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A B S T R A C T   

Bio-mediated ground improvement is an attractive alternative to traditional admixtures for strength improve-
ment of shallow surfaces because it is environmentally friendly. Since biofilms contain extracellular polymeric 
substances (EPS), they can be considered as an alternative to current technologies to improve soil strength. EPS 
containing biofilms are porous materials with charged surfaces, and therefore adsorption and capillary 
condensation can result in water retention. Currently, most of the literature work only tested soil improvement 
under the dry condition. Therefore, the influence of water retention by biofilms on the strength of improved soil 
remains unclear. Our goal is to evaluate the strength of a biofilm-enhanced sand over a wide range of saturations 
and explain the trends through the suction stress characteristic curve (SSCC), which quantifies interparticle 
adsorptive, capillary, and cementation forces as a function of saturation. We used homogenized anaerobic 
granule biofilms from an existing upflow anaerobic sludge blanket reactor and mixed it with sand to test the 
strength of a poorly-graded sand in a wide range of saturations, S (between 0.02 S and 0.74 S). We found that 
biofilm treatment of sand increases soil strength through cementation over a wide range of saturations and 
through adsorptive forces among sand, biofilm surfaces, and water molecules at low saturations (S < ~0.3). Our 
results suggested that homogenized biofilms mixed with sand can be used to improve the strength of sand over a 
wide range of saturations.   

Introduction 

Environmental concerns regarding the additives traditionally used in 
chemical soil modification techniques have resulted in the search for 
more environmentally friendly bio-mediation techniques (e.g., Refs. [1, 
2]). Most of the bio-mediated soil improvement research so far has 
focused on microbially induced calcite precipitation (MICP) in 
coarse-grained soils. In this process, calcium carbonate is precipitated at 
particle contacts, typically through urea hydrolysis or denitrification (e. 
g., Refs. [3–5]). Commercially-available biopolymers such as xanthan 
gum and gellan gum are also tested for soil strength improvement and 
shown to be effective (e.g., Ref. [6,7]). For example [8], found strength 
improvement with xanthan gum is comparable to that of cement even at 
low concentrations, as low as 1%. Since biofilms contain extracellular 
polymeric substances (EPS), they are also considered an alternative to 
current technologies to improve soil strength. 

The research efforts on soil improvement using biofilms have pri-
marily focused on hydraulic conductivity reduction (e.g., Refs. [9–13]). 
Laboratory testing of the effects of biofilm growth on soil behavior 

requires a more intensive effort because of the complications associated 
with monitoring of biofilm growth. In reactors, biofilms are typically 
grown by circulating a nutrient solution in soil columns mixed with 
selected microbial communities (e.g., Refs. [9,13,14]). Clogging of 
tubing due to uncontrolled biofilm growth or to the formation of pref-
erential flow paths in soil columns can require extra precautions during 
lab testing. The literature review given on the Supplementary Infor-
mation (SI) Table 1 revealed that 1) most of the literature studies used 
pure cultures and considered saturated or dry conditions for biofilm 
growth and strength testing, which may not be relevant to field appli-
cations, 2) most of these works grew the biofilm in the soil first then 
tested soil improvement. To improve soil strength, it is a common 
practice for civil engineers to mix the soil with an admixture such as a 
biopolymer. 

Improved strength due to an admixture is typically evaluated using 
remolded specimens compacted at a fixed water content and cured to the 
dry condition (e.g., Refs. [15–17]). While this approach gives compar-
isons between treated and untreated soils and may be effective for deep 
ground improvement, shallow surfaces’ field strength cannot be 
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represented accurately. The majority of soil dealt with in shallow 
geotechnical engineering applications is in the unsaturated zone (i.e., 
the zone in which air and water coexist in soil pores and pore water 
pressures are negative), where saturation is dynamic. A change in 
saturation (or suction) results in a change in soil strength. In this case, 
the strength of soils is quantified through effective stress (i.e., stress 
transmitted from one soil grain to another), and the effect of saturation 
on effective stress can be quantified by the term suction stress, which 
represents interparticle adsorptive and capillary forces, cementation, 
and pore water pressure, and is a function of saturation called the suc-
tion stress characteristic curve, SSCC (e.g., Ref. [18]). 

