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Abstract: Microbial induced calcite precipitation (MICP) can protect the surface of porous cement-

based materials and enhance the durability of concrete, the efficiency of which depends on the near 

surface property. Therefore, this paper is aimed to investigate the effects of bacterial solution to 

cementation solution ratio (1:2, 1:1 and 2:1) and different calcium sources (calcium chloride, calcium 

nitrate and calcium acetate) on compressive strength and capillary water absorption coefficient of 

MICP-treated mortar and attempted to establish the relationship between microstructure and 

macroscopic property. The results indicated that the surface treatment by MICP significantly reduced 

the capillary water absorption coefficient, while it slightly affected the compressive strength of mortar. 

Supplying calcium source of calcium chloride or calcium nitrate, setting bacterial solution to 

cementation solution volume ratio of 1:1 were beneficial to improve the compressive strength and 

reduce the coefficient, in which the CH content of the near surface layer was reduced and the calcite 

content of that was increased, it showed limited influence on the hydration products of the interior 

substances. Nanoscale calcite generated in the near surface layer consumed the CH and filled in gel 

pores to increase the Ca/Si ratio of C–S–H. The increased compressive strength was due to the refined 

pore structure of the near surface layer, in which the combination effect of improved pore structure 

of the near surface layer and the precipitation layer of MICP on the surface effectively reduced the 

coefficients. 
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1. Introduction 

Cement-based materials are the most widely used construction materials due to their unique 

advantages such as superior mechanical property, easy to cast into different shapes, low production 

cost and better durability [1]. However, the concrete structures in service could be subject to 

atmospheric moisture (CO2 or acid rain), water environments (soft water or sea water) or combined 

environment [2-4], as a result of which, the corrosion of steel reinforcement in structures would occur, 

leading to increased porosity and reduced mechanical properties [5,6]. The reactions of corrosive 

substances (e.g. CO2) with the cement hydrates, e.g., Ca(OH)2, can result in the decomposition of C–

S–H gel and C-A-H [2-5]. This issue will become even worse in the presence of micro-cracks, in 

which the aggressive substances can ingress into concrete cover through surface cracks and thus 

deteriorate the concrete structures [7,8]. Therefore, the completeness of the surface mortar surface is 

crucial for maintaining the structures’ performance and it is vital to improve the permeation resistance 

of the surface layers [9-11]. 

Currently, for surface treatment, different materials and approaches including the addition of 

water repellents or pore blockers and the protection of surface with coatings have been widely adopted 

to ensure the quality of concrete surface [12-14]. However, there still exist some disadvantages such 

as the different thermal expansion coefficients of the protective layer and the underlying layer, the 

degradation of the protective layer over time and the constant maintenance for the protective layer 

[15,16], which would hinder their widespread applications. To tackle these drawbacks and improve 

the efficiency of surface protection, a new technology based on microbial induced calcite precipitation 

(MICP) [12,17-19], has been applied in the surface protection of cement-based materials.  

The early application of MICP technology has been attempted to the surface restoration of 

ancient buildings [14,20,21], in which the ancient clay roof tiles and tabia, the main surface materials, 

had been exposed to the environment for a long-term with a significant reduction of surface 

performance. The application of MICP technology was based on the brushing method for a soil 

sample or a tile, in which anti-corrosion characteristics and water resistance could be significantly 

improved [14,20]. Generally, the MICP technology exhibits a good compatibility with natural stones 

(marble and limestone) [22-26]. For instance, a dense biomineralized film in marble is formed 

through MICP technology with both immersion and brushing methods, which leads to an enhanced 

durability [27,28]. For limestone, the similar performances are observed for the specimens treated 

with the bacteria (Bacillus sphaericus LMG 225 57) under the optimal dosage of urea and calcium 

source, to that treated with ethylsilicates along with the decreased water absorption and resistance 

towards sonication [23,29]. Furthermore, the influence of pore structure on the protection 

effectiveness in limestone by MICP indicated that MICP technology can be effective and more 

feasible for macroporous stones than for microporous ones [11,24]. Moreover, surface treatment of 
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natural stone with MICP technology by spray method increased the surface coated mass and the 

formed calcite filling in the micro-cracks, which reduces the natural weathering actions on exposed 

stone [25]. Based on the visual observation, some spheroidal depositions on surface are formed using 

the immersion method of MICP on coquina core specimens, increasing the unit weight while 

decreasing the absorption [26,30]. 

