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ABSTRACT

Loose sandy soils exhibit low relative Density and internal friction angle, rendering them
unsuitable for stable foundation support. Meanwhile, tofu wastewater (TW), a byproduct of
household-scale tofu industries in Kediri, Indonesia, contains natural urease enzymes and
active organic compounds with potential as eco-friendly biocementation agents. This study
aims to evaluate the effect of TW treatment on the enhancement of skin resistance (Qs) and
interface shear resistance (9) of pile foundations in loose sand. The methodology involved TW
treatment for 30 days, axial load testing, and analysis based on Meyerhof’s bearing capacity
theory supported by ANOVA validation. The results indicate a substantial increase in Qs of
553%, rising from 0.0103 kN to 0.0675 kN after TW treatment. The 6/p coefficient reached
2.98 at a depth of 0.015 m (D/B=1.5), representing a 156% improvement over untreated sand
and indicating enhanced mobilization of pile—soil interface friction. ANOVA confirmed the
improvement was statistically significant (p<0.05). A correction factor o of 2.27-2.56 was
proposed to represent TW contribution to interface strength. Utilizing tofu wastewater
enhances load transfer efficiency in loose sandy soils. It offers a sustainable alternative, while
the corrected 0 coefficient refines classical bearing capacity models under biologically
improved soil-structure interaction conditions.

Keywords: Biocementation; Interface Shear Resistance; Loose Sandy; Skin Resistance; Soil
Improvement,; Tofu Wastewater (TW).

1. Introduction

Loose sandy soils are classified as geotechnical materials with mechanical properties that are
generally unfavorable for maintaining structural stability [1]. These soils typically exhibit a low
relative density less than 35%, a small internal friction angle (@) less than 28° [2], and high
permeability on the order of 103 cm/s [3]. Such conditions accelerate water infiltration into soil pores
[4], which, in turn, increases pore water pressure [5] and reduces shear strength and overall soil
stability [6]. Consequently, structures founded on loose sand are prone to excessive settlement and
potential shear failure due to the absence of natural cohesion between particles [7], [8].

Kediri City in East Java is known as a major hub for small-scale household tofu production,
generating approximately 75-100 liters of tofu wastewater (TW) per production unit per day [9].
This wastewater contains elevated levels of biological oxygen demand (BOD) and chemical oxygen
demand (COD), posing a significant risk to environmental quality if discharged untreated [10], [11].
However, TW also contains naturally occurring urease enzymes and active organic compounds
derived from the soybean soaking process, which exhibit potential as interparticle binding agents in
granular soils [12]. This dual characteristic offers a promising opportunity to utilize TW as a simple,
eco-friendly biostabilization agent that simultaneously mitigates environmental pollution and
enhances the mechanical performance of loose sand.

Numerous studies have demonstrated that the Enzyme-Induced Carbonate Precipitation (EICP)
technique consistently enhances the mechanical properties of granular soils by inducing calcium
carbonate (CaCOs) precipitation, which acts as a binding agent between sand particles [13]. In one
study, the unconfined compressive strength (UCS) of initially cohesionless sand increased

.
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dramatically from 0 kPa to 2300 kPa after EICP treatment, indicating the method’s high effectiveness
even in soils with no initial compressive strength [14]. In another case, UCS improved from 25.5 kPa
to 507.7 kPa, representing an increase of approximately 1890.98%, demonstrating that naturally
derived urease can produce substantial soil strengthening [15]. Even in soils with an initial UCS of
622 kPa, EICP treatment elevated the strength to 3395 kPa, confirming that the method remains
effective when applied to materials with already moderate to high mechanical strength [16].

