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ABSTRACT

Microbial-induced carbonate precipitation (MICP) is a promising technology for cementing sandy soils, 
improving ground, repairing concrete cracks, and remediating contaminated land. The aim of this research is 
to implement this technology in mitigating wetting collapse of Ramadi sandy gypseous soil which has a gypsum 
content of about 35 %. To achieve this aim, the urease-producing bacterial strain Bacillus Megaterium SI was 
used and treated soil specimens were prepared. The preliminary results showed a well-defined bacterium 
activity with a precipitated calcite of 13-16,5 % by the end of the first week. The results of the collapsibility 
test showed that increasing cementation solution molarity from 0,25M to 1M lowered the wetting strain and 
total strain caused by both loading to 100 kPa and wetting by about 75 %. Therefore, the MICP demonstrates 
the potential to mitigate the wetting collapse of the sandy gypseous soil despite its high gypsum content. 
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RESUMEN

La precipitación de carbonatos inducida por microbios (MICP) es una tecnología prometedora para cementar 
suelos arenosos, mejorar el terreno, reparar grietas de hormigón y remediar terrenos contaminados. El 
objetivo de esta investigación es aplicar esta tecnología para mitigar el colapso por humedecimiento del 
suelo gipsoso arenoso de Ramadi, que tiene un contenido de yeso de aproximadamente el 35 %. Para lograr 
este objetivo, se utilizó la cepa bacteriana productora de ureasa Bacillus Megaterium SI y se prepararon 
muestras de suelo tratado. Los resultados preliminares mostraron una actividad bacteriana bien definida 
con una calcita precipitada del 13-16,5 % al final de la primera semana. Los resultados de la prueba de 
colapsabilidad mostraron que el aumento de la molaridad de la solución de cementación de 0,25M a 1M 
redujo la deformación de humectación y la deformación total causada tanto por la carga a 100 kPa como por 
la humectación en aproximadamente un 75 %. Por lo tanto, el MICP demuestra el potencial para mitigar el 
colapso por humectación del suelo gipsoso arenoso a pesar de su alto contenido en yeso. 

Palabras clave: MICP; Suelos Giposos; Colapsabilidad.
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INTRODUCTION
Most gypseous soils demonstrate sudden volumetric changes upon wetting, due to the dissolution of gypsum 

which causes uneven settlement or collapsing. Consequently, engineering constructions on gypseous soil are 
risky where several problems such as crack induction, tilting or differential settlement, and even failure may 
occur. Gypseous soils are widely distributed in arid and semi-arid areas of the world such as the Arabian 
peninsula, Russia, Armenia, the United States, Iraq, Iran, and Spain.(1,2)

In general, collapsible soils have porous texture with high void ratio and relatively low densities. During 
a dry state, they possess high recorded strength, but they are susceptible to large reductions in void ratio 
upon wetting which leads to failure.(3) The Collapse mechanism can be explained by the initial collapse of the 
metastable texture of soil due to the dissolution of gypsum when the soil is subjected to the wetting condition 
by which bonds between grains are broken down.(4) Then, the soil particles rearrange into a denser state of 
packing accompanied by collapsing as the dissolved gypsum leaches out.(5)

So far, soil stabilization with cement is a comprehensively researched treatment technique and has been 
widely used to improve soil properties under engineering constructions, such as foundations and pavements. 
Nevertheless, the utilization of cement to treat soils with large gypsum contents is prone to sulfate attack.(6,7,8)

Microbial-induced carbonate precipitation (MICP) is one of the recent and promising techniques for soils 
stabilization.(9,10,11,12,13,14,15) In this technique, urease-producing bacteria are typically used and a bacterial 
suspension and a cementation solution are poured or mixed with the soil. Calcium carbonate is produced by 
decomposition of urea by the urease enzyme produced by the bacterium.(10,16)

Various bacterial strains have been used successfully for the calcite precipitation purpose. Bacillus 
megaterium and pasteurii are examples of the mostly used bacterial strains due to their superior characteristics 
such as their resistance to natural conditions. For instance, Bacillus megaterium is a bacterial classified as 
producing blackboards, which enables them to be able to coexist in harsh conditions such as high temperature, 
hydrocarbon pollutants, and also when the percentage of drought increases.(17)

In the MICP process, urea is hydrolyzed by microbial urease to form NH4+ and CO3
2–. The resulting CO3

2– react 
with Ca2+ to form CaCO3, which can be employed as a cementation material to bind the geomaterials together 
to the extent that the strength and stiffness of the material is increased. The MICP is currently proposed for 
a variety of applications including; soil improvement(18,19), concrete remediation(20), heavy metal removal(21), 
resistance to wind erosion(22), and construction material development.(23)

The current study investigates the effect of MICP on the collapse strain produced by wetting of a sandy 
gypseous soil.