Although it has been proved that the MICP technology has been successfully applied to improve 

surface property of ancient buildings and natural stones, its effects on the cement-based materials has 

been just explored. Some works had studied the effects of MICP technology with different surface 

treatment methods on surface mortar [6,31-34], such as immersion, spraying and immobilization 

brushing method. Under the MICP technology with immersion method, a protection layer was formed 

on the surface of cement-based materials and then improved its surface permeability resistance and 

resist the acid attack [6]. It has been reported that the protection effect of agar immobilization 

brushing method was better than that of immersion method and the thickness of the microbial 

precipitated coating layer on cement-based materials was about 10 μm [34,35]. Moreover, comparing 

with MICP technology, the immobilization brushing method was reported as the most effective 

methods in surface protection as it could reduce the capillary water absorption coefficient by 90% 

[36,37]. It is generally agreed that the surface treatment by MICP technology can generate a protection 

layer on the surface of the treated sample and reduce the capillary water absorption coefficient, 

leading to an improved durability. The protection effect of immobilization brushing method was better 

than that of immersion method, while the operational program of immobilization brushing method 

was more complex, which requires to the application of a simpler treatment. Moreover, in the 

perspective from microbiology, the effect of biomineralization on cementitious materials is highly 

dependent on the concentration of bacterial solution and cementation solution. However, the 

combined effects of bacterial solution to cementation solution volume ratio and different calcium 

sources in cementation solution on the protection effect of cement-based material have not been 

studied to date. 

Therefore, an easier surface treatment method of MICP technology was proposed in this paper, 

and its reaction effect on macroscopic properties in relation to microstructure were investigated. 

Moreover, the combined effect of the ratio of bacterial solution-to-cementation solution and calcium 

source on surface treatment efficiency of cement-based materials by MICP technology was 

investigated as well, which is mainly focused on the relationship between microstructure and 

macroscopic properties. A series of tests were conducted to estimate the effects of bacterial solution-

to-cementation solution volume ratios (1:2, 1:1 and 2:1) and calcium sources (calcium chloride, 

calcium nitrate and calcium acetate) on the properties of ordinary Portland cement mortar, including 

capillary water absorption coefficient, compressive strength, pore structure of near surface layer as 
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well as the mineral composition and morphology of mortar's surface and the near surface layer. Based 

on the obtained experimental data, the microstructure-property relationships in treated mortar was 

studied in a quantitative manner to gain insights into the underlying mechanisms. 

2. Experimental program 

2.1. Raw materials 

Ordinary Portland cement P·O 42.5 and standard river sand according to GB175-2007 and GSB 08-

1337-2018 respectively were used to prepare the mortar specimens in this study. The chemical 

composition of the cement is given in Table 1. The bacteria Sporosarcina pasteurii (CGMCC No. 

1.3687) strain, a type of urea-hydrolysing and non-pathogenic bacterium provided by China General 

Microbiological Culture Collection Centre, was used in this study. The bacterial solution (BS) was 

stable bacterial solution cultured in laboratory with the absorbance of 1–1.2 and the urease activity 

of 30–35 mM urea/min. More details about the cultivation of stable bacterial solution can be found 

in references [38,39]. AR grade chemical reagents including pure calcium chloride (CC), calcium 

nitrate (CN), calcium acetate (CA) and urea were obtained from China National Pharmaceutical 

Group Corporation. The cementation solution (CS) was prepared by mixing the urea and calcium ions 

under the mole ratio of 1:1 and the concentration was controlled as 1 mol/L. Three types of 

cementation solutions (CS) were prepared as follows: CS1: a mixer of 1 mol/L urea with 1 mol/L CC 

(calcium chloride); CS2: a mixer of 1 mol/L urea with 1 mol/L CN (calcium nitrate); CS3: a mixer of 

1 mol/L urea with 1 mol/L CA (calcium acetate). 

