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Abstract: Enzyme-induced carbonate precipitation (EICP) is an emerging biogeotechnical technique
that uses free urease to improve soil. Despite its advantages of eliminating complex microbial cultures
and reducing reaction byproducts, its efficiency is considered lower than that of microbial induced
calcite precipitation (MICP) due to the lack of nucleation sites that induce calcium carbonate deposition.
To enhance the strengthening efficiency of EICP for fine-grained soils, an improved EICP method
that involves adding an appropriate mass concentration of organic materials (skim milk powder,
glutinous rice powder, and brown sugar) into urease solution was proposed and applied to reinforce
silt in the Yellow River flood area of China. The preferred concentration and ratio of cementation
solution and the optimum concentration of each of the organic materials were determined. Then,
the reinforcement effect of the improved EICP at the optimum concentration was compared with
the control group, and the reinforcement mechanism for this method was discussed. The results
show that after the organic material inclusions, soil strength can be enhanced by 33% compared
with EICP-treated soil and is nearly four times higher than that of untreated soil. The superiority of
this method over traditional EICP and MICP mainly stems from its ability to provide templates and
nucleation sites for calcium carbonate deposition and to improve the size, morphology, and structure
of calcium carbonate crystals.

Keywords: biogeotechnical; soil improvement; enzyme-induced carbonate precipitation (EICP);
organic materials; silt soil; nucleation site; template

1. Introduction

The mineralization of microorganisms is widespread in nature, and microbial-induced calcite
precipitation (MICP) is a new biogeotechnical soil improvement technology based on this idea [1-6].
Because of its environmental friendliness and the availability of resources, it has been widely used in soil
reinforcement [4,7,8], seepage control [9], anti-liquefaction [10], slope protection [11,12], coastal erosion
inhibition [13], fugitive dust prevention [14,15], underground cultural relic repair, metal stability
in contaminated soil [16], etc. However, due to the complex cultivation of high-producing urease
microorganisms in MICP and the uncontrollability of enzyme activity, scholars are trying to induce
calcium carbonate precipitation directly with enzyme-induced carbonate precipitation (EICP), especially
urease [17,18] that comes from plant seeds [19,20] such as soybeans [21] and watermelon [22] seeds by
means of the urea decomposition method [23,24]. Compared to MICDP, urease is the size of a nanometer
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and the solution is more water soluble, which makes EICP more suitable for fine soil. Free urease can
be degraded to avoid negative impacts on the environment [8,23].

However, urease in EICP is in a free state and lacks nucleation sites provided by microbial
macromolecules [7-11]. The formed calcium carbonate crystal structure is smaller, which is not
conducive to the promotion of strength. The actual effect of soil reinforcement directly with urease is
unsatisfactory [25]. To improve the reinforcement effect, many materials have been added to EICP,
such as xanthan gum, guar gum, polymers, polyol-cellulose hydrogels [26,27], biopolymers [28],
chitosan [29], and milk [30,31]. It was found that EICP with an appropriate amount of skim milk
powder can enhance the unconfined compression strength (UCS) of soil by approximately 10 times [30].
Li et al. [31] pointed out that the phosphate group in casein and the carboxyl group on the N-terminus
of 3-casein are both SerP-SerP-SerP-X-SerP sequences, and calcium ions combine with casein and are
salted out, resulting in aggregated casein precipitation that can be used as a center for calcium carbonate
nucleation. Inaddition, scholars analyzed the influence of soil type [32-35], reaction environment [36,37],
and reinforcement method [38] on the reinforcement effect [39-42] and established theoretical [43] or
numerical models [44] to calculate the calcium carbonate precipitation mass during EICP reinforcement.

In this paper, to increase the efficiency of calcium carbonate production during the EICP process
and expand its applicable soil type, an improved EICP was produced by adding organic material such
as glutinous rice powder, brown sugar, and skim milk powder as a reinforcement for silt in the Yellow
River flood area—referred to as China hereafter. A comparative study between silt columns using
the improved EICP, traditional EICP, the addition of organic material only, and original untreated soil
was conducted to verify the effectiveness of the improved EICP. Scanning electron microscopy (SEM)
images and X-ray diffraction (XRD) results were examined to reveal the microscopic mechanics of the
improved EICP proposed in this paper.

2. Materials and Methods

2.1. Materials

When the Yellow River flows through the Loess Plateau, a large amount of sediment is brought
about by scour. The silt accumulates in the lower reaches of the Yellow River year after year and
the riverbed rises, causing the Yellow River to flood many times throughout history. This led to the
formation of a very large alluvial fan silted in the North China Plain. The Yellow River flood area in
eastern Henan Province belongs to the Quaternary sedimentary plain landform. The surface layer is new
alluvium silty soil from the Quaternary. The soil particles in this area are loose, with high compressibility,
poor adhesion between particles, and low strength, and the optimal water content is difficult to control.
The test samples were taken from the silt of Yellow River Beach in northern Kaifeng, China. Figure 1
shows the location of the Yellow River flood area and the sampling site.
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Figure 1. Site of soil sampling.
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The basic physical parameters of the soil are shown in Table 1, and the soil particle size distribution
is shown in Figure 2. The uniformity coefficient Cu = 7.48 and the curvature coefficient Cc = 1.20 were
calculated by the interpolation method, which conforms to Cu > 5 and Cc = 1 ~ 3 and suggests that the
soil particle grade is good. The mass of particles with particle sizes greater than 0.075 mm accounted
for 45.5% of the total mass, and the plasticity index I, was 9.96, indicating that the soil is a type of
silty soil.

