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Abstract

Purpose Instability of slope surface is a critical concern in Geotechnical and Environmental Engineering. MICP (Microbial-
Induced Carbonate Precipitation), an innovative bio-cementation technique, has attracted the attention for slope surface
protection. In this work, MICP was investigated to evaluate its durability under the exposure of acid rain and to advance the
understanding on long-term performance of slope soil preserved by MICP.

Methods MICP treatment was applied to a fine-grained slope soil using indigenous bacteria. Specimens treated to different
cementation levels (% CaCO;) were exposed to acid rain (of varying pH) through two sorts of mechanisms: (i) infiltration
and (ii) immersion. The evaluations were based on corrosion of CaCO;, mass loss, needle penetration tests, and scanning
electron microscopy.

Results The decrease in pH increased the corrosion of CaCOj;, resulting in considerable loss in aggregate and unconfined
compressive strength. However, increased cementation level showed high durability of specimens. The soils treated to 12.5%
CaCO; showed 19.9% soil loss, whereas it was reduced to 5.4% when cemented to 22.5% CaCO;. The results also revealed
that the contact time of acid rain significantly governed the rate of corrosion, i.e., specimens subjected to lower infiltration
rate (20 mm/h) showed higher loss of mass compared to that of higher rate (100 mm/h).

Conclusion The long-term performance of MICP treatment is determined by (i) cementation level, (ii) pH, and (iii) infiltration
rate of acid rain. High cementation level promotes the longevity of the treatment. Therefore, MICP to higher cementation
level is recommended for long-term preservation of slope surface.

Keywords Microbial-induced carbonate precipitation (MICP) - Slope surface - Preservation - Durability - Long-term
performance - Cementation level

1 Introduction

Microbial-induced carbonate precipitation (MICP) is a novel
bio-cementation technique, which has gained an increased
attention among geotechnical researchers (DeJong et al.
2010; Achal and Mukherjee 2015; Tang et al. 2020). MICP
is an environmentally friendly process that mediates non-
pathogenic bacteria containing active urease enzymes. Dur-
ing the method, the bacteria are aerobically cultivated and
introduced to the target soil along with the solution of urea
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and calcium chloride. When the urea molecules are exposed
to bacterial enzymes, ureolysis takes place immediately,
resulting in the formation of carbonate and ammonium ions
in the aqueous media (Eq. 1). Meanwhile, in the presence
of calcium ions, the calcium carbonate (cementing agent) is
precipitated into the soil matrix (Eq. 2). The bacteria cells
which are attached to the soil particles provide nucleation
to calcium carbonate being precipitated, leading the crys-
tals to grow from the surface and to create the bridges with
adjacent surfaces (Burbank et al. 2013). The intergranular
cementation has been shown to significantly enhance the
geotechnical engineering properties of soils including shear
strength parameters (Nafisi et al. 2020; Gowthaman et al.
2020), stiffness (Montoya and De Jong 2015), and dilative
characteristics (Lin et al. 2016; Feng and Montoya 2017).
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urease 2 +
H,N — CO —NH, +2H,0 — CO?™ + 2NH} (1)

Ca’* + CO3™ — CaCOs(s) | )

It is evident that the MICP treatment desirably transi-
tions the soil from loose state to aggregated state (i.e., soft
rock-like material) (Montoya and De Jong 2015), indicat-
ing that the bonding of soil particles by calcium carbonate
decreases the likelihood of particle mobility and detachabil-
ity. Consequently, MICP is drawing more attentions these
days for stabilizing slope surface. Recent studies evidenced
that MICP technique could promote the cover condition of
the slope, providing a marked increase in stability of surface
substrates against various slope degradation processes. For
example, the enhancement in scouring resistance of MICP
treated foreshore slopes was demonstrated under simulated
tidal waves (Salifu et al. 2016; Bao et al. 2017; Liu et al.
2020). Jiang et al. (2019) assessed the erodibility under rain-
fall effects, suggesting that treatment by 1 mol/L cementa-
tion media could provide better erosion resistance among
0.2-2 mol/L. Chung et al. (2020) studied the responses of
MICP-treated slope under varying rainfall intensities (13.5,
33 and 75 mm/h) and gradients (5.1°, 8.5°, and 15°), dem-
onstrating that soil loss was more influenced by the intensity
compared to the slope gradient. Recently, Gowthaman et al.
(2020) deployed the MICP to slope soil and investigated
the durability under cyclic freeze—thaw effects. Their results
indicated that the aggregate stability is primarily attributed
to the content of calcium carbonate which resists the crystal-
soil ruptures and detachments during the frost of pore water.

Among the varying environmental factors, acid rain is
one of the most serious concerns worldwide. The industrial
activities had a great role in atmospheric acidification, i.e.,
the emission of sulfur and nitrogen oxides (SO, and NO,)
results in the formation of strong sulfuric and nitric acids in
atmospheric water, leading to the formation of detrimental
acid rain (Grennfelt et al. 2020). It has often been docu-
mented that the acid rain causes chemical deterioration and
detrimental effects in soils (Kamon et al. 1997; Bakhshipour
et al. 2016). Particularly, carbonate-rich geomaterials (e.g.,
limestone, sandstone, calcareous sand) undergo dissolu-
tion when exposed to acid rain, resulting in deterioration
on their geotechnical stability (Basu et al. 2020). However,
the destruction time scale of a geomaterial was found to be
reliant on either chemical characteristics of acid rain or that
of geomaterials (Teir et al. 2006; Li et al. 2019). In MICP
treatment, the stabilization of slope surface is the result of
soil particles bonded by calcium carbonate, and which would
possibly undergo a progressive impairment under exposure
to acid rain.

