stability
for the smallest diameter tunnel was 2.0 kPa for SC (D, < 25%) and 5.8 kPa for TH (D, > 75%)

packing and that for the largest diameter tunnel was 11.3 kPa for SC and 32.1 kPa for TH packing

(Fig. 7).
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Fig. 7. Relationship between tunnel diameter to particle diameter ratio and required attractive
interparticle stress considered for simple cubic (SC) and tetrahedral (TH) packing conditions to
prevent kangaroo rat burrows to collapse.

The limit attractive interparticle stress, calculated from the net attractive interparticle force
(A), is equivalent to suction stress. This stress comprises capillary attraction and physicochemical

attraction, which results from van der Waals attraction and double-layer repulsion (Lu and Likos,

2006), as well as cementation. All these factors are independent functions of the degree of
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saturation (Akin and Likos 2020; Shariq et al. 2021). For uncemented clean sand, suction stress is
primarily influenced by capillarity. However, the presence of surface-active fines introduces
physicochemical attraction, mainly due to van der Waals forces under dry conditions (Israeclachvili
2011; Akin and Likos 2020). XRD analysis revealed that the fine content of the sand used in this
study is predominantly quartz. Therefore, van der Waals attraction and double-layer repulsion
were considered negligible for this analysis (Lu and Likos 2006; Akin and Likos 2020). In dry
conditions, capillary stress is also zero due to the absence of a water meniscus. Thus, a nonzero
value of 4 in dry conditions indicates cementation, with a minimum of 2.0 kPa attractive stress for
the smallest diameter burrow (if the in-situ packing is SC) and a maximum of 32.1 kPa attractive
stress for the largest diameter burrow (if the in-situ packing is TH). Laboratory BTS tests under
dry conditions confirmed that the burrow sand is cemented, providing a resultant attractive stress
of 17 kPa at a void ratio of 0.46.

The upper limit stress from dry sand only considers dilatancy, which includes interlocking
and jamming (Cates et al. 1998; Schofield 2006). Although the jamming effect might provide
stability in the field to the burrows, its effect for uncemented dry sand is limited to when the tunnel
diameter to grain particle size ratio (D / dsg) is less than 5.2 (Valdes and Santamarina 2006; Guo
and Zhou 2013). In this study, the minimum D / dsy was 1250, which is remarkably larger than
5.2. Therefore, the continuum analysis was preferred, which eliminates the jamming effect. In
laboratory testing, recompaction lead to consideration of only interparticle attractive stresses for
the sand specimens.

3.5. Potential Source of Cementation in The Burrow Sand
Cementing bonds were achieved in the laboratory by activating the native and non-inoculated

microbial and fungal biofilms with water and subsequently observed using FEI-SEM. Figures 8a-
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8d show bonds between sand grains that likely originate from both fungal and microbial biofilms.
To distinguish in between sources of biofilm, scaled up cementation images were obtained with

TSA and MEA media.
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Fig. 8. FEI-SEM images of in-situ burrow sand in scale 100 um (a), 30 um (b), 10 pm (c),
and 5 um (d). The focused regions on the sample are shown with rectangles on the images. The
fungal hyphae formations are shown with arrows.

The SEM images of scaled up cementation bonds presented in Fig. 9 show evidence of fungal
and bacterial biofilms within the burrow sand samples seperately. Figures 9a and 9b highlight the
bridging of biofilm formed between two individual sand particles, and Figs. 9c and 9d show the
fungal hyphae adhering onto the sand surface and accumulating over multiple particles. This study
hypothesized that the source of cementation in the burrow soil was from the activity of microbial

21
t
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and fungal communities growing as biofilms because biofilms can grow in unfavorable conditions
(Lewandowski and Beyenal 2013). Many groups of organisms such as bacteria, yeasts, algae, and
filamentous fungi are capable of forming biofilms in soil (Wingender et al. 1999). With the
secretion of these molecules and biofilm formation, the cells and sand particles are connected in a
matrix holding the sand particles together. The EPS within the matrix promotes aggregation and
attachment, cell to cell communication, gene exchange as well as physical structural stability
(Decho 2000; Decho and Gutierrez 2017). The biofilm formation also protects microbial
communities against unfavorable conditions as it provides nutrients to the cells, retains water, and
forms a protective barrier against UV radiation and extreme temperatures (Lewandowski and
Beyenal 2013; de Carvalho 2017). Additionally, filamentous fungi have a greater tendency to grow
as biofilms as they secrete substantial amounts of EPS in unsaturated environments (Jones 1994;
Holden 2001). Fungal biofilms grow from the basic unit structures of filamentous fungi called
hyphae. These structures attach and expand invasively across a surface while secreting polymeric
substances. The biofilm becomes more complex and reaches its maturity as hyphae propagate to
form a large network called mycelium (Peberdy and Peberdy 1980; Harding et al. 2009). The
entanglement of individual grains could potentially promote sand aggregation and can be the
source of bio-cementation. Such observations have been made in previous literature. For example,
Tisdall and Oades (1982) and Chenu (1989) have reported that fungal species contribute to soil
stability not only through their morphological properties, such as hyphal formation, but also
through EPS secretion capabilities (Tisdall and Oades 1982). Tisdall and Oades (1979) employed
SEM to illustrate how EPS connects sand particles together, playing a significant role in bio-

cementation.
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Fig. 9. SEM images of burrow sand samples enriched with TSA in scale (a) 100 pm and (b) 40
um. The images of enriched with MEA in scale (c) 400 pm and (d) 200 um. Biofilm is indicated
in a circle between two sand particles and the fungal hyphae formations are shown with arrows.
CLSM images with specific staining further demonstrated the presence of biofilm and EPS in
the burrow sand samples. Figure 10a shows the CLSM images of burrow sand samples stained
with DAPI. These images exhibit the thick layer of cells and the existing eDNA in the matrix in
between the individual sand particles. eDNA is an important component of the biofilm matrix as
it can promote biofilm formation. For example, Aspergillus fumigatus, a common filamentous
fungi found in soil and known to have biofilm forming capabilities, excretes eDNA during
autolysis when faced with external stress (Rajendran et al. 2013; Fraaije et al. 2020). Figure 10b