Soybean-based urease has also been shown to enhance interparticle contact quality and increase
internal adhesion forces by up to 72.6%, primarily due to calcium carbonate (CaCOs) precipitates
forming on grain surfaces [17]. The active organic content increased by 616%, while porosity
decreased from 37.15% to 30%, indicating a densification process and partial filling of intergranular
voids due to mineral cementation [18]. At the macroscopic scale, laboratory testing revealed a
strength improvement from 21.3 kPa to 785.1 kPa. In comparison, field tests showed an increase
from 70 kPa to 956 kPa, confirming a mechanical transition of the treated soil from non-cohesive to
semi-cohesive behavior [19]. The urease activity not only enhanced the bulk strength of the soil mass
but also altered the soil-structure interaction characteristics, as reflected by an increase in elastic
modulus (F) from 0 to 1.69 MPa [20] and the development of a stronger soil crust, with
improvements reaching up to 1150% [21]. The formation of CaCOs crystals also contributed to
increased shear strength and internal friction angle, with overall strength gains ranging from 1.24 to
1.88 times across various soil types [22]. However, previous studies have primarily focused on the
improvement of bulk soil properties such as compressive strength and stiffness, while the quantitative
effect of biologically induced interface modification on the soil-pile shear resistance coefficient (J)
remains poorly understood.

Improvements in soil mechanical properties induced by Enzyme-Induced Carbonate
Precipitation (EICP) must be further evaluated in terms of foundation performance, particularly the
ultimate bearing capacity of pile foundations [23]. According to Meyerhof’s bearing capacity theory
(1976), the ultimate bearing capacity of a pile foundation comprises two main components: point
resistance (Q,) and skin resistance (Q;). The Qg The component is strongly influenced by the
coefficient of lateral earth pressure (K) and the interface shear resistance (6) at the pile-soil
interface[8]. The parameter o represents the intensity of shear interaction at the soil-pile interface
and plays a direct role in the efficiency of axial load transfer along the pile shaft; therefore, an
increase in 0 leads to a greater contribution of Qs to the bearing capacity.

In practice, ¢ is commonly expressed as a fraction of the soil internal friction angle (¢) and is
influenced by soil type, pile material, surface roughness, and installation method. Previous studies
have reported that the d/p ratio increases from 0.7 to 1.2 with increasing normalized roughness (Rn)
from 0.01 to 0.06 in uniform sands [24], and up to 0.85 in certain fine sandy conditions [25], while
typical &/¢ ranges are 0.6-0.8 for steel, 0.7-0.9 for timber, and 0.8—1.0 for concrete piles [26].
Consistent with these observations, experimental studies have demonstrated that EICP treatments
significantly enhance pile shaft resistance (Qy), particularly at shallow depths, due to CaCO:s
precipitation that increases interface roughness and the effective pile diameter, indicating that the
improvement in bearing capacity is primarily controlled by soil-pile shear interaction mechanisms
[23]. Nevertheless, despite the well-established influence of pile material and surface roughness on
0, the effect of biochemically induced interface modification, specifically the role of urease activity
in EICP on the quantitative enhancement of d remains insufficiently understood, thereby defining a
clear research gap that warrants further investigation (Table 1).

Table 1. State-of-the-Art Review of Experimental Methods and Evaluated EICP Studies

Method Result
Refe-
rences Author Urease |Cementa-|Incuba- ucs Increase 5 coeff.| coeff. d ANOVA
(Soy-Bean) tion tion Qs 0 |Correction| Validation
[14] |Almajed et al. (2020) v v v v
[15] |Pratama et al. (2024) v v v v
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Method Result
Refe-
rences Author Urease |Cementa-|Incuba- ucs Increase 5 coeff.| coeff. o ANOVA
(Soy-Bean) tion tion Qs 0 |Correction| Validation
[16] |M. H. Baziar (2021) v v v v
[10] |S. Shu (2022) v v v v
[18] |Z. Sun et al. (2024) v v v v
[19] |L. Miao (2024) v v v
[22] |A. Chandra (2021) v v v v
[23] |Hai Lin (2021) v v v v
- This Study v v v v | v v v