Table 1. Properties of silty soil.

S i o c oy o .. Natural Water Natural Density Dry Density
Liquid Limit (%) Plastic Limit (%) Plasticity Index Content (%) (g-cm-3) (g-cm-3)
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Figure 2. Particle size distribution in silty soil from the Yellow River flood area in Henan, China.

The extraction method for soybean urease used in the experiment was based on the method
described by Wang et al. [2]. The soybeans were placed in an oven and baked at 40 °C for 6 h.
Then they were crushed with a crusher and passed through a No. 6 sieve (0.15 mm). Finally,
the soybean powder and deionized water were added to a conical flask at a mass concentration of
100 g/L and mixed in an electromagnetic mixer for 30 min. After being centrifuged at 3000 r/min
for 30 min, the soybean dregs were removed by filtration. The remaining liquid was left in the
refrigerator overnight, and the supernatant was urease solution. The treatment solution comprised
a mixture of urease and cementation solution, which is made up of calcium chloride and urea at a
required ratio.

Three representative organic materials, glutinous rice powder, brown sugar, and skim milk powder,
were employed in the treatment solution [30,45]. The glutinous rice powder contained 7.6% protein,
1% fat, 77% carbohydrates, and 0.22% minerals. The brown sugar contained 0.53% protein,
93.6% carbohydrates, and 1.45% minerals. The skim milk powder included 31.8% protein, 1.5% fat,
48% carbohydrates, and 8.4% minerals.

2.2. Tube Tests

2.2.1. Effect of Constituent Concentrations and Ratios of Cementation Solution

To optimize the constituent concentrations of the cementation solution and enhance the carbonate
precipitation mass, a series of 15 precipitation tests was performed in 50 mL test tubes containing
36 mL of cementation solution and 4 mL of enzyme solution without any soil. The CaCl, concentration
varied from 0.5 to 1.5 M, and the ratio of CaCl,:urea varied from 1:0.75 to 1:1.75, according to previous
studies [6,32,40,41,46]. The initial pH was adjusted to 7 [36]. The test tubes were incubated in an
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environment of 16 + 2 °C for 3 days. According to the standard water-quality determination of
calcium-ethylene diamine tetraacetic acid (EDTA) titrimetric method (GB/T 7476-1987), the calcium ion
concentration was directly determined by the aqueous solution in vitro. All tube tests were conducted
in triplicate. The average value of calcium ion concentration measured in each test (three samples)
was taken and the precipitation mass was calculated according to the difference in the calcium ion
concentration before and after the tests.

2.2.2. Effect of Cementation Solution Concentration on the Reaction

It is very important to control the reaction time between the urease and cementation solution
when EICP is used to strengthen soil during practical engineering projects. To study the influence
of cementation solution concentrations on the amount of carbonate precipitation and reaction rate,
4 precipitation tests with a cementation solution (CaCl:urea = 1:1.5) concentration of 0.8 M, 1.6 M,
2.4 M, and 3.2 M were performed. A total of 12 samples was prepared in 500 mL beakers including
400 mL of the treatment solution (urease:cementation solution = 1:1). The reaction was carried out
for 7 days. EDTA titration was used to measure the calcium ion concentration at different times in
the reaction, which is convenient for real-time measurement in the solution and is widely used in
water-quality detection. For the first day, the calcium ion concentration was measured every 2 h, 4 h,
8 h and 12 h, and for the next day, it was measured every 12 h, for a total of 2 measurements. Then it
was measured every 24 h. The precipitation ratio, which was defined as the ratio of the precipitation
mass to the theoretical maximum amount of calcium precipitation, was obtained.

2.3. Soil Reinforcement Tests

2.3.1. Sample Preparation

To seek the optimum concentration of each organic material, 19 different EICP treatment solutions
composed of 2.8 M calcium chloride, 4.2 M urea, and 100 g/L urease were applied for soil treatment.
These concentrations were selected based on tube tests. In 18 of the 19 cases, one kind of organic
material—skim milk powder, glutinous rice powder, or brown sugar, with mass concentrations of
2¢g/L,4¢g/L,6¢g/L,8g/L, 16 g/L, and 32 g/L—were added to the treatment solution separately on
the basis of the skim milk powder concentration used by Almajed et al. [30], and the remaining
one had no addition. Another three solutions were prepared with deionized water, each containing
one kind of organic material alone. A total of 23 kinds of treatment methods were researched.
The untreated soil, EICP-treated soil, and soil reinforced by one kind of organic material alone were
used for the comparative test (Table 2).