At low saturations, the forces that control suction stress are adsorp-
tive, and at high saturations, capillary forces are dominant (i.e., 
[19–21]). Recent studies have shown that the adsorptive and capillary 
components of suction stress change in a non-monotonic way as satu-
ration increases from 0 to 1 [21,22]. The adsorptive forces are maximal 
when the soil is dry and decrease exponentially as saturation increases. 
The capillary forces are zero in the dry and saturated states and reach a 
maximum at some saturation in between. For clean sand, the adsorptive 
forces are negligible, and if there is no cementation, suction stress is 
controlled purely by capillary forces. For materials with charged sur-
faces, such as clays and polymers, adsorptive forces control suction 
stress at low saturations. The cementation component of suction stress is 
considered to be unaffected by saturation [18]. Water vapor sorption 
isotherms give information on the interaction between water molecules 
and material surfaces and are unique for each soil (e.g., Ref. [23]). 
Therefore, they can be used to evaluate the adsorptive forces between 
material surfaces and water molecules. 

The current literature lacks an understanding of how biofilms 
improve soil strength under a range of saturations. Our goal is to eval-
uate the reuse of a waste granule biofilm as an alternative means of 
improving the strength of shallow surface soil. A poorly-graded sand was 
used in experiments because it is inert (i.e., no physicochemical inter-
action with the biofilms) and easy to standardize. Anaerobic granules 
rich in EPS were obtained from an existing upflow anaerobic sludge 
blanket (UASB) reactor. First, the granule biofilms were homogenized in 
such a way that the cells and EPS were separated from the granules, then 
mixed with sand. The sand-biofilm mixture was compacted and allowed 
to equilibrate to various saturations. The SSCC quantified using un-
confined compression test and direct shear test results was used to 
evaluate the improvement in soil strength of a poorly graded fine sand in 
a wide range of saturation (i.e., between 0 and 0.74 saturation). The 
SSCC of untreated sand was also quantified and the SSCC of the biofilm- 
enhanced sand was compared with that of untreated sand to investigate 
the mechanisms that result in improved strength. Water vapor sorption 
isotherms were used to evaluate the adsorptive forces between water 
and biofilm-enhanced sand. The nonlinear trend in the SSCC of biofilm- 
enhanced sand was explained using the water uptake mechanism 
(adsorption and capillary condensation) of biofilms. 

Methods and materials 

Sand 

The soil is a poorly graded white sand classified as SP (poorly-graded 
sand) according to the Unified Soil Classification System. The specific 
gravity was measured according to ASTM D854 as 2.61. The maximum 
and minimum void ratios of the sand were measured according to ASTM 
D4254 as 0.91 and 0.65. 

Biofilms 

The granule biofilms were obtained from an existing UASB reactor 
(Penford Food Ingredients Co., Richland, WA). In this reactor, the 
granule biofilms were grown anaerobically on starch industry waste-
water [24]. The major groups of microorganisms in this ecosystem are 

fermentative bacteria, acidogenic bacteria, acetogenic bacteria, hydro-
genophilic and hydrogenotrophic species, and aceticlastic and aceto-
trophic species [24]. We should note that these granules were enriched 
using potato processing waste. Using granules from a UASB reactor fed 
with different waste could potentially generate different biofilm struc-
tures and microbial communities. The diameters of the individual 
granules were between 1 mm and 2 mm. When saturated, a granule is 
soft and flexible (Fig. 1a). Upon drying, the granule shrinks (~0.5-mm 
diameter) and turns into a rigid solid (Fig. 1b). The dry density and 
water content of biofilm granules were 28.7 g/L and 97.7%, respec-
tively. We used standard methods to determine the dry density and 
water content of the granules [25]. Since we homogenized the granules 
and exposed the microbial communities to oxygen, microbial growth is 
negligible. 

Specimen preparation 

The biofilm granules were taken from the UASB reactor in Penford 
and then stored in the laboratory at 4 ◦C. Before preparing each biofilm 
sample, the suspension was mixed well. The biofilm granules were 
separated from the excess liquid by centrifuging the suspension at 
10,000 rpm for 3 min and discarding the excess liquid. A 1% yeast 
extract solution (Bacto™, ThermoFisher catalog #212750) was then 
mixed with the biofilm granules using a vortex mixer, and the granules 
were homogenized for 1 min to ensure all the cells were dispersed. Dry 
sand was then added and mixed thoroughly for 5 min. To ensure a 
constant void ratio among all specimens, 91.6 g of dry sand was mixed 
with 22.9 g of homogenized biofilm granules and 13 ml of the 1% yeast 
solution. Void ratio is defined as the ratio of pore volume between the 
sand particles to the volume of the sand particles. The biofilm pores are 
not included in the void ratio calculations. Cylindrical specimens (3.45- 
cm diameter, 9.19-cm height) were compacted in three layers by 
applying dynamic load with a 9.07 kg tamper. The load was applied 25 
times for each layer. 