This study proposes a practical, simplified approach that directly utilizes tofu wastewater (TW)
as a natural urease source, without the addition of external chemical reagents. The objective of this
research is to evaluate the effect of TW treatment on the enhancement of soil-pile interface shear
resistance (J) and the resulting skin resistance (Q) in loose sandy soils through enzyme-induced
biocarbonate precipitation and particle aggregation around the pile surface. The study further
examines the influence of embedment depth (D) and the depth diameter ratio (D/B) on variations in
0 and Q. Based on the experimental results, a correction factor for J is proposed to provide a more
realistic representation of soil-pile interaction under biologically improved conditions. Unlike
previous EICP studies that primarily focused on improving bulk soil strength, this study explicitly
quantifies the enhancement of soil-pile interface behavior induced by TW treatment. It demonstrates
its role in improving the prediction of pile skin resistance in biologically stabilized sandy soils,
thereby supporting more efficient and sustainable foundation design in loose sand.

2. Materials and Methods
2.1. Soil Characteristics

The sand used in this study (Figures 1 and 2) was collected from natural alluvial deposits of the
Brantas River in the Mojoroto area, Kediri City, Indonesia. This location was selected due to the
prevalence of residential buildings and public infrastructure founded on sandy soils along the
riverbanks, which are known to exhibit low bearing capacity and high settlement potential. Sampling
was performed in a limited, non-protected sedimentation zone, using a small volume specifically
intended for laboratory testing, in accordance with environmental sustainability principles and
without exploitative activity. Before testing, the sand was oven-dried at 105°C for 24 hours to remove
residual moisture content. All geotechnical tests, including physical and mechanical
characterizations, were carried out in accordance with American Society for Testing and Materials
(ASTM) standards to ensure consistent, accurate, and repeatable results under controlled laboratory
conditions. The soil properties obtained from these tests are summarized in Table 2. This study was
conducted at the Civil Engineering Laboratory of Kadiri University, Indonesia, in May 2025.

Figure 1. Saturated sand condition Figure 2. Dried sand condition
(moisture content: 28%). (moisture content: 0%).
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Table 2. Summary of geotechnical properties of tested sand used in the laboratory
model, and the soil type is SP (Sand, Poorly Graded).

Properties Value
Water content (%) 28
Relative Density (%) 25
Moist unit weight (¥ sa) [kN/m?] 16.38
Dry unit weight (y4) [kN/m?] 14.22
Coefficient of curvature C. 1.21
Uniformity coefficient Cy 2.93
Average particle size D50 [mm] 0.37
Void ratio (e) 0.83
Maximum void ratio (€max) 0.94
Minimum void ratio (emin) 0.47
Porosity (%) 45
Specific Gravity (Gs) 2.65
Friction angle ¢ [°] 27.02

2.2. Sample Conditioning

This study applied two treatment conditions in loose sand: untreated sand (control) and sand
treated with tofu wastewater (TW) to evaluate the influence of natural biocementation on soil
mechanical behavior. The TW used in this study was obtained from soybean soaking water generated
during traditional tofu production in Kediri City, East Java, Indonesia. The tofu wastewater (TW)
was prepared by soaking approximately 322 g of soybeans in 1 L of water for 5 hours, allowing
soluble organic compounds and naturally occurring urease enzymes to diffuse into the aqueous
phase. The resulting solution contained approximately 322 g/L of soybean-derived organic material,
which acts as a precursor medium for carbonate precipitation during soil treatment (Figure 3). No
external chemicals or microbial cultures were introduced, thereby preserving the wastewater's native
biochemical composition.

Figure 3. Tofu Wastewater (TW)
obtained from soybean soaking water
used in tofu production, maintained at

room temperature (27° C) and relative
humidity of 80%.