Samples were prepared by the mixing method according to the standard for the geotechnical testing
method (GB/T 50123-2019). The amount of treatment solution required was calculated to guarantee
consistency in the parameters between the prepared soil and natural soil (Table 1). The untreated
soil sample was mixed with deionized water and the other samples were mixed with solutions
corresponding to their treatment methods. As urease could react quickly with the cementation solution,
it was necessary to mix them separately. After being mixed and compacted, the wet soil was put in the
corresponding molds in batches and sealed in a curing box with constant temperature (25 °C) and
constant humidity (90%) for 7 d.
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Table 2. Scheme of soil reinforcement tests.

o ic Material N f Te S
"l;eahsent Treatment Method Conl;ge:tl;:tioz ?ri,l) umber of Tests Objective
umber 8 UCS BTS CCC SEM XRD

Al 2 3 3 - - -

A2 4 3 03 - - _ .

A3 EICP + skim milk 6 3 3 B Determm.e the opt.lmur%n

Ad owder 8 3 3 3 1 concentration of skim milk

A5 P 16 3 3 B ) ) powder a;

Ab 32 3 3 - - -

B1 2 3 3 - - -

B2 4 3 03 - - . _ .

B3 EICP + glutinous rice 6 3 3 R Determine the optimum

B4 powder 8 3 3 3 1 concentration of glutinous rice

B5 16 3 3 ) i} powder a;

B6 32 3 3 - - -

C1 2 3 3 - - -

C2 4 3 3

c3 EICP + brown sugar 6 3 3 - - - Detern.une the optimum

C4 8 3 3 - - - concentration of brown sugar a3

c5 16 3 3 3 1 1

Ce 32 3 3 - - -

D1 Untreated 0 3 - 3 1 1

D2 Skim milk powder ay 3 - - - -

D3 Glutinous rice powder ap 3 - - - - Control group

D4 Brown sugar as 3 - - -

D5 EICP 0 3 - 3 1 1

Note: Soil used in calcium carbonate content (CCC), SEM, and XRD tests were collected from samples after
strength tests.

2.3.2. Tests and Methods

After the samples were dried in an oven at 105 °C, the UCS test at a loading rate of 0.5 mm/min
and Brazilian tensile strength (BTS) test at a shear displacement rate of 0.2 mm/min were conducted
separately according to GB/T 50123-2019 and ASTM C496/C496M-2017. The cylinder mold used in the
UCS test was 39.1 mm in diameter and 80 mm in height and the cylinder mold used for the BTS test
was 61.5 mm in diameter and 20 mm in height.

After the strength tests, 30 g of material were taken from the top, middle, and bottom parts of
each sample and used for the measurement of calcium carbonate content (CCC). The test materials
were placed into the vacuum filter. First, deionized water was added to filter out the undeposited
calcium ions. Then diluted hydrochloric acid was added and reacted until no bubbles were generated.
The soluble salt in the sample was thoroughly filtered by stirring and washing with deionized water
several times. EDTA experiments were performed on the filtrated solution of hydrochloric acid to
obtain the CCC according to the measured calcium ion concentration.

Microscopic images of some samples before and after the tests were observed using
optical microscopy, universal serial bus (USB) handheld digital microscopy, and SEM at magnifications
of 1000 and 5000 times, and XRD tests were performed to analyze the constituents, internal structures,
and morphology of soils treated by different methods.

The strength and CCC measurement tests were conducted in triplicate to guarantee the reliability
of the tests. In total, 123 samples were prepared and 148 different tests were performed.

3. Results and Discussions
3.1. Tube Tests

3.1.1. Effect of Constituent Concentrations and Ratios of Cementation Solution

Table 3 shows the precipitation mass for different constituent concentrations and ratios obtained
from the tube tests. With a variation of CaCl,:urea from 1:0.75 to 1:1.75, the precipitation mass at the
same calcium chloride concentration increased in varying degrees, but the increasing rate decreased
with a rise in the urea ratio [46]. This may be due to the small ionic strength of the low-concentration
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calcium chloride solution and the limit reached for the amount of urea required to minimize the
calcium ion mobility by forming hydration shells around the calcium ions. Then, as the ratio increased,
the high-concentration solution gradually reached its limit. The precipitation mass of calcium carbonate
for the 1:0.75 ratio was much less than that for the 1:1, 1:1.25, 1:1.5, and 1:1.75 ratios. The precipitation
masses under the latter four proportions were relatively close, indicating that when the urea ratio was
greater than that of calcium chloride, the precipitation mass of calcium carbonate mainly depended
on the amount of calcium chloride. Overall, for the lower concentration of the cementation solution
when the ratio of CaCl,:urea reached 1:1, the calcium ion strength was inhibited. It is not economical
to increase the urea proportion. When the cementation solution concentration was high, the efficiency
of calcium carbonate formation with CaCl,:urea maintained at 1:1.5 was the best.

Table 3. Precipitation mass for different constituent concentrations and proportions.