shows the enriched burrow sand stained with Nile Blue A. Nile Blue A stain highlights the existing
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lipid molecules on the sand particles, which have a significant role in the formation of biofilms,
such as in C. albicans biofilms (Alim et al. 2018). Hence, the results depicted in Figs. 10a and 10b
demonstrate biofilm formation with the secreted molecules, indicating their potential source of
bio-cementation in burrow soil. Another main component of fungal and bacterial EPS are proteins.
For instance, glycoproteins, an important SYPRO stained extracellular protein present in fungal
EPS, play a key role in nutrient storage and decomposition of soil organic matter (Patel and Gerson
1974; Rajendran et al. 2013; Singh and Das 2020). Extracellular proteins in the burrow sand

stained with SYPRO (Bidossi et al. 2020) are shown in Fig. 10c.

Fig. 10. Confocal microscope images of stained burrow sand samples. Colored region of the
images indicated presence of stain specific components. Burrow sand enriched with MEA samples
stained with (a) DAPI stain, (b) Nile Blue A stain, (¢) SYPRO Ruby biofilm matrix stain.

As demonstrated in the CLSM and SEM images, microbial communities in the burrow sand
are capable of secreting EPS, which boosts the formation of biofilm matrix. Therefore, the
expected origin of attractive interparticle stresses in burrow soil is the aggregation of biofilm cells
and EPS, along with their interconnection with individual sand particles via filamentous structures
such as hyphae and mycelium.

4. Practical Implications
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The use of bacterial biofilms and fungal mycelium (formation of multiple hyphae) for soil
improvement is one of the most recent directions in the field of bio-mediated geotechnics to find
cost-effective and environmentally-friendly alternatives to the traditional techniques (Islam et al.
2017; DeJong and Kavazanjian 2019). The majority of the research efforts in this direction have
focused on hydraulic modification using microbial biofilms and fungal mycelium and have shown
a hydraulic conductivity reduction of up to two orders of magnitude (Ta et al. 2017,
Treebupachatsakul and Kamchoom 2021; Kim and Kwon 2022; Salifu et al. 2022; Park et al.
2023). Fewer studies have focused on mechanical modification. Microbial biofilms were shown
to increase unconfined compressive strength of sand up to 620 kPa with 25% of mixing
concentration by dry mass (Shariq et al. 2021), increased cohesion of sand up to 16 kPa with the
mixing percentage of 0.25 by dry mass (Ghatak et al. 2013), or increase shear strength up to 30%
(Al-Awad 2018). Fungal mycelium was shown to increase unconfined compressive strength of
sand up to 100 kPa with 5 percent fungi inoculum by mass cured 4 days (Lim et al. 2023) and
provide erosion resistance (El Mountassir et al. 2021; Zhang et al. 2023). Pure and single species
of bacteria or fungi were used in most of these studies and the microorganisms were inoculated for
varying durations to promote growth and formation of a mycelium network. Our study used native
sand from the kangaroo rat burrows, which showed light cementation in the field. The cementation
bonds, and therefore any network structure was broken during sampling and recompaction for
laboratory testing. The 17 kPa of attractive stress was obtained in the laboratory by just activating
the native microbial and fungal biofilms with the addition of water, without any inoculation (Figure
8). The concentration of fungal and microbial biofilms was less than or approximately equal to 1%

by dry mass, based on LOI results (Table 1). The 17 kPa attractive stress obtained without
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inoculation, with only 1% of biofilm concentration shows the potential of native microorganisms

from kangaroo rat burrows to be used as cementing agents for soil improvement.

5. Conclusions

The stability of kangaroo rat burrows at a site in the Sonoran Desert was evaluated through

field and laboratory testing. This study presents a possible mechanism stabilizing kangaroo rat

burrows in loose desert sand, which may lead to new sustainable new biocementation agents that

can be used in ground improvement applications. The following conclusions are based on test

results and analysis:

Dynamic cone penetration tests in the field showed the presence of a layered burrow structure
in the DPI range between 150 and 840 mm/blow. A range of burrow diameters (from 83 cm to
15 cm) were detected in the field especially where the soil profile consisted of loose sand (D,
<25%).

The stability of the burrows against collapse was determined using an upper limit equilibrium
analysis that considers the resultant interparticle attractive stress as the parameter that provides
the burrow stability. The theoretical analysis showed that a minimum of 2.0 kPa attractive
stress (for the smallest diameter burrow, if the in-situ packing is SC) and a maximum of 32.1
kPa attractive stress (for the largest diameter burrow, if the in-situ packing is TH) are required
to prevent the collapse of the burrows. This indicated that for dry sand, cementation needed to
provide 2 to 32 kPa stress to burrow sand, depending on the burrow diameter and in-situ
packing.

Laboratory tests showed that the burrow sand has cementation that for 0.46 void ratio provided
17 kPa attractive stress, which was reactivated only by the addition of water and at less than

1% concentration of organic substances.
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e Microscopy imaging and specific staining was used to understand the source of the
cementation. SEM images of enriched media samples and stained samples imaged with CLSM
showed evidence of fungal growth and microbial biofilms, indicating that the source of the
high attractive stress in burrow sand is bio-cementation.

e The high attractive stress due to cementation in the burrow sand makes the fungal and
microbial bio-cementation agents in the burrow ceilings potential cementing agents for other
geotechnical engineering applications.
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