Before specimen preparation, the sand was oven-dried to remove residual moisture. The dried
sand was then placed into rigid test boxes measuring 400 x 260 x 200 mm using the air pluviation
method [27], ensuring relatively uniform grain distribution and simulating natural sediment
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deposition conditions. For treated specimens, TW was mixed with sand to achieve an initial moisture
content of 28%, identical to that of the control specimens prepared with water. Mixing was performed
manually until a homogeneous soil matrix was achieved, ensuring uniform liquid distribution
throughout the sand mass. After preparation, all specimens were incubated for 30 days under
laboratory conditions to allow natural biochemical reactions within the TW to occur. During this
stage, organic compounds and naturally occurring urease activity promoted carbonate precipitation
within the pore spaces, gradually forming bonding bridges between sand particles. This process
potentially enhanced mechanical interaction between the soil matrix and the pile surface, thereby
contributing to improvements in soil—pile interface shear resistance.

All specimens were incubated for 30 days at room temperature (27°C) under open-air conditions
to simulate natural field conditions and facilitate urea hydrolysis, with calcium carbonate (CaCOs3)
precipitating between sand particles. This incubation stage played a critical role in preserving the
enzymatic activity of the natural urease and enabling the formation of interparticle bonds that
contribute to soil structure enhancement, increased stiffness, and the potential improvement of
interface shear resistance (J) between the soil and pile surface. Chemical analysis indicated that the
pH of the TW solution was 5.51, while that of the control water was 6.88, confirming that the mildly
acidic condition of TW remains within the optimal range for sustaining natural enzymatic activity.

2.3. Testing Procedure

Pile installation tests were conducted to quantitatively evaluate the effect of tofu wastewater
(TW) treatment on bearing capacity and soil-pile shear interaction in loose sandy soils. All tests were
performed using a fully automated axial loading apparatus, equipped with a real-time data acquisition
system for precise recording of load and deformation responses (Figure 4). The test media were
prepared in two separate boxes: one containing untreated sand (control) and the other containing TW-
treated sand. In each box, a steel model pile with a diameter of 10 mm was vertically installed to a
depth of 0.1 m, with a controlled penetration rate of 0.01 mm/s. This setup yielded a length-to-
diameter (L/D) ratio of 20 and a length-to-box-width (L/B) ratio of 26-40, both of which exceed the
standard minimum thresholds required to eliminate boundary effects from the container walls [28].

5 L T
Figure 4. Automatic axial loading
apparatus with real-time data (AIC
Innovation) [29].
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After reaching the designated embedment depth, axial loading was applied incrementally until
the condition approached the ultimate limit state to determine the pile's ultimate bearing capacity
(Qy)- Following the installation, the point resistance (Q,) was calculated theoretically based on the
bearing capacity theory proposed by Meyerhof, using the following approach:

Q= 0Ny . Ay 1
where ¢’ is the effective stress, N is the point bearing capacity factor, and 4, is the pile point surface

area. The skin resistance (Q5) was obtained experimentally by subtracting the theoretical point
resistance (Q,,) from the measured ultimate bearing capacity (Q,,), using the following Equation:

Qs = Qy — Qp ()

where, determining the experimental value of skin resistance (Q;), the interface shear resistance (8)
between the pile surface and the soil can be derived using the skin friction equation, as follows:

Q; =K.o'.tan § . A, 3)
L Qs “4)
§ = tan™ (K. 0’.AS>

where K is the coefficient of lateral earth pressure, with K = 1 as suggested by Meyerhof (1951), and
A is the shaft surface area in contact with the surrounding soil [8].

This study aims to evaluate the effect of tofu wastewater (TW) treatment on the enhancement of
interface shear resistance (J) and skin resistance (Q) of pile foundations embedded in loose sand. The
evaluation was conducted by analyzing the relationship between depth (D) and the D/B ratio in
relation to changes in J and Qg to identify the underlying shear-interaction mechanisms induced by
the natural biocementation process. Furthermore, the study introduces a correction factor for ¢ within
Meyerhof’s (1976) bearing capacity formulation, accounting for the specific influence of TW
treatment on improving load-transfer efficiency along the pile shaft.