Experimental Work and Procedures
The work represents a milestone on the use of MICP to reduce the magnitude of the one-dimensional wetting 

collapse of a sandy gypseous soil. The biological aspect of the work included selecting a suitable bacterial strain 
and preparing of bacterial suspension and cementation solution. The geotechnical aspects included preparing 
the soil for treatment, mixing and placing the soil in a test ring then curing, and performing wetting collapse 
tests in the oedometer apparatus.

Soil
The soil used in this study was collected at a depth of 0,5 m from a site within the main campus of the 

University of Anbar, as shown in figure 1. This study area is characterized with high contents of secondary origin 
gypsum, ranging from about 40 % at the ground surface to about 5 % few meters below the surface.(24) Signs of 
gypsum dissolution and movement, caused by various hydrological and environmental conditions, can be clearly 
observed on the site soil. Table 1 shows the main index properties of the soil which can be classified as a poorly 
graded sandy gypseous soil with silt.

 
Figure 1. Location of the soil samples
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Table 1. Index properties of the soil
Soil property Value Standard
Gravel (%) 2,3 ASTM D422-2007 (25)

Sand (%) 91,7 
Fines (%) 6,0 
Liquid limit (%) Non-plastic ASTM D4318- 2017 (26)

Plastic limit (%) Non-plastic
Specific gravity 2,4 ASTM D854- 2014 (27)

Gypsum content (%) 35 BS 1377: Part 3 (1990) (28)

Soil classification (USCS) Poorly graded sand with silt 
(SP-SM)

ASTM D2487-17 (29)

Maximum dry unit weight (kN/m3) 15,27 ASTM D698- 2012 (30)

Optimum moisture content (%) 9,5

Bacteria suspension and cementation solution
Activation of Bacteria

The bacterium used in this work was Bacillus Megaterium which was initially isolated and classified by (31) 
from local soils at the College of Agriculture of the University of Anbar. Bacillus megaterium is a rod-like, Gram-
positive, mainly aerobic, spore forming bacterium found in widely diverse habitats.(32,33) It has a cell length up to 
100 µm and a diameter of 0,1 µm, which is quite large for bacteria.(34)

The strain was initially preserved in glycerol at a temperature of 4 °C. A sample of the bacterium was 
activated in agar medium containing 2 g yeast extract, 1g (NH4)2SO4, and 2g agar in 100 ml tris buffer. The 
original pH level of the solution was modified to 9 and the solution was autoclaved at 121 °C before use. After 
the medium cooled to about 40 °C, it was poured into Petri dishes and left to solidify, as shown in figure 2. The dishes 
were then inspected visually for bacteria growth. The activated isolates were cultured by striking inside a fresh 
petri dish. Subsequently, the dishes were placed in the incubator at 30°C for 48 hours.

Figure 2. Preparation of the bacterial suspension: a. Preparation of liquid and solid nutrient media. b. Petri dishes 
containing the medium. c. Bacterial growth inside a Petri dish

Preparation of Bacterial Suspension
The liquid medium consisted of 500 ml (pH 9,0) Tris buffer, 5g (NH4)2SO4, and 10 g yeast extract was autoclaving 

at 121 °C before use. A 100 ml of this solution was transferred into a 250 ml flask. From the surface of the agar 
plate with highest concentration of single colonies, a single colony was picked up by loop and dipped into the 
100 ml flask and stirred for 1 min. Afterwards, the flask was shaken in a shaking incubator at 180 rpm, 30 °C for 
48 hours. Then, the bacteria were inoculated in a conical flask at a volumetric ratio of 1:100 of the bacterial 
solution to the culture medium and placed in a shaking incubator for 48 hours at a temperature of 30 °C. 

Preparation of Cementation Solution
The cementation solution was prepared by mixing equal proportions of 0,5M of calcium chloride (CaCl2), 

and urea (CO(NH2)2), as recommended by (35,36). These were the main compounds of the solution and to improve 
the quality of the cementation solution, trace nutrients were added. In addition, the solution included: 2,12 
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g sodium bicarbonate NaHCO3, 10 g ammonium chloride NH4Cl, and 3 g nutrient broth, were added per liter of 
deionized water.          