Recently, Chen and Achal (2020) observed the persis-
tence of precipitated calcium carbonate under varying pH
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levels (3.5-7.0), ensuring that the MICP treatment can be
durable under acid rain environment. Most of the existing
studies evaluated the strength deterioration of MICP-treated
sands by fully immersing them into acid solution, suggesting
that the chemical condition of the solution governs the cor-
rosion of CaCOj; (Liu et al. 2019; Wei et al. 2019). However,
the real scenario of the slope surface would be different,
because the water-logged/immersed condition seldom occurs
near the surface (Harden and Scruggs 2003; Muntohar and
Liao 2010). The precipitated flux of acid rain would either
infiltrate through MICP-treated surface or flow over the sur-
face, rather the immersion. Therefore, in order to effectively
design the MICP treatment, it is necessary to understand
how the infiltration process and intensity of the flux interact
with MICP-treated surface. Besides, it is worth noting that the
effect of cementation level (% CaCO;) and how the level
impacts on durability under prolonged exposure of acid rain
has not been studied so far.

In Hokkaido (the northmost island of Japan), the engi-
neering problems caused by acid rainfall is more prominent
since several decades ago. Therefore, a deeper understanding
on durability responses of MICP treatment under the expo-
sure of acid rain is essential prior to the in situ applications.
For the above purpose, slope soil treated to different lev-
els (12-23% CaCO;) was subjected to acid rain (of varying
pH levels 3.0-6.0) in the laboratory through two possible
mechanisms (infiltration and immersion). For the infiltra-
tion case, the effect of two supply intensities (20 mm/h and
100 mm/h) was studied. The evaluation program was based
on corrosion of CaCQOj5, mass loss, needle penetration tests,
and scanning electron microscopy (SEM), and the results
are discussed in detail.

2 Material and methods
2.1 Soil properties

One of the erosion-prone expressway slopes located in Do-O
expressway line of Hokkaido (Japan) was chosen for the
investigation as the representative. For the experiments, dis-
turbed soil samples were obtained at the site (42.388532 N;
140.284762E) (refer to Fig. S1 in supplementary material),
sealed in plastic bags and transported to the laboratory. The
stratigraphy of the slope was found to consist of fine sand
and silt; the grain size distribution is shown in Fig. 1. Based
on the Unified Soil Classification System (USCS) (ASTM
2017), the soil can be classified as poorly graded sand (SP).
Results of chemical analysis performed using energy dis-
persive X-ray fluorescence (XRF) spectrometer (JSX-3100R
II JOEL, Japan) verified that the soil primarily consisted
of SiO,, Al,O3, and Fe,05 of around 58%, 26%, and 9%,
respectively.
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Fig. 1 Grain size distribution curve of the slope soil

2.2 Bacteria and growth media

The ureolytic bacteria Lysinibacillus xylanilyticus (desig-
nated DSM 23,493) isolated by Gowthaman et al. (2019a)
from the above target slope was used in this study due to
its reliable ureolytic performance and non-pathogenicity
(bio-safety level: 1). The ATCC 1376 medium (consisted of
10 g/L ammonium sulfate, 20 g/L yeast extract and 15.7 g/LL
tris buffer) was used to grow the bacteria. Inoculated bacte-
ria culture was subjected to shaking incubation at 25 °C and
160 rpm. When the colonies were fully grown, i.e., when
the optical density at 600 nm (ODyg,) reached to around 4.0
(after 72 h), the bacteria culture was harvested for soil treat-
ment. The urease activity of the bacteria culture, measured
by indophenol spectrophotometry, was around 2.7 +0.6 mM
urea hydrolyzed/minute at 25 °C, and the enzymatic perfor-
mance of the bacteria was relatively consistent for 7 days.

2.3 Preparation and MICP treatment

In this preliminary study, column specimens were used to
evaluate the durability responses of MICP-treated slope
surface. During preparation, cylindrical molds (inner diam-
eter of 30 mm) were positioned vertically, and the soil was
packed (50 mm height) to the average dry density in the
range of 1.5+0.05 g/cm®. All the specimens were then
placed into the incubator of 25 °C, followed by the MICP
treatment. Following the methods suggested in previous
works (Martinez et al. 2013; Cheng and Cord-Ruwisch
2014), a two-phase treatment was performed. The prepared
bacteria culture of 10 mL was applied in the first phase.
After 2 h of immobilization time, similar quantity of cemen-
tation media (consisted of 111 g/L CaCl,, 60 g/L urea and
6 g/L nutrient broth) was applied in the subsequent phase.
Both the bacteria solution and cementation media were sim-
ply introduced on the surface and allowed to percolate the

columns under gravitational and capillary effects. During
the treatment, cementation media was applied to the soil
every 24 h. As the effective performance of bacteria is typi-
cally limited to 7-8 days, bacteria culture was needed to be
applied once again after 7 days of treatment.