2.4. Statistical Validation

To ensure the statistical reliability of the experimental results, a one-way analysis of variance
(ANOVA single factor) was conducted to compare the effects of tofu wastewater (TW) treatment
against the control condition on two key parameters: skin resistance (Qg) and interface shear
resistance (). The test was performed at a 95% confidence level (a = 0.05) to determine whether the
observed increases in soil-pile interaction were statistically significant [30]. The results confirmed
that the improvements in Qg and J were not attributed to random variation, but rather to the direct
effects of natural biocementation processes triggered by urease enzyme activity and active organic
compounds present in TW.

3. Results and Discussions
3.1. Significant and Early Improvement of Skin Resistance (Qy)

The skin resistance (@) results presented in Figure 5, calculated using Equations (1) and (2),
indicate a substantial improvement following treatment with soybean-derived urease. Under initial
soil conditions (Initial Soil), the maximum Q value reached only 0.0103 kN at a D/B ratio of 10. In
contrast, for the treated soil (Soil-TW), Q, increased significantly to 0.0675 kN at the same depth,
representing an enhancement of over 553%. Remarkably, even at a very shallow D/B ratio of 0.5
(equivalent to a depth of 0.005 m), Soil-TW already recorded a Q¢ value of 0.0075 kN, which exceeds
the maximum value observed in the initial soil. These findings suggest that biomineralization
processes associated with CaCOs precipitation were active even at shallow depths, contributing to
the early development of stronger particle contacts within the soil matrix [19].
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Figure 5. Skin resistance (Q) distribution with respect to depth and D/B (depth
and diameter ratio) in initial and treated soil (Soil-TW)

The consistent and gradual distribution of skin friction suggests a mechanical transformation of
the treated soil, from a non-cohesive material to a semi-cohesive matrix which significantly enhances
soil-structure interaction [20]. This aligns with previous studies that reported up to 72.6%
improvement in interparticle adhesion due to CaCOs deposition induced by soybean-based urease
[17]. However, in the present study, the reinforcement effect was not only more pronounced but also
observed at shallower depths, suggesting that the proposed treatment has strong potential as an
environmentally sustainable ground improvement technique for foundations in granular soils.

3.2. Interface Shear Resistance (§) Enhancement Using Tofu Wastewater

The results of the interface shear resistance (J) test, presented in Figure 6 and calculated using
Equation (4), demonstrate a significant increase following treatment with soybean-derived urease.
Under initial soil conditions (Initial Soil), d ranged from 31° to 34°, indicating relatively low internal
friction at the soil—structure interface.

After treatment (Soil-TW), ¢ increased sharply, reaching 83.79° at a depth of 0.005 m (D/B =
0.5), and remained consistently high up to a depth of 0.1 m (D/B = 10). This stable vertical
distribution of elevated ¢ values indicates the formation of a stiffer, more cohesive contact interface
that extends uniformly throughout the soil column, even at shallow depths.

These findings are consistent with previous studies reporting enhanced shear strength in sandy
soils treated with soybean-based urease, including up to a 72.6% increase in interface shear resistance
due to improved microscale bonding within the contact zone [17]. In addition, previous studies have
reported that higher concentrations of active organic compounds can lead to higher internal friction
angles and reduced effective soil porosity. [18]. Accordingly, the observed improvement in ¢ for the
TW-treated soil (Soil-TW) reinforces the conclusion that tofu wastewater (TW) effectively
strengthens soil-structure interaction by modifying the physical properties of the soil surrounding
the pile, resulting in a stronger, more stable shear response compared to untreated soil.
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Figure 6. Distribution of interface shear resistance (§) with depth and D/B (depth
and diameter ratio) in initial and treated soil (Soil-TW).