The specimens were extracted immediately after compaction and 
were left at room temperature for various durations from 4 h to 120 h to 
air-dry to different saturations. Water content decreased exponentially 
with air-drying time as shown in Fig. SI-1. The final degree of saturation 
for each specimen was calculated after the unconfined compression test 
using the water content measured at the mid-point of the specimen. The 
diameter and height of the specimens were measured after drying to 
calculate the final void ratio and saturation of the specimens. The 
specimens were dried to a wide range of saturations between 0.74 and 
0.02. Duplicates and triplicates were prepared at a number of satura-
tions. After air-drying, specimens were kept in sealed bags for 48 h to 
promote homogeneous moisture distribution along the specimens, and 
then tested for unconfined compressive strength. 

Soil water retention curve and SSCC of untreated sand 

The soil water retention curve (SWRC) of the sand was measured 
with the transient release and imbibition method (TRIM) [26] to 
quantify the SSCC of the untreated sand. The TRIM uses the axis trans-
lation method to measure the transient outflow response of soil after it is 
exposed to a large change in suction. Dry sand was compacted to a 0.85 
void ratio inside the TRIM flow cell (6.18-cm diameter, 2.54-cm height) 
and back-saturated. A drying test was performed by applying a sudden 
increase in suction, first to 3 kPa and then to 200 kPa. The outflow due to 
the increase in suction was measured over time using an electronic 
balance. The transient outflow response was used as an input in a nu-
merical model that solves Richard’s equation. The solution of inverse 
modeling gave the SWRC. 

The SSCC of the untreated sand was calculated from the SWRC to 
compare with the SSCC of the biofilm-treated sand according to the 
commonly used equation proposed by Ref. [27]: 
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σs = Seψ (1)  

where ψ is the matric suction and Se is the effective saturation calculated 
using the [28] SWRC model: 

Se =
S − Sr

1 − Sr
= [

1
1 + (αψ)n]

(1− 1
n) (2)  

where Sr is the residual saturation and α, n, and m are fitting parameters 
to the SWRC. Parameter α (kPa− 1) is related to the inverse of the air 
entry pressure (AEP) and n is related to pore size distribution [29]. Eqn. 
(1) has been shown to be in good agreement with experimental SSCC for 
sands [21,27], and was selected to be used in this study because of its 
simple form. 

Although Eqn. (1) can be used to convert between the SWRC and 
SSCC for pure sand, it cannot be used for biofilm-treated sand. Eqn. (1) 
represents the contribution of capillary forces to suction stress and is 
valid for materials which only have capillarity as their dominant water 
uptake mechanism. For example [21], recently showed that the equation 
may not be valid for clays, especially at low saturations, where 
adsorptive forces dominate water uptake. In the case of biofilm-treated 
sand, water uptake is controlled by adsorptive forces in addition to 
capillary forces. The capillary forces in biofilm-treated sand are not the 
same as the capillary forces in untreated sand because capillarity may 
result in water retention within the biofilm itself as well as in sand pores. 

Unconfined compression tests and SSCC of biofilm-treated sand 

The unconfined compressive strength (qu) of cylindrical specimens 
was measured using a standard universal testing machine. The samples 
were loaded until failure, and peak stresses are reported as qu. The 
relative humidity in the laboratory fluctuated between ~10% and 
~30%, which resulted in some moisture loss during the unconfined 
compression test. A strain rate of 0.4% was selected to ensure all spec-
imens would fail within 10 min, and therefore the moisture loss during 
testing was minimal. 