Test Number CaCl, M) Urea(M) CaCly:Urea Precipitation Precipitation Precipitation Precipitation Mass (g),

Mass (g), 1 Mass (g), 2 Mass (g), 3 Average
1 0.5 0.375 1:0.75 0.8712 0.9392 0.9162 0.9089
2 1 0.75 1:0.75 0.9421 0.9661 0.8972 0.9351
3 1.5 1.125 1:0.75 0.4136 0.3895 0.3841 0.3957
4 0.5 0.5 11 1.3108 1.3822 1.3529 1.3486
5 1 1 11 1.4419 1.3842 1.3914 1.4058
6 1.5 1.5 1:1 0.6636 0.6268 0.6721 0.6542
7 0.5 0.625 1:1.25 1.421 1.4171 1.371 1.4030
8 1 1.25 1:1.25 1.4588 1.4737 1.4695 1.4673
9 1.5 1.875 1:1.25 0.7798 0.7652 0.7855 0.7768
10 0.5 0.75 1:1.5 14611 1.4209 1.4768 1.4529
11 1 1.5 1:1.5 1.5014 1.5423 1.5182 1.5206
12 1.5 2.25 1:1.5 0.8463 0.8713 0.8898 0.8691
13 0.5 0.875 1:1.75 1.46 1.4912 1.4321 1.4611
14 1 1.75 1:1.75 1.5231 1.5407 1.5009 1.5216
15 1.5 2.625 1:1.75 0.9183 0.9224 0.9017 0.9141

3.1.2. Effect of Cementation Solution Concentration on the Reaction

Figure 3 shows the variation of the residual calcium ion concentration and calcium carbonate
precipitation mass as a function of the reaction time. Considering the residual calcium ion concentration
of the treatment solution being less than 0.01 M as the end standard of the reaction, the proportion
of calcium ions that reacted in each group at different time periods can be plotted to illustrate
the precipitation speed of the calcium carbonate (Figure 4). From the change in calcium ion
concentration in the solution (Figure 3), the calcium ion concentration in each solution decreased
continuously with the reaction of urease and the cementation solution in the aqueous solution. Finally,
the reaction stopped. The curve can be roughly divided into three stages: a rapid reaction period,
a weak period, and a stable stage. During the first stage, the calcium ion concentration decreased
sharply with increasing time, the urease content was sufficient, its activity was the highest, and the
calcium ions in solution were also sufficient. In the second stage, the rate of calcium ion concentration
continued to decrease. During the third stage, the calcium ion concentration tended to be stable, and the
reaction gradually stopped. The reduced reaction rate may be because the extraction of soybean urease
required the lysis of the soybean intracellular cells. During the rapid reaction stage, the improved
EICP with organic material added could provide a higher initial activity than MICP, but it could be
easily inhibited due to the lack of cell structure protection. As the reaction progressed, the urease
activity decreased continuously after being oxidized, and the effective calcium source in the solution
also decreased gradually, weakening the precipitation efficiency.



Appl. Sci. 2020, 10, 7678 7 of 19

1.6 ! ! ! ! ! ! 5.0
2 14 i ———08M
.5 Precipitation ratio = 97.53% 40 —16M
§ 1.2 Precipitation ratio = 71.44% 35 0 24M
=1 0.0 —
“n 32M
2 104 . . . - 1308 o .
S " & Residual calcium ion concentration
£ 08 = Precipitation ratio = 98.91% L2.5 g
= T e 08M
g L2.0 =
2 0.6+ = = 16M
= ° 15 o
< o © FLo &
_g Precipitation ratio = 97.76% -1.0 32M
'% 0.24 L05 Prec1p1tat10n mass
~
0.0 . . . : 0.0

T T
0 24 48 72 96 120 144 168
Reaction time (h)

Figure 3. Change in residual calcium ion concentration and precipitation mass in different concentrations
of cementation solutions.
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Figure 4. Calcium ion ratio that reacted in each sample at different times.

As the cementation solution concentration increased from 0.8 M to 2.4 M, the precipitation mass
of calcium carbonate continued to increase, but the precipitation mass with a cementation solution
concentration of 3.2 M was less than that of 2.4 M. The precipitation ratio of calcium carbonate
at a concentration of 1.6 M remained the highest as a result of the relatively high concentration
of urease in the low concentration cementation solution and the inhibition action on calcium
carbonate precipitation. If the cementation solution concentration was appropriately increased,
the calcium carbonate yield improved. When the optimal concentration was exceeded, the urease
was inhibited by excessive calcium chloride concentration, which reduced the ability of the urease to
hydrolyze the urea and decreased the calcium carbonate yield. Data in Figures 3 and 4 illustrate that
the lower the cementation solution concentration was, the shorter the duration of the first stage of
reaction and the earlier it entered into the weak and stationary stages. This is because the reaction rate
of the low cementation solution concentration was too fast, and the reaction ended sooner.