3.3. Distribution of Interface Shear Resistance Coefficient (d/¢)

Figure 7 illustrates the relationship between the interface shear resistance coefficient (Coef. 0 =
0/9), depth (D), and the D/B ratio for both the untreated soil (Initial Soil) and TW-treated soil (Soil—
TW). The trend observed in the coefficient closely mirrors that of the interface shear resistance (J)
presented in Figure 6, as the coefficient is derived by comparing J to the constant internal friction
angle (@) of the tested soil, which remained fixed at 27°. Therefore, any variation in Coef. J reflects
only the improvement in ¢ as a result of TW treatment. The distribution of Coef. 6 with depth
demonstrates a substantial increase due to the soil improvement induced by tofu wastewater. In the
Initial Soil condition, Coef. d ranged only from 1.16 to 1.28, whereas after TW treatment, the values
increased sharply to 2.83—3.10. This significant rise was observed even at a shallow D/B ratio of 1.5,
representing a 156% improvement compared with untreated sand and indicating enhanced
mobilization of pile—soil interface friction

Coef. 5(8/p)
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—e—Initial Soil
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Figure 7. Distribution of interface shear resistance coefficient (6/¢) with depth
and D/B (depth and diameter ratio) in initial and treated soil (Soil-TW).
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This improvement is consistent with previous studies reporting a reduction in soil porosity due
to CaCOs infill within interparticle voids, which increases interface shear resistance [18].
Additionally, other studies have shown that the formation of a mineral-induced soil crust
significantly enhances soil surface strength, reinforcing the soil-structure contact zone [21]. These
results further support the notion that urease-based treatment can transform soil mechanical behavior
from non-cohesive to semi-cohesive, producing a stiffer, more shear-resistant interface capable of
efficient load transfer [19]. The observed increase in Coef. ¢ for the TW-treated soil confirms the
success of this method in consistently and sustainably improving the mechanical characteristics of
the contact zone, even at very shallow depths.

3.4. Statistical Evaluation on Skin Resistance (Q) and Interface Shear Resistance Coefficient

The difference in interface shear resistance coefficient (4 Coef. J) shown in Figure 8 reveals
that treatment with tofu wastewater (TW) produced a consistent and significant improvement across
all depths. The values of 4 Coef. J ranged from 1.62 to 1.82, corresponding to a relative increase of
127% to 156%. The highest 4 Coef.  was recorded at a depth of 0.015 m, indicating that the earliest
and most pronounced strengthening effect occurred in the shallow zone.

A Coef. J (Increase Interface Shear Resistance)

0.0 1.0 2.0 3.0 4.0 5.0
0.00

0.01
0.02
0.03

004

£0.05

 0.06
0.07
0.08
0.09

0.10

Figure 8. Distribution of interface shear resistance coefficient increase (4 coef-
0) with depth due to soybean wastewater treatment.

The results of the one-way ANOVA test presented in Table 3 indicate that the TW-treated soil
had a highly significant effect on the mechanical parameters of the soil, specifically on skin friction
(Qs) and the interface shear resistance coefficient (6/p). The F-value for Q, recorded at 54.55, far
exceeds the critical F-value of 4.08, confirming that the observed increase in Qg is statistically
significant and not due to random variation. This outcome confirms that the TW treatment produced
a statistically significant reinforcement effect on the soil-pile interface.

Table 3. One-Way ANOVA results for skin resistance (Qy) and interface shear
resistance coefficient (6/p).

Parameters F P-value F crit
Skin Resistance (Qs) 54.55 5.47 x 107 4.08
Coefficient 0 (6/p) 10295.65 7.16 x 108 4.10

The exceptionally high F-value for the interface shear resistance coefficient (6/¢), 10295.65,
indicates that the treatment exerted a highly dominant and consistent effect on the soil-structure
interface strength. The substantial increase in d/p serves as a critical indicator of improved load-
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transfer efficiency across the interface, particularly relevant for shallow foundations, geosynthetic
reinforcement systems, and other soil-structure interaction elements. These findings support those
reporting that mineral precipitation during the EICP process significantly alters the mechanical
behavior of granular soils, transforming them from non-cohesive to more cohesive and shear-
resistant materials [19]. With p-values well below 0.05 for both parameters, the statistical validation
confirms that EICP utilizing tofu wastewater is not only technically efficient but also statistically
effective in enhancing the mechanical performance of treated soils.