Calcite Precipitation test
In order to gain an insight into the effect of bacterial suspension to cementation solution ratio on the amount 

calcite precipitation, three mixing ratios were selected; 1:2, 1:1, and 2:1. Three sterilized centrifuge tubes, 
each of 15 ml volume were used. The liquids in these tubes were then mixed thoroughly with a vortex for few 
minutes. The tubes with the liquids were subsequently placed in a non-shaking incubator at 30 °C. The calcite 
precipitation process was monitored by inspecting the tubes frequently. It was possible to observe the calcite 
precipitation with the naked eye after 30 - 36 hrs, as shown in figure 3. The precipitated carbonates were first 
collected on Whatman No. 1 filter paper by filtration, then washed with sterile distilled water, air-dried at 60 
C for 24 h, weighed, and analyzed for its chemical constituents. Similar procedure can be found in (16).

Figure 3. Calcite precipitation: a. Mixing the solutions b. Shaking with vortex. c. Calcite precipitation inside a tube d. 
Collection of calcium carbonates on a filter paper

Urease Enzyme Activity Assay
A 40 % urea solution was prepared by dissolving 40 grams of dry urea powder in 100 ml of distilled water. 

A 50 ml of the filtrated solution, taken by syringe filter, was taken and added to a 950 ml of a urea agar base 
medium, with the pH adjusted to 6,8. Then the resulting solution was poured into dishes to conduct microbial 
culture, following solidification. The substances were incubated at 30 oC until color changed from yellow to 
pink in response to change in the pH, depending on the amount of enzyme hydrolyzing and the accumulation 
of ammonia.(37,38) The result of this test was positive, as shown in figure 4, indicating that the bacterium was 
able to produce the enzyme. The magnitude of the urease activity, expressed in µU NH4 + N g −1 of dry soil, was 
estimated by (31) using the method outlined in (39). In this method, 5 g of fresh soil was added to 2,5 ml of a 0,72M 
urea solution and 20 ml of a 0,1M borate solution, pH 10. The combination was then incubated for two hours 
at 37°C. Subsequently, the released ammonia was extracted with sodium dichloroisothiorate and measured 
spectrophotometrically at 625 nm,(31)  found an activity of 9,32 µU NH4 + N g −1 of dry soil.

     

 Figure 4. Color change of medium during a urease test. a. Before culturing, b. After culturing
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Density (concentration) of the bacterial suspension
The bacteria concentration (OD600) is one of the important factors controlling the MICP process.(40) The 

bacterial concentration depends on several factors such as inoculum concentration, incubation temperature, 
metabolic state of the inoculum used. The optical density (concentration) of the bacterial suspension was 
measured with a spectrophotometer at 600 nm wavelength, OD600,

(41) and was equal to 1,810, so the bacterial 
suspension was ready to be added to the soil. The concentration of bacteria cells suspended in the growth 
medium was calculated by Eq. 1, given by (42) as cited in (43) , as:

Y=8,59×107 ×Z1,3627.                                                                                                                     (1)
where Z is reading at OD600, and Y is the concentration of cells/ml. 

According to Eq 1, the concentration of the bacterial suspension was 19,28 * 107 cells/ml.

Sample Preparation
The effect of induced calcite on the magnitude of the wetting collapse of the gypseous soil was investigated 

by performing a one-dimensional collapse test in the oedometer equipment. The test was performed in 
accordance with the test method B of the(44). Initially, a sample of the field soil was brought to the lab, dried 
and sieved on No.4 sieve (4,75mm). 

To characterize the soil, the values of the maximum dry unit weight and the optimum moisture content, 
were obtained from the standard compaction test. To treat a soil specimen with certain magnitudes of bacterial 
and cementation solutions, 60 g of oven-dried soil was mixed with 15 ml bacterial solution, then molded 
gently inside special oedometer ring (5,32 cm in diameter and 2,04 cm in height). Two identical samples 
were prepared, one for the collapse test and the second for the calcite test, for each treatment period. The 
specimens were prepared at a dry unit weight of 13,23 kN/m3 which was purposefully less than the maximum 
dry unit weight (i.e., 15,27 kN/m3, table 1) and a liquid content (i.e., bacterial suspension) of 25 % which was 
much higher than the optimum water content (i.e., 9,5 %, table 1). The lower unit weight values and higher 
bacterial suspension content promote better calcite production and precipitation.  