The SSCC of biofilm-treated sand was calculated using qu data ac-
cording to Refs. [30,31]: 

q= qu = σ1 (3a)  

p=
σ1

3
(3b)  

p′

= q/m (3c)  

σs = p − p′ (3d)  

where p’ is the mean effective stress, p is the mean stress, q is the 

deviatoric stress, and m is related to the internal friction angle, ϕ: 

m=
6sinϕ

3 − sinϕ
(4) 

The internal friction angle is assumed to be independent of satura-
tion and matric suction, as was shown in previous studies (e.g., Refs. [29, 
32]); therefore, m does not change with saturation. The effect of biofilms 
on soil mechanical behavior is assumed to only influence SSCC, rather 
than changing the frictional resistance between sand particles; this too, 
was shown in previous studies [33]. Thus, the internal friction angle of 
the untreated dry sand was measured to perform SSCC calculations from 
qu data. Direct shear test was performed according to ASTM D3080. Dry 
sand was compacted in the shear box at a 0.85 void ratio. The test was 
performed at a shearing rate of 0.5 mm/min. The internal friction angle 
was calculated as 34◦. 

Water vapor sorption isotherms and specific surface area 

A fully automated vapor sorption analyzer (VSA, METER Group, 
Pullman, WA) operating in dynamic dewpoint isotherm (DDI) mode was 
used to measure the isotherm following [23]. The granules were 
oven-dried (40 ◦C) for 2 h prior to testing. Dried granules (0.6 g) were 
brought to 3% relative humidity (RH) followed by an adsorption cycle 
up to 95% RH, followed by a desorption cycle back down to 3% RH in 
1% RH increments at a controlled temperature of 25 ± 0.2 ◦C. 

Results and discussion 

Unconfined compressive strength 

The stress-strain behavior of biofilm-treated sand was measured over 
a wide range of saturation (Fig. 2). While the peak strength increased 
with decreasing saturation, there was no considerable relationship be-
tween peak strain and saturation. All specimens reached peak strength at 
~2.5% strain. Specimens with higher saturations (S ≥ 0.5) showed a 
ductile stress-strain response, whereas specimens at lower saturations 
showed post-peak stress. The ductile stress-strain response is attributed 
to a well-developed hydrogel structure between sand particles. The 
unconfined compressive strength decreased with saturation as shown in 
Fig. SI-2. All specimens failed along a vertical line as shown in Fig. SI-3, 
suggesting non-homogeneity of the specimens was not a concern. 

Suction stress characteristic curve of treated and untreated sand 

The SSCC of untreated sand followed the typical trend for sand of 
zero suction stress at saturations of 0 and 1 and a single peak in between 
(line in Fig. 3). The maximum suction stress of around 2 kPa was 

Fig. 1. Granules: (a) saturated, ready to be mixed with soil after homogenization, and (b) at 3% relative humidity (RH).  
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obtained at a saturation around 0.7 and was maintained up to a satu-
ration of ~0.97. The SSCC of biofilm-enhanced sand (symbols in Fig. 3) 
showed an exponential decrease from 245 kPa to 10 kPa as the satura-
tion increased from 0.02 to 0.5, followed by a constant suction stress of 
10 kPa that was maintained up to 0.74 S. Air-drying time to desaturate 
the specimens only controls the saturation. Since biofilm growth is 
negligible under air-drying conditions, the air-drying time does not 
reflect the curing process in traditional soil improvement methods. The 
effect of air-drying in our case was only a reduction in saturation. 
Therefore, the results show the sensitivity of the strength of biofilm- 

enhanced soil to saturation, especially in the low-saturation range, 
where water uptake is controlled by adsorptive mechanisms. 

The trend seen in the SSCC at low saturations is typical for a clayey 
soil, where adsorptive forces result in an initially high suction stress at 
0 saturation that progressively decreases as sorptive sites on the clay 
surfaces are occupied by progressively increasing numbers of water 
molecules (e.g., Refs. [20,21,34]). The suction stress of untreated sand 
was zero at 0 saturation; in contrast, the treated sand showed a 245-kPa 
suction stress because of the cementation component and, more pro-
foundly, because of the strong adsorptive interactions among water 
molecules, EPS, biofilm surfaces, and sand. The exponential decrease in 
suction stress was attributed to the formation of a gel structure in bio-
films that reduces the adsorptive and capillary forces within the bio-
films. The 10-kPa suction stress that was maintained with further 
increases in saturation was attributed to the cementation component of 
suction stress, which is considered to be unaffected by saturation [18]. 