To achieve different levels of cementation (w/w % of
precipitated CaCOs;), different durations of treatment were
undertaken. In this study, the specimens were treated to
three average cementation levels (in the range of 12-23% of
CaCOj; by weight), which literally fall under heavy cementa-
tion category (Feng and Montoya 2016). As the aggregate
stability was the major concern for enhancing the surface
condition of the slope, the heavy cementation category was
desirably chosen for the investigation. Accordingly, the spec-
imens were percolated by 7, 10, and 14 numbers of cemen-
tation media, and the average cementations of 12—-13%,
17-18%, and 22-23% of CaCO; were achieved, respectively.
The calcium carbonate content was determined using the
acid reaction method, and the methodology is discussed in
subsequent section. By the end of the treatment process,
the specimens were rinsed adequately by using tap water in
order to eliminate the unreacted salts and chemicals. After-
ward, the molds were cut, and the specimens were carefully
taken out. Finally, each specimen was trimmed smoothly to
the height of 30 mm, followed by subjected to acid rain sim-
ulation test as described subsequently. The physical appear-
ance of the MICP treated specimens is shown in Fig. 2a.

2.4 Acid rain solution

Atmospheric water, owing to the dissolution of CO,, reveals
the pH value in a range between 5.6 and 7.0 (Xie et al. 2004;
Teir et al. 2006). When the sulfur and nitrogen oxides get
contact with atmospheric water, acidification occurs, which
leads the pH of acid rain to often fall in a range between
3.0 and 6.0 (Kamon et al. 1997; Bakhshipour et al. 2016;
Chen and Achal 2020), and the pH below 3.0 was reported
to hardly occur (Teir et al. 2006). Therefore, considering the
possible situations, the acid rain used in this study was pre-
pared at three different pH conditions (6.0+0.1, 4.5+0.1,
and 3.0+0.1) by equally dropping high concentrated H,SO,
and HNO; acids into deionized distilled water. It is worth
noting that the pH of rainfall in study area (Hokkaido, Japan)
was recorded between 4.4 and 5.6 as per the past 30 years of
meteorological data (1990-2019).

2.5 Acid rain simulation test

To study the durability, the MICP-treated soils were sub-
jected to acid rain through two possible mechanisms: (i)
infiltration and (ii) immersion. The infiltration test was
performed according to the procedure documented in
Bakhshipour et al. (2016). As shown in Fig. 2b, the MICP
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Fig.2 (a) Appearance of the (a)
MICP treated soil specimens

of varying treatment levels, (b)
specimens prepared in split-
cylinders for infiltration tests,
(c) infiltration test set up and (d)
immersion test arrangement

22.5% CaCO;

specimens were prudently placed and confined within split-
cylinders (non-corrosive) with 30 mm internal diameter and
70 mm height, and a membrane gauze was placed at the bot-
tom of the cylinders. Figure 2c shows the set up fabricated
for the infiltration test. Using a peristaltic pump, the acid
rain solution was supplied at uniform rates to the infiltration
cell. Two rates of supply were tested herein for infiltration,
mimicking high and low intensities of acid rain (100 mm/h
and 20 mm/h, respectively). Each specimen was infiltrated to
the total acid rain volume of 4.5 L (equivalent to the precipi-
tation of 15 years), and during the process, the effluent was
collected (every 0.1 L in separate beaker) and subjected to
chemical analysis. In total, eighteen specimens were tested,
and the test conditions corresponding to the infiltration are
summarized in Table 1.

The immersion test was performed in accordance with the
methods suggested in previous works (Xie et al. 2004; Liu
et al. 2019). The detail of the specimens used for immersion
test is given in Table 2. As presented in Fig. 2d, each speci-
men was fully submerged into separate non-corrosive cylin-
drical containers (60 mm in diameter and 70 mm in height)
filled with 0.1 L acid rain solution. As the H* ions were
consumed by CaCO; material, the pH of the acid rain solu-
tion would increase with the immersion time; therefore, the
acid rain solution was replaced with freshly prepared solu-
tion of 0.1 L every 24 h, and the specimens were submerged
to the total duration of 45 days (total acid rain volume of 4.5
L per specimen).

During the treatment, a batch of control specimens
was also prepared simultaneously in order to compare the
impacts of acid rain on the properties of MICP-treated speci-
mens. The as-treated characteristics of those specimens were
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evaluated without subjecting to acid rain, and the details of
the control specimens are presented in Table 3.

2.6 Evaluation program

The evaluation program mainly consisted of the follow-
ing: (i) measurement of Ca** jons (LAQUA-twin calcium
meter, HORIBA Advanced Techno Co., Ltd.), (ii) soil loss,
(iii) needle penetration tests, and (iv) scanning electron
microscopy (SEM) analysis. The unconfined compressive
strength (UCS) of the specimens was determined using
needle penetration test in accordance with the standard of
Japanese Geotechnical Society (JGS 2012). During the test,
the needle attached to the device (SH-70, Maruto Testing
Machine Company, Tokyo) was penetrated into the speci-
men; meanwhile, the penetration depth (mm) of the needle
and the penetration resistance (N) were directly measured
from the penetrometer. Using the regression relationship
(Eq. 3) developed by analyzing 50 cemented soil samples,
the UCS of the specimen was estimated, where x is penetra-
tion gradient (ratio between penetration resistance (N) and
penetration depth (mm)); y is the corresponding UCS:

log(y) = 0.978log(x) + 2.621 3)