Additional evidence of structural modification is reflected in the evolution of soil unit weight
during the incubation period. Both untreated and TW-treated soils exhibited a gradual decrease in
unit weight with increasing incubation time. Initially, both samples showed identical values of 18.06
kN/m?3, which decreased to 16.13 kN/m? in the untreated soil and 16.37 kN/m? in the TW-treated soil
after 33 days of incubation. Overall, the untreated soil experienced a 10.7% reduction, while the TW-
treated soil showed a slightly smaller decrease of 9.4%. This trend suggests that incubation
influenced particle arrangement and void distribution within the soil matrix. In untreated soil, the
larger reduction may reflect particle rearrangement and moisture redistribution during incubation. In
contrast, the relatively smaller decrease observed in TW-treated soil may indicate partial stabilization
of the soil structure, which is consistent with structural modification mechanisms reported in
previous biocementation studies.

Changes in the mechanical interaction between sand particles and the pile surface may explain
the significant increase in interface shear resistance observed in the TW-treated soil. In untreated
loose sand, shear resistance is primarily governed by frictional contact between particles and the
structural surface. However, the presence of urease enzymes, organic compounds, and naturally
occurring microorganisms in tofu wastewater may promote biomineralization processes during the
incubation period. Microbial metabolism and enzymatic activity can facilitate the formation of
carbonate species within the pore fluid. In the presence of available calcium ions, these carbonate
species may precipitate as calcium carbonate (CaCOs), forming mineral bridges between sand
particles and at the soil—pile interface. This mineral precipitation can modify the contact mechanics,
allowing the interface to transition from purely frictional behavior to a partially bonded system.
Consequently, both frictional resistance and interparticle bonding contribute to load transfer, thereby
increasing the mobilized interface shear resistance.

3.5. Corrected Interface Shear Resistance Coefficient (C"Coef. 6) in Treated Soil (Soil-TW)

The corrected values of the interface shear resistance coefficient (C"Coef. §) presented in Figure
9 demonstrate that the improvement in J resulting from tofu wastewater (TW) treatment remains
significant, even after the baseline contribution from the untreated soil has been excluded. The
corrected coefficient values ranged from 2.27 to 2.56, indicating that TW treatment directly enhances
interface strength. This range remained relatively stable across the entire depth profile, suggesting
that the influence of TW was not confined to surface layers but extended uniformly to the maximum
test depth of 0.10 m.
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Figure 9. Correction value of the interface shear resistance coefficient (C"Coef. J)
with depth due to soybean wastewater treatment.

This stable improvement pattern indicates that TW treatment not only enhances shear interaction
in the upper soil layers but also increases shear load transfer efficiency along the surfaces of structural
elements, such as piles or foundation plates. This results in a mechanical response that is more
cohesive and consolidated, in contrast to the original behavior of non-cohesive granular soils. These
findings align with those demonstrating that soybean-derived urease treatment effectively reinforces
the soil-structure interface by forming CaCOs-based microcrystalline bonds.

Moreover, this discussion reinforces the assertion made in the introduction that the interface
shear resistance (d) is highly dependent on the soil type and the surface characteristics of the
structural element. Therefore, the corrected coefficient values are essential for redefining the
empirical formulation of J under biologically stabilized soil conditions. This correction model can
be expressed as:

Srw = Ctan™t (#S’AS) 5)

where C represents the empirical correction factor for the interface shear resistance (), derived from
experimental results on soil treated with tofu wastewater (TW). This formulation serves as a critical
foundation for designing pile and shallow foundations under in-situ conditions, as it accounts for
changes in physical and mechanical properties induced by natural biotreatment. Accordingly, it
enables the calculation of a corrected interface shear resistance (1) that is more representative of
the behavior of biostabilized granular soils treated with TW.