Interaction between biofilms and sand: mechanisms 

Our homogenized biofilms include cells and EPS. In general, mi-
croorganisms attach to mineral surfaces via two mechanisms [35]: (i) 
long-range attachment, which is controlled by physicochemical forces (i. 
e., van der Waals and electrostatic interactions) and Lewis acid/base 
hydrophobic interactions (e.g. Ref. [36]), and (ii) short-range attach-
ment, which includes hydrogen bonding and dipole-dipole interactions 
(e.g., Ref. [37]). The initial attachment is followed by the multiplication 
of bacterial cells on the surfaces if the conditions are favorable for bio-
film growth (i.e., nutrient availability, hydrodynamics, pH). During 
biofilm growth, the bacterial cells produce EPS which is comprised of 
proteins, polysaccharides, nucleic acids, and lipids [38]. EPS, referred to 
as the “glue of cells” by biofilm researchers, keep microbial communities 
together and protect the cells. EPS also attach to mineral surfaces 
through steric interactions [38]. In our system, we introduce existing 
EPS to the sand samples instead of generating EPS by growing cells. 

In geotechnical engineering applications, the terms “biofilm” and 
“biopolymer” are used interchangeably in some references; however, 
here we specify the difference that “biofilm” includes both bacteria and 
EPS that are produced by the bacteria, while biopolymer does not 
include bacteria [38]. This distinction is important because it means 

Fig. 2. Stress-strain behavior of biofilm-enhanced sand over a wide range of saturation.  

Fig. 3. Suction stress characteristic curve (SSCC) of biofilm-enhanced sand 
(symbols) and untreated sand (solid line). The difference between two curves 
indicates the improvement in sand strength due to biofilm. 
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biofilm can keep growing in the soil if there is sufficient growth medium 
present, whereas the biopolymer concentration does not change after 
the biopolymer is mixed with the soil. The resilience of bacteria is 
supported by EPS, which may be critical for long-term soil improvement 
[39]. In our manuscript, we use the term biofilm to refer to bacteria 
present together with EPS. 

The level of interaction between biofilms and sand surfaces is 
controlled by saturation. Biofilm or biopolymer treatments of sand are 
typically done at high saturations, where the water phase is continuous 
(e.g., Refs. [7,14]). In a saturated medium, microorganisms are attached 
to non-charged sand surfaces by electrostatic interactions. Even though 
sand surfaces are practically neutral, electrical charges in water stimu-
late the adsorption of microorganisms by sand surfaces. The adsorbed 
microorganisms produce EPS that act as a polymer or biopolymer, which 
results in an increase in particle contact area. The process, referred to as 
biocementation, improves soil properties. In addition, biopolymer or 
EPS fibers can form a connected network within the pore space between 
sand particles and contribute to improved strength (e.g., Refs. [7,8]). 
Additionally, adsorption and capillary condensation results in an in-
crease in soil strength in unsaturated conditions (e.g., Ref. [21]). The 
adsorption and capillary condensation by the biofilms contribute to the 
suction stress of the biofilm-enhanced sand (Fig. 3). 

Water vapor sorption isotherms 

The water vapor sorption isotherm (Fig. 4) of the biofilm granule was 
measured to evaluate the degree of adsorptive forces. The adsorption 
and desorption curves show two distinct slopes, which represent the rate 
of sorption, and a single inflection point, which represents the transition 
between water uptake mechanisms [20]. A milder slope up to ~60% RH 
for adsorption and ~70% RH for desorption is followed by a steeper 
slope up to 95% RH. As RH increases, there are two mechanisms that 
increase the slope of the isotherm: (i) onset of capillary condensation in 
mesopores and (ii) onset of formation of the hydrogel structure. The 
transition point is at ~60% RH for the adsorption curve and at ~70% RH 
for the desorption curve. 

Hysteretic behavior is typical for water sorption by porous materials, 
and is primarily due to capillary condensation in mesopores. However, 
the loop is typically closed at 3% RH (e.g., Refs. [23,40,41]). Fig. 4 
shows that the sorption loop was not closed for the biofilm granules, 
indicating that irreversible changes happened to the biofilm structure at 
the end of a full sorption cycle. The nonzero water content at 3% RH on 
the desorption curve indicates there was entrapped water in the biofilm 
structure that could not be removed with a decrease in RH. The specific 
surface area of the granules were calculated from the desorption 
isotherm according to Ref. [23] as 280 m2/g, which indicates high 
surface activity, and therefore strong adsorptive forces between biofilm 
granules and water molecules. 