CaCO; content (also referred to as cementation level) of
MICP-treated slope soil was determined by using a simpli-
fied device developed by Fukue et al. (1999) to measure the
pressure of carbon dioxide released when the MICP-treated
specimen was reacted with 2 mol/L. concentrated HCI in
closed system under constant volume and temperature. Ini-
tially, the mass of the oven-dried (105 °C for 48 h) sample
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Table 1 Detail of specimens

T Test category Specimen Number of MICP  Supply rate of  Acidity level (pH) Total flux
}lsed for. acid rain tests by designation treatment acid rain
infiltration
“Infiltration HI-7-1 7 100 mm/h 6.0+0.1 45L
HI-7-2 7 100 mm/h 4.5+0.1 45L
HI-7-3 7 100 mm/h 3.0+0.1 45L
HI-10-1 10 100 mm/h 6.0+0.1 45L
HI-10-2 10 100 mm/h 4.5+0.1 45L
HI-10-3 10 100 mm/h 3.0+0.1 45L
HI-14-1 14 100 mm/h 6.0+0.1 45L
HI-14-2 14 100 mm/h 4.5+0.1 45L
HI-14-3 14 100 mm/h 3.0+0.1 45L
PInfiltration LI-7-1 7 20 mm/ h 6.0+0.1 45L
LI-7-2 20 mm/h 4.5+0.1 45L
LI-7-3 20 mm/h 3.0+0.1 45L
LI-10-1 10 20 mm/h 6.0+0.1 45L
LI-10-2 10 20 mm/h 4.5+0.1 45L
LI-10-3 10 20 mm/h 3.0+0.1 45L
LI-14-1 14 20 mm/h 6.0+0.1 45L
LI-14-2 14 20 mm/h 4.5+0.1 45L
LI-14-3 14 20 mm/h 3.0+0.1 45L

4Specimens were infiltrated at acid rain supply of 100 mm/h, simulating high intensity rainfall

®Specimens were infiltrated at the supply of 20 mm/h, simulating low intensity rainfall

was measured, and the sample was placed into the system.
Subsequently, the vials filled with HCI were carefully set
into the system without spattering the specimen. The system
was finally closed, and the HCI] was allowed to react with
the specimen until the connected manometer read a con-
stant pressure value. Using the calibration curve developed
between CaCO; and pressure, the weight of the CaCO; was
estimated, and CaCO; content (%) was determined accord-
ing to the Eq. 4:

CaCO; content (%)

Weight of CaCO,

- Weight of the oven dried specimen — Weight of CaCO,
“

To observe the microstructure of the MICP-treated
specimens, SEM analysis was performed using Miniscope
TM 3000 (Hitachi, Tokyo, Japan). The representative sam-
ples were carefully cored from the samples and observed
through SEM after the oven dry at 60 °C for 24 h.

2.7 Statistical analysis

The experimental results were analyzed using R Statistical
Package (version 4.0.3) to determine the significance of dif-
ferences between the means of experimental sets obtained
herein. The P value less than 0.05 (i.e., P <0.05) was con-
sidered as the significance range.

Table 2 Detail of specimens
used for acid rain tests by
immersion

Test category Specimen Number of MICP  Acidity level (pH) Duration of
designation treatment immersion

Immersion (fully submerged) FS-7-1 7 6.0+0.1 45 days
FS-7-2 7 45+0.1 45 days
FS-7-3 7 3.0+0.1 45 days
FS-10-1 10 6.0+0.1 45 days
FS-10-2 10 45+0.1 45 days
FS-10-3 10 3.0+0.1 45 days
FS-14-1 14 6.0+0.1 45 days
FS-14-2 14 45+0.1 45 days
FS-14-3 14 3.0+0.1 45 days
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Table 3 Detail of the prepared control specimens

Specimen  Number of Spatial distribution of CaCO; (%)
designation cementation Top Middle Bottom Average
treatment

C-7-1 7 14.1 12.8 10.7 12.5
C-7-2 7 147 132 9.9 12.6
C-7-3 7 132 124 11.2 12.3
C-10-1 10 19.8 17.9 16.2 18.0
C-10-2 10 182 17.0 15.7 17.0
C-10-3 10 20.1 174 14.9 17.5
C-14-1 14 247 227 19.6 223
C-14-2 14 252 220 20.5 22.6
C-14-3 14 262 219 19.3 22.5

2Control specimens were divided into three evenly spaced sections
along the height of the specimen (defined as top, middle and bottom),
and the calcium carbonate contents were separately measured

3 Results
3.1 Corrosion of calcium carbonate

Throughout the test, the concentration of calcium ions
(Ca’*) was continually measured in the solution (for every
100 mL), and the quantity of corroded Ca>* of each case
is plotted against acid rain volume in Fig. 3. It can be seen
that in all the cases, the corrosion of Ca®* appears to linearly
increase with the increasing acid rain volume. Higher rates
of corrosion are evidenced in the specimens subjected to
lower pH conditions. pH 3.0 cases showed obviously the
sharp increase in the graphs (Fig. 3a—c), followed by pH
4.5 (Fig. 3d-f) and then pH 6.0 (Fig. 3g—i) (the respective
mean corrosion rates were 1.25+0.22, 0.38 +0.08, and
0.03+0.01 pmol Ca?*/mL). This could be attributed to the
increased concentration of protons (H*) in acid rain solu-
tion of low pH level (Xie et al. 2004; Teir et al. 2006). As