To avoid soil disturbance while immersing the cementation solution, a layer of fine filter was mounted on 
the top of the specimen. Also, to prevent fine soil particles smear from the specimen, another layer of the 
filter was placed below the specimen. Furthermore, a perforated plastic covers with evenly distributed holes 
were placed above and below the specimen for uniform distribution of the cementation solution within the 
specimen. Three containers of cementation solution were prepared at three concentrations of 0,25, 0,5 and 
1M, in equal proportions of urea and calcium chloride, and the previously prepared specimens were immersed 
for 7 and 14 days (figure 5). The containers are equipped with an air pump to provide suitable conditions for 
the bacteria.
 

Figure 5. Stabilized soil samples: a. samples after preparation. b. submerged samples in a cementation solution 

Loading and Wetting Process
Following the treatment stage, the oedometer ring which contained the specimen was mounted in the 

oedometer mold, as shown in figure 6. The vertical pressure on the specimen was applied at a load incremental 
ratio of 1 up to the intended soaking pressure and the change of specimen’s height was recorded correspondingly. 
Soaking was initiated once the change in specimen’s height ceased after the last loading increment. All the 
specimens were soaked under a constant vertical pressure of 100 kPa. From practical point of view, this level 
of loading is considered moderate, given the collapsing nature of the soil.

https://doi.org/10.56294/sctconf2024817
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Figure 6. Collapse test setup

The results of the collapsibility tests were interpreted in terms of effective normal stress and axial strain, 
where the latter was calculated in this work as:

ɛ=(h0-h)/h0*100.                                                                                                                            (2)
where h0 is the initial height of the specimen. The wetting strain was calculated as

ɛc=(h1-h2)/h0*100.                                                                                                                          (3)
where h1 and h2 are the specimen’s heights before and after wetting, respectively, at a given stress level. 

Calcite content test
In this research, the calcite content of treated soil was determined by the acid wash method described in 

[45]. This test was conducted on identical treated specimens before and after soaking. In each test, a sample of 
5 g was taken after mixing the material thoroughly. A 20 ml of 1M HCl was added, and left for 1 hour to dissolve 
all the calcite. Then the suspension was filtered on a dry medium filter paper of known mass. The remaining 
material was then washed with distilled water, and then dried for 24 hours at a temperature of 105 oC. The 
calcite content, CC%, is calculated as:

CC%=100-B\A*100.                      (4)
where A and B are the masses of the oven-dried filter paper before and after the filtration. 

RESULTS
Figures 7 and 8 present stress-strain response during collapse tests performed on specimens treated with 

bacterial and cementation solutions, at the ages of 7 and 14 days, respectively. For the loading stage preceding 
soaking, the untreated specimen exhibited lesser compressional strain compared to those treated and cured 
for 7 days (figure 7), whereas it exhibited greater strain compared to those treated and cured for 14 days 
(figure 9). This presumably attributed to chemical interaction of the added solutions and the gypsum of the 
soil. Undesirable partial gypsum dissolution was expected due to the availability of substances in the solutions, 
which can dissolve gypsum. The partial dissolution of gypsum would leave the soil with larger voids and result in 
greater axial strains. Conversely, the production of calcium carbonate, which is time dependent, gradually fills 
the voids and bridges the soil particles. The production of the calcium carbonate was confirmed experimentally, 
where the mass percentage of calcite content was 13-16,5 %. 

Interestingly, the produced calcium carbonate contributed effectively in mitigating wetting strains even 
at ages of as early as 7 days, as shown in figures 7 and 8. The magnitudes of wetting strains and the total 
strains caused by loading to 100 kPa then wetting, are further analyzed in figures 9 and 10, respectively. These 
strains clearly decreased with increasing cementation molarity and age of curing. For instance, with increasing 
molarity to 1M, the wetting strain deceased from about 3 % to just about 0,65 % and 0,7 % at the ages 7 and 14 
days, respectively. Similarly, the total strain deceased from about 5,6 % to 4 % and 1,3 % at these ages.  
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CONCLUSION 
The current work presents a number of results representing early attempts on the use of microbial induced 

carbonate precipitation to mitigate collapsibility of a sandy gypseous soil. In particular, the soil was mixed with 
Megaterium suspension, molded, then immersed in a cementation solution having calcium chloride (CaCl2), and 
urea (CO(NH2)2), of different molarities. The urease activity test confirmed that the bacterium has a noticeable 
activity. This was further confirmed by the calcite content test which resulted in a considerable amount of 
calcite of 13 to 16 %. The collapsibility test indicated that the MICP can be effectively used to reduce collapse 
caused by water immersion, even for soils with high gypsum contents. The results showed that increasing 
cementation solution molarity from 0.25M to 1M, led to a reduction in the wetting strain and total strain by 
almost 75 %.    
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