The proportion of the calcium ion reaction was the largest from 0~4 h under different initial
calcium ion concentrations, accounting for 41~68% of the whole reaction (Figure 4). A total of 65~86%
of the reaction was completed within 8 h of the start of the reaction, 70~95% of the reaction was
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accomplished in 12 h, and 87~98% in 24 h. The end time of each solution was different. The reaction
stopped at 48 h and 96 h when the cementation solution concentration was 0.8 M and 1.6 M, respectively.
The reaction still proceeded slowly after 168 h at a concentration of 2.4 M and 3.2 M. This indicated
that the reaction time increased with increasing initial calcium ion concentration. This may be because
the low concentration of initial calcium ions did not inhibit the urease activity, and the precipitation
process was completed first. When the concentration of calcium ions was high, the urease activity
gradually decreased over time, though there was still a sufficient calcium source, and the calcium ion
conversion efficiency continued to decrease, thereby delaying the reaction stop time.

3.2. Soil Reinforcement Tests

3.2.1. Optimum Concentration of Organic Materials

Figure 5 shows the distribution of the UCS and BTS for soil treated by the improved EICP
with organic materials added. With an increase in the concentration of each admixture, the UCS
and BTS of the samples increased continuously, which was positively correlated with the added
concentration, but the growth was different. The UCS and BTS with skim milk powder were generally
the largest herein, followed by glutinous rice powder and brown sugar. When the concentration of
skim milk powder increased from 2 g/L to 8 g/L, the UCS and BTS increased by 25.32% and 30.18%,
respectively. Beyond this range, the increase rate decreased, indicating that the strength improvement
limit was being approached. When the concentration of glutinous rice powder increased from 2 g/L
to 8 g/L, the UCS increased by 19.53%, and the increase in the UCS was minimal as it continued
to increase. The BTS stopped increasing when the concentration exceeded 4 g/L. When 2 g/L brown
sugar was added, both BTS and UCS were low, and the strength increment was larger if the content
exceeded 8 g/L. In short, when the concentration of glutinous rice powder and skim milk powder was
higher than 16 g/L, the increase in the strength was small and not economical. If brown sugar was added,
the effect of brown sugar at a low concentration was not obvious, which may be because brown
sugar provided a decreased amount of base mass for templating and nucleation sites. The optimum
concentrations for skim milk powder, glutinous rice powder, and brown sugar (a1, ap, and a3) were
8 g/L, 8 g/L, and 16 g/L, corresponding to treatment numbers A4, B4, and C5, respectively.

B3f--oooo- e S R R = ucs

/L

200 300 400 110012001300 1400 1500 1600 1700

Strength (kPa)

Figure 5. Strength for soil modified by the improved EICP containing organic material.

3.2.2. UCS Comparisons among Different Treatment Methods

Figure 6 compares the UCS of the soils reinforced by the improved EICP containing the optimal
concentration of organic material with that of the control group. The mean UCS and the strength
increasing rates are summarized in Table 4. The reinforcement effect was generally weak when any
one of the three organic materials was added alone. The average strength increased by 169.46 kPa
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(52.18%) compared with that of the untreated soil, most likely due to the high viscosity of brown sugar,
whose reinforcement effect was the best herein. The second was skim milk powder, which had a
mean strength of 117.42 kPa (36.16%) higher than the original soil. When only glutinous rice powder
was mixed, the strength did not increase substantially (6.25%). The mean UCS of specimens treated with
EICP could be enhanced by 259.41%, which was higher than the untreated soil. However, when 8 g/L
glutinous rice powder, 8 g/L skim milk powder or 16 g/L brown sugar was added into the treatment
solution separately, the soil mean strength increased by 380.72 kPa, 297.29 kPa, and 288.18 kPa,
which is 32.62%, 25.47%, and 24.69% higher than that of soil treated by EICP and 376.64%, 350.95%,
and 348.15% higher than that of the original soil, respectively. R;, Rgicp, and Rgjcp+; were defined
respectively as the strength increasing rate of soil treated with only organic material EICP, as well as
the improved EICP containing organic material compared to untreated soil. Through the calculation
of data in Table 4, it is not difficult to find the existence of formula (1), indicating that the strength
increasing rate of EICP combined with organic materials is not the simple arithmetic superposition of
the two alone, and EICP with added organic materials is really a highly efficient reinforcement method.

Rgicp+i > Reicp + R; (1)

1800 Ave.:15a795 AV IMOAR2 | s

Range : 1374.59
Range : 1474.59 .
1600 & Range : 1391.56

~1627.74 ~~1581.22 ~1493.33
1400 Ave. : 1167.22 i
Range : 1137.54
1200 ~1211.01 —}—
1000
Ave. :442.18 :
800 ve Ave. : 494.22
Range : 403.51 Range : 466.5
600 | Ave.:324.76 ~517.66 Ave.:345.07 _536 4
Range : 256.99 Range : 294.35
400 | ~375.3 ~378.74
200
0
A4 B4

D1 D2 D3 D4 D5 C5

UCS (kPa)

Figure 6. Unconfined compression strength for soil treated by different methods.