'—;7000 -(a) pH 3.0; '—;7000 (b)
€ 6000 } CaCo0; 12.5% £ 6000 }
2 2
5000 | 5000 | Y
® 4000 | ® 4000 } ©
o o o
S 3000 [ © 3000 | -
()] ()] > (]
-8 2000 r -82000 I Vs igh intensity 'S 2000 ) >
£ 1000 o Low intensity £ 1000 | o Low intensity £ 1000 o Low intensity
S 0 a Fully submerged| 8 0 4 Fully submerged S 0 a Fully submerged
0 900 1800 2700 3600 4500 0 900 1800 2700 3600 4500 0 900 1800 2700 3600 4500
Acid rain volume (mL) Acid rain volume (mL) Acid rain volume (mL)
= 7000 (d) pH 4.5; 57000 [ (e) pH 4.5; = 7000 [(f) pH 4.5;
g 6000 | CaC0, 12.5% £ 6000 [ CaC0,17.5% gsooo - CaC0, 22.5%
3 =
T 5000 | o High intensity :'5000 [ o High intensity 35000 | oHigh intensity
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% 2000 2 2000
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Acid rain volume (mL)
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Acid rain volume (mL)
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Acid rain volume (mL)

— 7000 7000 —~ 7000 -
S 6000 |(8) PH 6:0; S eoo | pH 6.0; S 000 | () PH 6.0;
g. CaC0;12.5% g- CaC0;17.5% g. CaC0; 22.5%
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o
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o (ORI Lauuaasssananassaranaadarsnasadissdasit st (O] 0
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Acid rain volume (mL)

Acid rain volume (mL)

Fig.3 Corroded calcium ions measured during the acid rain test (results of all the test cases are presented separately)
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shown in the reactions (Egs. 5-7), the oxonium ions (H;0%)
formed from the acids (sulfuric and nitric acids) react with
calcium carbonate crystals, turning them into lattice ions and
CO, gas. Therefore, more or less of the H* concentration
would in turn increase or decrease the reaction and dissolu-
tion of CaCO; molecules, respectively. The measured pH in
reacted solutions was observed to be in a range of 6.5-8.0
(refer Fig. S2 of supplementary document), indicating that
the dissolution of CaCO; would consume the protons and
neutralize the acid rain solution. Similar pH values in efflu-
ent were also reported by Cheng et al. (2013) when MICP
treated sand exposed to acid rain (pH 3.5).

H' + H,0 < H,0* )
CaCO, + H;0" — Ca’* + CO3™ + H,0 (6)
H,CO; < CO, + H,0 )

From Fig. 3, it can also be observed that the delivery of
acid rain solution had a considerable impact in corrosion
rate. The specimens which were infiltrated at high intensity
(supply rate of 100 mm/h) exhibit low rate of Ca** corrosion
(0.95+0.04 pmol Ca>*/mL at pH 3.0), whereas it was quite
high when they were infiltrated at low intensity (20 mm/h)
of acid rain solution (1.51+0.05 pmol Ca**/ mL at pH 3.0).
For a clear explanation, total corroded calcium carbonate at
the end of the test was theoretically estimated in each case
(from Ca®* measurements), and the comparison is presented
in Fig. 4. As seen, the corrosions of CaCO; at 20 mm/h
delivery rate are around 1.7, 1.6, and 1.9 times higher than
those at 100 mm/h at pH 3.0, 4.5, and 6.0, respectively.
Statistical analysis revealed that the comparison yielded a
significant difference at all the pH conditions (P =0.0004,
0.003, and 0.0003, respectively). Relatively, a similar ten-
dency is witnessed in all the cementation levels. This can
possibly be explained by the effect of contact time. At high
supply rate, the solution tended to infiltrate rapidly, which
led the solution to have less contact time within specimen,
resulting in less reaction with CaCOj;. On the other hand,
the low supply rate facilitated relatively slow infiltration,
allowing sufficient time to the reaction with CaCO; during
the percolation. Moreover, the corrosion of calcium carbon-
ate observed in fully submerged case is rather similar to that
of 20 mm/h delivery.

3.2 Mass loss and physical changes

After every 900 mL of acid rain delivery, the specimens
were prudently rinsed by distilled water and oven dried at
60 °C for 48 h, followed by the measurement of weight loss.
Figure 5 presents the mass loss of MICP treated specimens
as a function of volume of acid rain. The observed increase

0.8
--High intensity (100 mm/h)
E" <JLow intensity (20 mm/h)
8m 0.6 -O-Fully submerged
S
o
B 04 |
c
K=l
(7]
o
=02
o
o
0 T T T T T T -

25 3 35 4 45 5 55 6 6.5
pH of acid rain

Fig.4 Total corroded calcium carbonate versus pH of the acid rain
(the vertical error bars represent mean+SD of specimens (n=3)
tested for each condition)

in loss with increasing immersion volume of acid rain could
be attributed to the progressive dissolution of CaCOj;. At
low pH level (pH 3.0), owing to the high concentration of
protons, the dissolution of CaCOj; was high and led to the
rapid destruction of connection/ bond between soil parti-
cles. As the result, specimens immersed into acid rain of
pH 3.0 exhibited higher rates of aggregate loss compared
to that at pH 4.5 and 6.0. For example, the rates of aggre-
gate loss for 12.5% CaCO; specimens were 1.4 X 10~ g/mL,
9.8x10™* g/mL, and 2.7 x 10~* g/mL at pH 3.0, 4.5, and 6.0,
respectively.