The SSCC of biofilm-enhanced sand (Fig. 3) shows an inflection point 
at ~0.3 saturation, which corresponds to a water content of 0.1 g/g. 
Suction stress starts to level down at ~10 kPa at this water content, 
which corresponds to a RH of ~35% (Fig. 4). This indicates that strong 
adsorptive forces among water, biofilm surfaces, and EPS contribute to 
an order of magnitude greater suction stress at low saturations, where 
the dominant water uptake mechanism is adsorption. 

Conclusions 

The biofilm granules used in this study were shown to contribute to 
suction stress, and therefore to soil strength, in a wide range of satura-
tions. Suction stress of biofilm-enhanced sand decreased exponentially 
with increasing saturation up to ~0.5 S and with further increase in 
saturation was maintained at ~10 kPa, which is an order of magnitude 
greater than the suction stress of untreated sand. The initial reduction at 
low saturations up to the inflection point (S < 0.3) resulted in an order of 
magnitude difference between the calculated suction stress. The specific 

surface area of the granules was calculated from the water vapor sorp-
tion isotherm as 280 m2/g, which indicates high surface activity, and 
therefore strong adsorptive forces between biofilm granules and water 
molecules. The nonzero water retention in the desorption cycle at 3% 
RH indicates possible hydrogel formation during adsorption and irre-
versible changes to granule structure. Since most of the microbes in the 
biofilms were anaerobic, they will have limited metabolic activity in the 
given conditions. Therefore, the main driving force for improving the 
soil mechanical behavior is the EPS presented in the biofilm which forms 
a hydrogel when bound to water [38]. 

CRediT authorship contribution statement 

Ahmad Faysal Shariq: Investigation, Validation, Formal analysis, 
Writing – review & editing. Haluk Beyenal: Conceptualization, Re-
sources, Writing – review & editing, Supervision. Idil Deniz Akin: 
Conceptualization, Resources, Visualization, Writing – review & editing, 
Supervision. 

Declaration of competing interest 

The authors do not have any competing interest. 

Acknowledgements 

The authors would like to thank Ms. Youjin Kim, Mr. Julian Silva, Mr. 
Eduardo Sanchez, and Mr. Mohamed Elharati for their assistance in the 
laboratory. The biofilm granules were obtained as part of US National 
Science Foundation award CBET #1706889 (to HB). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioflm.2021.100050. 

References 

[1] Mitchell JK, Santamarina JC. Biological considerations in geotechnical 
engineering. J Geotech Geoenviron Eng 2005;131(10):1222–33. 

Fig. 4. Water vapor sorption isotherm of granules.  

A.F. Shariq et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.bioflm.2021.100050
https://doi.org/10.1016/j.bioflm.2021.100050
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref1
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref1


Biofilm 3 (2021) 100050

6

[2] DeJong JT, Soga K, Kavazanjian E, Burns S, Van Paassen LA, Al Qabany A, 
Chen CY. Biogeochemical processes and geotechnical applications: progress, 
opportunities and challenges. Geotechnique 2013;63(4):287–301. 

[3] O’Donnell ST, Rittmann BE, Kavazanjian Jr E. MIDP: liquefaction mitigation via 
microbial denitrification as a two-stage process. I: Desaturation. J Geotech 
Geoenviron Eng 2017;143(12):04017094. 

[4] Zhao Q, Li L, Li C, Li M, Amini F, Zhang H. Factors affecting improvement of 
engineering properties of MICP-treated soil catalyzed by bacteria and urease. 
J Mater Civ Eng 2014;26(12):04014094. 

[5] Gomez MG, Graddy CNR, DeJong JT, Nelson DC. Stimulation of native 
microorganisms for biocementation in samples recovered from field-scale 
treatment depths. J Geotech Geoenviron Eng 2017;144(1):04017098. 

[6] Ferruzzi GG, Pan N, Casey WH. Mechanical properties of gellan and 
polyacrylamide gels with implications for soil stabilization. Soil Sci 2000;165(10): 
778–92. 

[7] Chang I, Im J, Lee SW, Cho GC. Strength durability of gellan gum biopolymer- 
treated Korean sand with cyclic wetting and drying. Construct Build Mater 2017; 
143:210–21. 