Table 4. Mean UCS and the strength increasing rate of the proposed methods.

Treatment Rate Higher Than Rate Higher Than
Number Treatment Method Mean UCS (kPa) Untreategd Soil (%) EICP—Treagted Soil (%)
D1 Untreated 324.76 - -
D2 Skim milk powder 442.18 36.16 -
D3 Glutinous rice powder 345.07 6.25 -
D4 Brown sugar 494.22 52.18 -
D5 EICP 1167.23 259.41 -
A4 EICP + skim milk powder 1547.95 376.64 32.62
B4 EICP + glutinous rice powder 1464.52 350.95 25.47
c5 EICP + brown sugar 1455.41 348.15 24.69

3.2.3. Stress-Strain Curves

Figure 7 presents the stress-strain curves obtained from the UCS tests on samples treated by
different methods. For comparison, the stress-strain curve of untreated soil was also displayed
in Figure 7. The stress-strain curve of the untreated soil displayed a response characterized by
linear elastic behavior followed by a slow decrease in strength after peak strength, showing plastic
failure characteristics. After solidification by both EICP and the improved EICP with organic
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material added, the stress-strain curves can be roughly divided into three stages. In the first stage,
the stress increased rapidly with the strain in a linear relationship, indicating that the pores of
the samples were gradually compacted. In the second stage, the stress increased slowly with
the strain and the relationship curved downward in a convex manner until the stress reached
amaximum. In the third stage, the stress decreased sharply with the strain after reaching peak strength.
In addition, the stress-strain curves of soil reinforced only by one kind of organic material also
underwent three stages: a linear increasing stage, a slow decreasing stage, and a rapid declining stage.
Basically none of the reinforced specimens maintained a certain residual strength after failure, which is
a typical brittle failure [47].

1800 —u— Untreated EICP 600 —=— Skim milk powder
—v— EICP + skim milk powder —®— Glutinous rice powder
1600 - vy —<— EICP + glutinous rice powder 500 —4&— Brown sugar
1400 vav 45\ &+ EICP +brown sugar
£ YL I £ 400
& 1200 R4 %
% 1000 @«
8 $ 300
@ 800 2
= —
£ 600 :%’ 200
400
200 100
! 0 Il Il Il Il Il Il
0 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Strain (%) Strain (%)
(a) (b)

Figure 7. Axial stress-strain curves of representative samples treated by (a) EICP and improved EICP
with organic material added; and (b) one kind of organic material.

Some stress and strain parameters acquired from the UCS tests were calculated and are listed in
Table 5. The compressive elastic modulus of EICP-treated soil with organic material added was nearly
30~53% higher than that without organic material and was five-fold higher than that of untreated soil.
The failure strain and peak strain for soil treated by the improved EICP was 60~80% of that for
untreated soil. Compared with untreated soil, both the failure strain and peak strain for soil treated
only by organic material showed little change. The peak strength of the soil reinforced by the improved
EICP with skim milk powder at the optimum concentration was the largest, with brittle failure
characteristics being the most significant, followed by glutinous rice powder and brown sugar at their
optimum concentrations. The greater the increase in the compressive strength was, the more significant
the characteristics of brittle failure.

Table 5. Parameters obtained from the UCS tests.

Treatment Method Elastic Modulus (MPa) Failure Strain &max (%) Peak Strength (kPa) Peak Strain (%)
Untreated 19.1 2.7 324.76 1.7
Skim milk powder 27.02 2.5 442.18 15
Glutinous rice powder 23.67 245 345.07 1.6
Brown sugar 31.98 2.35 494.22 15
EICP 80.5 2.15 1167.23 1.45
EICP + skim milk powder 123.84 1.65 1547.95 1.25
EICP + glutinous rice powder 112.66 17 1464.52 13
EICP + brown sugar 103.96 2.1 1455.41 1.4

3.2.4. CCC and Efficiency of Strength Enhancement

Previous studies have shown that strength improvement is closely related to higher precipitation of
calcium carbonate [6,48]. The efficiency of strength enhancement could be defined as the UCS per mass
of precipitated calcium carbonate. Figure 8 compares the CCC and strength reinforcement efficiency
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among different treatment methods. Compared with the original soil, the CCC of soil reinforced only
with one kind of organic material was basically unchanged due to the absence of new calcium ions,
and the CCC for soil treated with EICP and the modified EICP containing organic material increased
nearly by 1.2-fold to about 4.3%. Compared with EICP-treated soil, the CCC of soil treated with the
modified EICP changed very little regardless of which organic material was added, but the strength
enhancement efficiency substantially increased by 32%, showing that the large enhancement in strength
may be attributed to the improvement in the calcium carbonate crystal structure. The improvement
effect of CCC is consistent with that obtained by Almajed et al. through the sand bio-improvement test
with the addition of skim milk powder [30]. This was probably because both Almajed et al. [30] and
our study used a lower concentration of calcium ions, which in turn led to a higher mineralization rate,
and organic substrates with a higher concentration of calcium ions are more likely to improve the
precipitation yield.
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Figure 8. CCC and strength enhancement efficiency of soil treated by different methods.