It is interesting to mention that the cementation level (%
CaCOs;) is more likely to have a great impact on loss of
MICP-treated slope soil. As observed previously (in Fig. 3),
the corrosion of calcium was found not to be influenced by
the cementation level of MICP specimen; the corrosion val-
ues were pretty much similar in all the cementation levels
at a specific pH condition. However, the results in Fig. 5
indicate that the mass loss is not influenced by pH alone,
but also by the cementation level. The mass loss data plot-
ted against the cementation level are shown in Fig. 6, clearly
demonstrating that the loss decreases with the increase in
cementation level, regardless of the conditions tested. For
instance, when subjected to 20 mm/h acid rain delivery of
pH 3.0, the evaluated mass losses were 19.9%, 8.8%, and
5.6% for the specimens treated to CaCOj; levels of 12.5%,
17.5%, and 22.5%. In another term, the rates of soil loss
were 1.4x 1073 g/mL, 6.5x 10~* g/mL, and 4.2 x 10~ g/mL,
while the corresponding corrosions of CaCO; were pretty
similar (0.69 g, 0.69 g, and 0.71 g, respectively). Similar
effect could also be witnessed in other pH as well as delivery
conditions (Fig. 6).
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Fig.5 Mass loss as a function of acid rain volume (results of all the test cases are presented separately)

When the test was progressed, considerable physical
changes were observable in MICP-treated specimens. The
damages were able to seen quite early in specimens tested
by acid rain of pH 3.0; soil particles were observed to be
detached rapidly from the specimen. On the other hand,
only a minor damage was witnessed for the specimens
tested using acid rain of pH 6.0. It should be noted that the
specimens which were subjected to infiltration exhibited
more impairment at the top part, but the bottom specimens
remained relatively undamaged. Because, during the infil-
tration, the specimen’s top (closest to supply point) was
exposed to significantly more H* than the bottom, which
led to more destruction of carbonate bonds at the top. But, as
depicted in Fig. 7, the damages could be witnessed all over
the specimen surface when subjected to immersion. It could

@ Springer

also be seen that the specimens treated to 22.5% CaCOj;
reveled a negligible physical damage and could preserve its
initial skeleton throughout the test.

3.3 Mechanical properties of specimens exposed
to acid rain

To explore the change in mechanical properties of MICP-
treated slope soil, specimens exposed to acid rain were tested
for UCS, and the results were compared with the control
specimens. Figure S3 (refer supplementary material) shows
the comparison of UCS of the specimens subjected to differ-
ent acid rain tests. As seen, the values after subjected to acid
rain are observably lower than that of control ones (analysis
revealed that the means are statistically significant (P <0.05)
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Fig. 6 The mass loss during acid rain test plotted against cementation level for the (a) infiltration (100 mm/h), (b) infiltration (20 mm/h), and (c)

immersion cases

in all the cases). In all the test conditions, lower pH condi-
tion resulted in higher drop in UCS, which is consistent with
many previous works (Li et al. 2019; Liu et al. 2019). For
example, when the specimens (12.5% CaCO;) were exposed
to high-intensity infiltration, average UCS persists at 79.8%,
40.5%, and 36.1% relative to that of control specimen for the
cases of pH 6.0, 4.5, and 3.0, respectively. The observation
also reveals that the increase in cementation level appears to
hold relatively higher UCS compared to that of low content
of calcium carbonate.

4 Discussion
4.1 Effect of cementation level on durability

Previous studies showed that the strength and stability of
the MICP-treated aggregates are immensely governed by the
calcium carbonate formed within the voids (van Paassen et al.
2010; Lin et al. 2016; Cui et al. 2017). Figure 8 presents
the microscale characteristics of the MICP-treated slope soil
with different magnifications before subjected to acid rain
test (control specimen). It can be observed that the calcite
clusters that crystallized at particle contacts could enable the
connectivity between soil particles, contributing as the pri-
mary source for strength and stability. Similar morphology
of the calcium carbonate mineral could also be witnessed
in other MICP-related works (Zhang et al. 2017; Omoregie
et al. 2019). Moreover, there are crystals which were formed
randomly on soil surfaces without subsidizing interparticle
connection; by reducing the void spaces, however, those
could secondarily contribute to the strength of the matrix
(DeJong et al. 2010).

When the MICP-treated soil encounters the acid rain
solution, the corrosion of calcium carbonate occurs, which
appear to destroy the particle aggregation. The SEM images
of specimens after the exposure of acid rain are shown in

Fig. 9. It can be found that the effect of acid rain on the
fabric of 12.5% CaCO;, specimen is more intense compared
to that of 22.5% CaCO;. Comparing the changes in micro-
structure of control (Fig. 8) and 12.5% CaCO, case (Fig. 9a,
b), it can be observed that the calcite clusters were signifi-
cantly corroded, and the interparticle connections appear to
be almost abolished. The prints of soil particles detached
from the cementation could also be witnessed in micro-
graphs along with residues of CaCOj;. On the other hand,
the microstructure of 22.5% CaCO; specimens (Fig. 9c,
d) could partly hold the original microstructure. Although
the specimen underwent similar corrosion, the shape of the
calcite clusters is quite similar to that observed in control
specimen, and the interparticle connections are found to be
better persisting compared to that observed in 12.5% CaCO;.