3.6. Integrative Technical and Environmental Contribution

This research offers a dual benefit by addressing both engineering and environmental concerns
in ground improvement. The reuse of Tofu Wastewater (TW), a locally abundant, protein-rich
byproduct, demonstrates its viability as a natural source of urease to enhance sand performance with
enzyme-induced carbonate precipitation (EICP). The treatment significantly increases the soil-pile
interface resistance and promotes semi-cohesive behavior in poorly graded sands. From an
engineering perspective, the method offers a scalable solution to improve shallow foundation
performance without relying on synthetic chemical stabilizers. The environmental implication is
equally significant, as the approach directly reduces the discharge of organic wastewater into
ecosystems, offering a closed-loop solution that aligns with sustainable engineering practices. On a
theoretical level, the findings support the refinement of interface behavior models under

.



Vol. 7, No. 1, pp. 114-127

1 . - — Submit: 11-10-2025
J L CE Journal Innovation of Civil Engineering Accepted: 08-05-2026 I

Publish: 11-06-2026 |

biochemically modified conditions, and the introduction of a correction factor for the interface shear
resistance (J) provides a basis for adapting classical bearing capacity theories to biocemented soil
conditions.

3.7. Research Limitations

Despite the favorable outcomes, the study's scope remains confined to controlled laboratory
conditions and uniform sandy soils. As such, the mechanical response observed may differ under
field conditions where heterogeneous soil profiles, groundwater dynamics, and natural microbial
interactions come into play. Although the adopted J correction model shows high sensitivity to the
biocementation effect, it has not yet been calibrated for other soil types or rougher pile interfaces.
Furthermore, long-term aspects such as carbonation stability, post-curing strength evolution, and
durability under cyclic loading were not investigated in this phase. These limitations suggest that
further validation is necessary before the method can be widely applied in practical geotechnical
design.

3.8. Recommendations for Future Work

Future studies are encouraged to adopt a multi-scale framework that combines microscopic
characterization and macroscopic performance testing. At the microscale, detailed investigations
using SEM imaging, XRD analysis, and elemental mapping should be conducted to examine the
morphology and spatial distribution of CaCOs precipitates within the soil matrix. These findings
should be correlated with macroscale parameters, such as interface shear resistance, load transfer
efficiency, and foundation settlement characteristics, across various loading scenarios. Field-scale
testing in different geotechnical environments, particularly with varying relative densities, saturation
degrees, and pile surface textures, will also be essential to validate the robustness of the proposed
correction model for J. Ultimately, integrating biochemical, mechanical, and environmental factors
into a predictive design framework would expand the utility of TW as a bio-based stabilizing agent
for foundation engineering in tropical and subtropical regions.

4. Conclusions

The experimental findings confirmed that applying tofu wastewater (TW) as a natural urease
source substantially improved both interface shear resistance (J) and skin friction capacity (Qs) in
pile foundations installed in loose sand. The biocementation process produced calcium carbonate
(CaCO0:s) precipitates between particles, transforming the soil from non-cohesive to semi-cohesive.
The @, value increased by more than 553%, and the d/p ratio rose by up to 156%, even at shallow
depths, confirming the treatment’s effectiveness in the upper soil zone. Additionally, the proposed
corrected coefficient (C"Coef. §) ranging from 2.27 to 2.56, quantifies the direct impact of TW on
interface strength, independent of the initial soil condition. This correction provides a practical
modification to classical bearing capacity models to reflect biologically improved soils. Statistical
analysis using ANOVA confirmed that all observed mechanical enhancements were statistically
significant (p < 0.05), verifying that the improvements resulted from biochemical reactions rather
than random variation.

Given its technical efficiency and environmental benefit, TW treatment is recommended as a
low-cost, sustainable solution for stabilizing granular soils, especially in shallow foundations across
tropical regions with high tofu production. This method reduces organic waste while improving soil-
structure interaction. Further research should validate the C"Coef. § under varying soil types and
foundation materials. Long-term behavior, especially under cyclic loading, must also be assessed.
Full-scale field tests and microstructural analyses, such as SEM and XRD, are essential to better
understand CaCOs bonding mechanisms and their effects on load transfer across the soil-structure
interface.
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