The reinforcement effect was more pronounced for the improved EICP with skim milk
powder added. Nevertheless, the strength enhancement efficiency for the improved EICP with
skim milk powder added in this study was far from that in reference [30]. This was mainly due to the
fine particles of the treated soil, the smaller total mixing amount of reaction solution in the mixing
method used in this paper, and thereby a scarcity of nucleation sites provided by organic materials.
The drip irrigation technology of EICP combined with organic materials can be further studied to
promote the popularization and engineering application of the improved EICP technology in the
reinforcement of fine-grained soils.

Figure 9 shows the compiled data of the UCS versus CCC from other researchers. Compared with
the results obtained by Zhang et al. [49] through MICP drip irrigation, the UCS under the same CCC in
this study is higher. The strength of the soil with a 2% CCC was equivalent to that with a 6~17% CCC
in the study by Zhang et al. [49]. This shows that the distribution of calcium carbonate during mixing
was more even, and the soil integrity was better than that in the grouting method. The improvement
effect of the modified EICP with organic materials added was better than that of MICP.
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Figure 9. Relationships between UCS and CCC.
3.2.5. Microscopic Morphology

Figures 10 and 11 compare the appearance characteristics of the soil before and after reinforcement
observed by optical microscopy and USB hand-held digital microscopy, respectively. After treatment
by the method proposed in this paper, areas of the surface of the soil obviously turned white, and the
soil particles were filled and cemented by a large number of small white particles.

(@) (b)

Figure 10. Images of the soil under an optical microscope: (a) untreated and (b) EICP + glutinous
rice powder.

(a) (b)

Figure 11. Images of soil under a USB hand-held digital microscope: (a) untreated and (b) EICP +
glutinous rice powder.
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Figure 12 shows the SEM images of representative samples. The SEM images of the soil improved
by EICP with different kinds of organic materials added are similar, taking A4 (Table 2, EICP with
skim milk powder) as an example. It is obvious that the intergranular pores of the untreated silt
in the Yellow River flood area were large and many noncontact areas existed between the particles
(Figure 12a,b). Although some areas formed relatively concentrated calcium carbonate crystals after
strengthening by EICP, which filled in the pores in the soil particles and cemented the particles well,
most of the calcium carbonate crystals were still single particles dispersed on the surface of the soil
particles with equal thickness distributions (Figure 12c). The calcium carbonate mostly comprised
unstable vaterite, with only a small part of calcite [1] (Figure 12d). There were still many pores
between the particles. This was because the urease [18,19] used in EICP is a free type and lacks
nucleation sites, which had a negative impact on the continuous stacking, bonding, and formation of
large calcium carbonate crystals. From Figure 12e,f, there were fewer calcium carbonate crystals in the
single particle distribution, more calcium carbonate crystals in concentrated clusters, and the generated
calcium carbonate mostly existed in the form of calcite with a size in the range of 5~10 pm compared
with those from traditional EICP. A large amount of calcium carbonate crystals were produced on the
surface of the unearthed particles and between the particles of the adjacent soil particles, similar to
the behavior of MICP technology, although the urease used in the improved EICP was also free type.
It shows that the incorporation of organic material can compensate for the lack of nucleation sites
during traditional EICP.

Macropore

(b)

\
3 .\

CalGiutioeachonate crystad
P \

O Py

—

’

Equal thickness distribition ®
-

[aterite

(c) (d)

Figure 12. Cont.
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(e) ()

Figure 12. SEM images for untreated soil at (a) 1000x magnification and (b) 5000x magnification,
for EICP-treated soil at (c) 1000x magnification and (d) 5000x magnification, and for soil treated by
EICP with skim milk powder added at (e) 1000x magnification and (f) 5000x magnification.

During the test, a few samples exhibited a mildew phenomenon (Figure 13) due to the long curing
time (approximately 30 d), which may decrease the strength of reinforced soil. The calcium carbonate
crystals formed in this study were mostly spherical and square [50], and flower-like, striped, and rhombic
calcium carbonate crystals also appeared under different conditions, such as different temperatures,
pH values, and concentrations, in subsequent experiments (Figure 14). The durability of soil treated
by EICP containing organic materials and the influence of experimental conditions on the crystal
morphology of calcium carbonate still need further investigation.

Calcium éarbo

v

Moldy colonies 3 Soil particles

Rhombic

Spheric ' £

Figure 14. Crystal morphology of calcium carbonate in subsequent tests.
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The untreated silt in the Yellow River flood area contains quartz, sodium feldspar, calcite,
muscovite, potassium feldspar, and chlorite. The calcite diffraction peak appeared in the XRD spectrum,
and its intensity was relatively low (Figure 15a). After treatment with EICP, the calcium carbonate
mostly comprised vaterite, with a small amount of calcite, which is consistent with the results of
the SEM observations. When the soil solidified with EICP containing organic material, the calcium
carbonate in the soil comprised calcite, and vaterite diffraction peaks were not present (Figure 15b).
This shows that the incorporation of organic materials contributed to the transformation of calcium
carbonate crystals from vaterite to calcite and guided the formation of calcium carbonate crystals [30].