For instance, the soil particles detached from the speci-
mens during the test were collected and observed by SEM,
and the observations are shown in Fig. e, f. Most of the
detached particles were likely to be the same as untreated
soils, whereas CaCO; residues were barely observed, as

12.5% CaCO, 17.5% CaCoO, 22.5% CaCo,

Fig. 7 Physical appearance of specimens after subjected to acid rain
test (Note: the specimens belong to immersion test category of pH
3.0)

Before

soil due to acid rain exposure

Transformation of MICP treated slope
After
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Fig.8 SEM images of MICP
treated slope soil before
subjected to acid rain: (a)
magnification of X 300 and (b)
magnification of X 500 (Note:
SEM images are of specimens
treated to 22.5% CaCOs)

Intergranular bonds

specified in Fig. 9f. Basically, the detachability of a soil par-
ticle from the aggregation is mainly governed by the bonding
strength at the contact point (Gowthaman et al. 2020). In
the case of 22.5% CaCO;, the soil particles are cemented
by high content of calcium carbonate (i.e., formation of
larger clusters with large contact area) at contacts, yet the

Fig.9 SEM images of MICP SV R i
treated slope soil after subjected (a)
to acid rain test: (a, b) speci-
mens treated to 12.5% CaCO;,
(¢, d) specimens treated to
22.5% CaCO;, and (e, f) soil
particles detached from the
specimens (Note: the specimens
used for SEM were tested under
same acid rain conditions, pH
3.0)

@ Springer
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cementation content was comparatively low in the case of
12.5% CaCOs;.

It was found that the dissolution rate of CaCO depends
mainly on the conditions of acid rain exposed (Fig. 3).
However, the durability of the MICP treated soil is found
not to be reliant on the pH alone. As graphically explained

#Prints; of soil

. particles*détached

(o).,
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Fig. 10 Conceptually illustrat-
ing the effect of cementation
level on the longevity of the
MICP treatment under the expo-
sure to acid rain

Soil particles

Dissolution of
CaCo,

Detachment

Low level of
cementation

Dissolution of
CaCo,

Short life span'|

Bond persists Detachment

Dissolution of
Caco,

High level of
cementation

in Fig. 10, if the specimens are treated to higher levels of
CaCQO;, the dissolution of bridges would require longer
exposure of acid rain. It is quite the opposite, if the speci-
mens are treated to lower levels of CaCOjs; the dissolution
would be achieved with the shorter exposure, suggesting
that the more or less of the precipitation content at particle
contact would in turn increase or decrease the longevity of
the treatment, respectively.

4.2 Effect of acid rain conditions on durability

The results of this study showed that the corrosion rate of
CaCO; is determined by mainly two factors: (i) the pH con-
dition and (ii) the contact time of acid rain (Fig. 4). Decrease
in pH of the acid rain is found to accelerate the corrosion
process, and this finding agrees with the results found in
many previous works (Xie et al. 2004; Liu et al. 2019). In
addition to the pH, the chemical composition of acid rain
was reported to have considerable influence in corrosion
process. It was previously found that sulfuric acid is more
aggressive than nitric acid (Eyssautier-Chuine et al. 2016);
thus, the increase in the sulfuric acid content in acid rain
can be expected to result in increased corrosion compared
to the nitric acid. However, a recent study could evidence
that a skin of partially soluble calcium sulfate precipitates
when MICP-treated sand reacts with sulfuric acid, provid-
ing supplementary strength and extending the durability of
sand (Li et al. 2019). It should be noted that in this study,
the formation of calcium sulfate was not encountered, which
was confirmed by XRD analysis (Fig. S4 of supplementary
material) performed to the specimens subjected to acid rain
test. The morphology of the crystal which existed before and
after the acid rain test was found to be only calcite.

In this study, it has also been found that the intensity
of acid rain impacts on contact/reaction time of acid rain-
CaCO;. With increasing intensity of acid rain (comparing
100 mm/h and 20 mm/h), corrosion rate showed a decreasing
trend (Figs. 3, 4). This finding would be significant to under-
stand and evaluate the corrosion process in field scale. In

Long life spar;

other terms, for a same rainfall record, the corrosion would
vary depending on the intensity of the acid rainfall. During
heavy rainfall, the flux that either flow over the surface or
rapidly infiltrate into the slope would have less impact on
MICP-treated surface in terms of contact time and corrosion.
On the contrary, the mild and prolonged rainfalls are more
likely to be detrimental to the surface, because the slow infil-
tration of the flux enables increased reaction with carbon-
ates, leading to severe damage as witnessed in this work.