[8] Chang I, Im J, Prasidhi AK, Cho GC. Effects of Xanthan gum biopolymer on soil 
strengthening. Construct Build Mater 2015;74:65–72. 

[9] Dennis ML, Turner JP. Hydraulic conductivity of compacted soil treated with 
biofilm. J Geotech Geoenviron Eng 1998;124(2):120–7. 

[10] Mitchell R, Nevo Z. Effect of bacterial polysaccharide accumulation on infiltration 
of water through sand. Appl Environ Microbiol 1964;12(3):219–23. 

[11] Kalish PJ, Stewart JA, Rogers WF, Bennett EO. The effect of bacteria on sandstone 
permeability. J Petrol Technol 1964;16(7):805–14. 

[12] Shaw RJ, Bramhill B, Wardlaw NC, Costerton JW. Bacterial fouling in a model core 
system. Appl Environ Microbiol 1985:693–701. 

[13] Lozada DS, Vandevivere P, Baveye P, Zinder S. Decrease of the hydraulic 
conductivity of sand columns by Methanosarcina barkteri. World J Microbiol 
Biotechnol 1994;10. 325 - 222. 

[14] Banagan BL, Wertheim BM, Roth MJS, Caslake LF. Microbial strengthening of loose 
sand. Lett Appl Microbiol 2010;51(2):138–42. 

[15] Consoli NC, Prietto PDM, Ulbrich LA. Influence of fiber and cement addition 
behavior of sandy soil. J Geotech Geoenviron Eng 1998;124(12):1211–4. 

[16] Sariosseiri F, Muhunthan B. Effect of cement treatment on geotechnical properties 
of some Washington State soils. Eng Geol 2009;104(1–2):119–25. 

[17] Khatami HR, O’Kelly BC. Improving mechanical properties of sand using 
biopolymers. J Geotech Geoenviron Eng 2013;139(8):1402–6. 

[18] Lu N, Likos WJ. Suction stress characteristic curve for unsaturated soil. J Geotech 
Geoenviron Eng 2006;132(2):131–42. 

[19] Lu N, Zhang C. Soil sorptive potential: concept, theory, and verification. J Geotech 
Geoenviron Eng 2019;145(4):04019006. 

[20] Akin ID, Likos WJ. Implications of surface hydration and capillary condensation to 
strength and stiffness of compacted clay. J Eng Mech 2017. https://doi.org/ 
10.1061/(ASCE)EM.1943-7889.0001265. 

[21] Akin ID, Likos WJ. Suction stress of clay over a wide range of saturation. Geotech 
Geol Eng 2020;38:283–96. https://doi.org/10.1007/s10706-019-01016-7. 

[22] Lu N, Dong Y. Correlation between soil-shrinkage curve and water-retention 
characteristics. J Geotech Geoenviron Eng 2017;143(9):04017054. 

[23] Akin ID, Likos WJ. Specific surface area of clay using water vapor and EGME 
sorption methods. Geotech Test J 2014;37(6):1016–27. 

[24] Pandey PK, Ndegwa PM, Soupir ML, Alldredge JR, Pitts MJ. Efficacies of inocula on 
the startup of anaerobic reactors treating dairy manure under stirred and unstirred 
conditions. Biomass Bioenergy 2011;35:2705–20. 

[25] Metcalf and Eddy. In: Wastewater engineering: treatment and reuse. fourth ed. 
McGraw-Hill; 2004. 

[26] Wayllace A, Lu N. A transient water release and imbibition method for rapidly 
measuring wetting and drying soil water retention and hydraulic conductivity 
functions. Geotech Test J 2012;35(1):103–17. 

[27] Lu N, Godt JW, Wu DT. A closed-form equation for effective stress in unsaturated 
soils. Water Resour Res 2010;46. https://doi.org/10.1029/2009WR008646. 

[28] van Genuchten MT. A closed form equation for predicting the hydraulic 
conductivity of unsaturated soils. Soil Sci Soc Am J 1980;44:892–8. 

[29] Lu N, Likos WJ. Unsaturated soils mechanics. New York: Wiley; 2004. 
[30] Lu N, Kim T, Sture S, Likos WJ. Tensile strength of unsaturated sand. J Eng Mech 

2009;135(12):1410–9. 
[31] Li X, Wen H, Muhunthan B, Wang J. Modeling and prediction of the effects of 

moisture on the unconfined compressive and tensile strength of soils. J Geotech 
Geoenviron Eng 2015;141(7):04015028. 