1
1 1- Quartz 4- Albite
1-Quartz 4-Albite 2- Calcite 5- Musovite
2-Calcite 5-Musovite 3- K-feldspar  6- Chlorite
3-K-feldspa  6-Chlorite
—_ 7-Vaterite P
:‘: =1
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2 a2
g 2
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Ko =] % 565 1
1 4 3
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1 1 7
34c 206 1 11
¢ 2 55 2 Sample A4
i o o i PRV (Y
Sample D1 : i : i . i
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26(degree) 20 (degree)
(a) (b)

Figure 15. XRD results for (a) D1 and D5 and (b) A4, B4, and C5.
3.3. Reinforcement Mechanism

The effects of adding organic material can be predicted based on its chemistry. Amylopectin
in glutinous rice flour may provide coordination sites for calcium ion, and calcium ions would
be more regular and denser. When sucrose molecules in brown sugar encounter calcium ions,
they form a complex, and the highly active alcohol hydroxyl groups participate in the formation of
calcium carbonate. Casein proteins in skimmed milk powder bind to the calcium ion and salt out,
resulting in the aggregation of casein precipitation, which can be used as the nucleation center of
calcium carbonate; casein also has an obvious ability to chelate calcium ions [30,31,45].

The soil consolidation mechanism of EICP combined with organic materials is described in
Figure 16. There were many noncontact areas between the particles of untreated soil. The incorporation
of organic materials provided nucleation sites for the precipitation of calcium carbonate so that the newly
generated calcium carbonate crystals accumulated continuously, and the adjacent crystals merged due
to volume enlargement, finally producing multiparticle cluster crystals with concentrated morphologies.
These large calcium carbonate crystals were produced between soil particles (optimal distribution),
which bonded the soil particles and improved the integrity of the soil. However, the specific chemical
reaction process after mixing organic materials needs to be further analyzed with the help of other
experiments and knowledge of environment, biology, chemistry, and other disciplines.

Nucleation sites provided

by organic materials Cementatloneffec

Filling effect _

k Soil
q particles

Soil
particles

Soil
particles

Soil
particles

particles

Figure 16. Mechanism of soil solidification by EICP combined with organic materials.
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4. Conclusions

1.

At low cementation solution concentrations, when CaCl,:urea reaches 1:1, the amount of
urea basically reaches the inhibition limit, and it is not economical to boost the ratio of urea.
At high concentrations of cementation solution, the suitable ratio of CaCl,:urea should be 1:1.5 for
economic reasons. The process of EICP can be divided into three stages: an express reaction period,
a weak period, and a stable period. The first stage of EICP can provide a higher urease activity
than MICP, but it is easy to inhibit because of the lack of cell structure protection, and the calcium
carbonate precipitation efficiency is reduced. The lower the cementation solution concentration
is, the shorter the duration of the rapid reaction period and the earlier the reaction ends. An total
of 41~68% of the whole reaction can be completed within the first 4 h of the reaction, and 87~98%
can be accomplished in 24 h. When the cementation solution concentration is 1.6 M, the calcium
carbonate precipitation ratio is the highest.

The optimal concentrations of skim milk powder, glutinous rice powder, and brown sugar
are 8 g/L, 8 g/L, and 16 g/L, respectively. The strengthening effect of adding any one of the three
organic materials alone is generally poor, and the strength is only increased from 6~52% compared
to that of the untreated soil. The strength through the improved EICP method containing organic
material is nearly 4 times higher than that of the original soil and 25~33% higher than that
of traditional EICP. The improvement from skim milk powder is the best herein, followed by
glutinous rice powder, and that with the brown sugar was the weakest. The modification effect
difference is mainly due to the different template and matrix amounts of nucleation sites for
calcium carbonate crystal formation.

The improvement effect of EICP combined with organic materials is not the simple superposition
of the two alone. The incorporation of organic materials can promote calcium carbonate to
continuously accumulate and stack to form new crystals with the constituents of organic materials
as templates and nucleation sites, producing multiparticle cluster-shaped crystals, which can
facilitate the transition of calcium carbonate crystals from vaterite to calcite and compensate for
the lack of nucleation sites and low strengthening efficiency of fine-grained soil in traditional EICP.
Considering the difficulty of injecting the treatment solution into fine-grained soil,
multiple injection cycles were not adopted. The treatment solution containing organic
materials was mixed with silt in this study, and the total amount of reaction liquid was less.
Compared with EICP, the CCC changes little (approximately 1%), the strength is increased
by approximately 33%, and the strength enhancement efficiency is raised by 32% through
modified-EICP treatment, which shows that the improvement of modified EICP is mainly
attributed to an optimization in the calcium carbonate crystal structure. Soil reinforced by both
EICP and improved EICP shows brittle failure. The greater the strength increases, the more
obvious its brittle failure characteristics.
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