4.3 Deterioration of MICP-treated slope soil
under acid rain

It is evident that the corrosion of CaCOj is the deterioration
mode of MICP-treated soils under the exposure of acid rain,
which led to the loss of soil and UCS. Figure 11 presents the
compilation of all soil loss measurements obtained versus
the corrosion of CaCOj (as the percentage). From Fig. 11,
it is found that the soil loss, with the corrosion of CaCO;,
can be fairly evaluated by linear relationships. In addition,
the effect of cementation level is clearly witnessed from the
plot, which further verifies the discussion made in previous
section. Figure 12 presents the compilation of test data, i.e.,
UCS plotted against the corrosion of calcium carbonate. The

20 &
©12.5% Carbonate )< 55641+ 3.8749
16 [ 017.5% Carbonate Rim0s778
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T; 12 o
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Fig. 11 The compilation of mass loss measurements (of all the 27
number of MICP treated specimens tested) versus corrosion of CaCOj;
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Fig. 12 The compilation of UCS measurements (of all the 27 number
of MICP treated specimens tested) against corrosion of CaCO;

results indicate that the UCS of the specimens exponentially
decrease with the increase in corrosion of CaCOj for all the
levels of cementation. The exponential tendency in decrease
can be explained by the decay of matrix support. During the
MICP treatment, the cementation begins at particle contact,
increasing the strength gradually (progression of contact
cementation). With the increasing treatment, the CaCOj,
crystals start to grow within the pore spaces (pore filling),
sometimes bridging the particles (DeJong et al. 2010; Lin
et al. 2016), which leads to rapid increase in strength at latter
stage. The exponential progression of UCS in MICP-treated
soils was evidenced in many previous studies (van Paassen
et al. 2010; Gowthaman et al. 2019b; Choi et al. 2020). The
plots observed herein (Fig. 12) demonstrate that the UCS
follows relatively the similar path for the decrease during
corrosion. It is worth mentioning that for a same corrosion
value of CaCO;, the specimens treated to higher cementa-
tion level exhibit lesser soil loss (Fig. 11) and persist higher
in UCS (Fig. 12).

4.4 Limitations and future research

There are few limitations in the current work; therefore, fur-
ther studies are still needed. Despite many useful findings,
entire responses of the MICP-treated slope surface were
not captured herein. Notably, the topography of the slope,
one of the important factors determining processes such as
rill, infiltration, and associated soil loss (Guerra et al. 2017;
Zhang et al. 2018), was not evaluated. Therefore, an exten-
sive model study considering slope aspects (such as gradi-
ent, texture and length) is recommended under the simulated
acid rainfall to evaluate the effects of flow characteristics
(runoft-infiltration) on longevity of the treatment. Besides,
the properties such as grain size distribution, organic mat-
ter content, and soil mineralogy can possibly influence the
long-term performance of MICP treatment (Mortensen et al.
2011; Cheng et al. 2016; Chung et al. 2020); thus, their
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effects under simulated acid rain are worthwhile to investi-
gate in the future. Moreover, the study revealed that the acid
rain deteriorates the MICP-treated slope surface under the
prolonged exposure; therefore, an occasional re-treatment
(implementing bacteria and rounds of cementation media)
may be necessary to recover the CaCO; bridging between
soil particles and to extend the performance of the slope
cover. Therefore, an analysis on the re-treatment efficiency
to the surface configuration is also recommended prior to
real field applications.

5 Conclusions

MICP technology is an emerging and environmentally
friendly alternative for stabilizing slope surface. In this
work, an experimental program was conducted to evaluate
the durability responses of MICP treatment slope soil under
the exposure of acid rain. From the results, the following
conclusions were obtained.

The corrosion of CaCO; was found to be the deterioration
mode of MICP treatment, and the corrosion rate depended
mainly on the pH conditions of acid rain. Lower pH con-
ditions resulted in higher rates of corrosion. The intensity
of acid rain was also found to have considerable impact in
corrosion rate. High delivery rate (100 mm/h) led the acid
rain solution to have less contact time within the specimen,
which resulted in less reaction with CaCO;. Low rate in
acid rain delivery (20 mm/h) was more detrimental, which
enabled increased reaction with carbonates, leading to severe
damage in treatment.

Dissolution of CaCO; bonds at particle contacts led to the
disaggregation of soil particles and loss of UCS, indicating
that the MICP-treated slope soil is less durable under the
exposure of acid rain. However, the study has demonstrated
that the level of cementation greatly determines the durabil-
ity of the MICP-treated soil. The higher the cementation
level, the lower the loss of mass and UCS, enhancing the
longevity of the treatment. For instance, under the supply
of acid rain equivalent to the precipitation of 15 years, the
observed soil loss was up to 19.9% for the specimens treated
to 12.5% CaCO,, whereas the evaluated losses were up to
8.8% and 5.6% for the specimens treated to 17.5% and 22.5%
CaCoOs;, respectively. SEM analysis further confirmed that
the dissolution of bonds was achieved with shorter expo-
sure for specimens cemented to lower level. The analysis
showed that the soil loss, with the corrosion of CaCOj3, can
be fairly evaluated by linear relationships, and UCS of the
specimens exponentially decreases with the increase in cor-
rosion of CaCO;. Overall, this study suggests that the slope
surface needs to be cemented to higher levels of CaCOj; in
order to enhance the durability and effective performance
of MICP slope cover. The findings of this study would be
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highly beneficial to extend the understanding on durabil-
ity responses and to design an effective MICP treatments/
re-treatments.
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