[32] Escario V. Suction-controlled penetration and shear tests. In: Proceedings of the 4th 
international conference on expansive soils; 1980. p. 781–7. Denver, CO. 

[33] Cho GC, Chang I. “Cementless soil stabilizer – Biopolymer. In: Proceedings of the 
2018 world congress on advances in civil, environmental, & materials research 
(ACEM18), songdo convensia. Korea: Incheon; 2018. 

[34] Zhang C, Lu N. What is the range of soil water density? Critical reviews with a 
unified model. Rev Geophys 2018;56. https://doi.org/10.1029/2018RG000597. 

[35] Chen G, Zhu HL. “Bacterial adhesion to silica sand as related to Gibbs energy 
variations,” Colloids and Surfaces. B-Biointerfaces 2005;44(1):41–8. 

[36] Gordesli FP, Abu-Lail NI. Combined Poisson and soft-particle DLVO analysis of the 
specific and nonspecific adhesion forces measured between L. monocytogenes 
grown at various temperatures and silicon nitride. Environ Sci Technol 2012;46 
(18):10089–98. 

[37] Abu-Lail NI, Camesano TA. Role of ionic strength on the relationship of biopolymer 
conformation, DLVO contributions, and steric interactions to bio-adhesion of 
Pseudomonas putida KT2442. Biomacromolecules 2003;4(4):1000–12. 

[38] Lewandowski Z, Beyenal H. Fundamentals of biofilm research. Boca Raton, FL: CRC 
Press; 2013. 

[39] Song HS, Renslow RS, Fredrickson JK, Lindemann SR. Integrating ecological and 
engineering concepts of resilience in microbial communities. Front Microbiol 2015; 
6:7. 

[40] Khorshidi M, Lu N, Akin ID, Likos WJ. Intrinsic relation between specific surface 
area and soil water retention. J Geotech Geoenviron Eng 2016. https://doi.org/ 
10.1061/(ASCE)GT.1943-5606.0001572. 

[41] Arthur E, Tuller M, Moldrup P, Resurreccion AC, Meding MS, Kawamoto K, de 
Jonge LW. Soil specific surface area and non-singularity of soil-water retention at 
low saturations. Soil Sci Soc Am J 2013;77:43–53. 

A.F. Shariq et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S2590-2075(21)00008-3/sref2
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref2
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref2
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref3
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref3
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref3
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref4
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref4
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref4
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref5
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref5
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref5
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref6
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref6
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref6
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref7
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref7
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref7
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref8
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref8
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref9
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref9
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref10
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref10
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref11
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref11
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref12
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref12
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref13
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref13
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref13
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref14
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref14
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref15
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref15
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref16
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref16
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref17
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref17
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref18
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref18
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref19
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref19
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001265
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001265
https://doi.org/10.1007/s10706-019-01016-7
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref22
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref22
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref23
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref23
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref24
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref24
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref24
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref25
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref25
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref26
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref26
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref26
https://doi.org/10.1029/2009WR008646
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref28
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref28
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref29
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref30
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref30
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref31
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref31
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref31
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref32
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref32
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref33
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref33
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref33
https://doi.org/10.1029/2018RG000597
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref35
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref35
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref36
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref36
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref36
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref36
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref37
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref37
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref37
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref38
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref38
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref39
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref39
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref39
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001572
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001572
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref41
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref41
http://refhub.elsevier.com/S2590-2075(21)00008-3/sref41

	Biofilm addition improves sand strength over a wide range of saturations
	Introduction
	Methods and materials
	Sand
	Biofilms
	Specimen preparation
	Soil water retention curve and SSCC of untreated sand
	Unconfined compression tests and SSCC of biofilm-treated sand
	Water vapor sorption isotherms and specific surface area

	Results and discussion
	Unconfined compressive strength
	Suction stress characteristic curve of treated and untreated sand
	Interaction between biofilms and sand: mechanisms
	Water vapor sorption isotherms

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