Table 1 Chemical composition of ordinary Portland cement (wt.%). 

CaO SO3 SiO2 P2O5 Al2O3 Fe2O3 MgO Na2O K2O TiO2 CO2 LOI 

56.6 4.14 20.4 0.1 5.12 3.77 2.98 0.11 0.81 0.33 3.95 1.69 

Note: LOI – loss on ignition. 

2.2. Mix proportions and specimen preparation 

The mortar specimens (40 mm × 40 mm × 40 mm) were prepared with water-to-cement (w/c) ratio of 

0.5 and cement-to-sand (c/s) ratio of 1:3. The mix proportions of mortar cubes and the solutions used 

for the mortar surface treatment was presented in Table 2. The mixing and casting of mortar were 

conducted under an ambient condition (20 ± 2 °C, ≥50% RH). The specimens were demoulded after 

24 h and then stored in a standard curing room (20 ± 1 °C, ≥90% RH) for 27 d. After that, they were 

put into a drying oven with 45 °C for 2 h to remove the water mark on the surface. For each specimen, 

to determine the increment in water penetration resistance, a sorptivity test, according to the RILEM 

25 PEM (Ⅱ-6) [12], was carried out. During the test, the top surface of each specimen was selected 

as the treated face, and then the four faces adjacent to the treated side were coated with epoxy resin, 

and a layer of aluminium adhesive was affixed to the four surfaces to ensure unidirectional absorption 

through the treated side, whereas the bottom surface was directly used without any treatment. A 
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schematic diagram of the surface treatment process is shown in Fig. 1. During the preparation, the 

layer of aluminium adhesive was affixed to the four surfaces above 1.5 cm of the treated side to form 

a container to contain bacterial solution and cementation solution. As seen in Table 2, different 

bacterial solution-to-cementation solution volume ratios and different cementation solutions would 

result in different effects on the surface properties and microstructure. 

Table 2 Mix proportions of mortar cubes and the solutions used for surface treatment. 

Mixture 

ID 

Cement 

(g) 

Sand  

(g) 

Water 

(mL) 

BS/CS 

volume ratio 

BS 

(mL) 

CS1 

(mL) 

CS2 

(mL) 

CS3 

(mL) 

M50 

450 1350 225 

- - - - - 

M50A05 1:2 6 12 - - 

M50A10 1:1 9 9 - - 

M50A20 2:1 12 6 - - 

M50B05 1:2 6 - 12 - 

M50B10 1:1 9 - 9 - 

M50B20 2:1 12 - 6 - 

M50C05 1:2 6 - - 12 

M50C10 1:1 9 - - 9 

M50C20 2:1 12 - - 6 

 

 

Fig. 1. Schematic illustration of the procedure of MICP surface treatment of mortar. 

2.3. Test methods 

2.3.1 Capillary water absorption test 

After surface treatment, the extra aluminium adhesive above the treated surface was first peeled off. 

Then, all specimens were dried at 60 °C in a drying oven until differences on the mass loss ratio in 

24 h was below 0.1%, and the ultimate mass was recorded. A holder was then put into a flat container 

and the treated mortars were then tested on the holder with testing face down, pouring water into the 

container slowly till the liquid level was 10 ± 1 mm above the bottom of the specimen. At designed 

time intervals (i.e., 0.5, 1, 2, 4, 8, 12, 24, 36 and 72 h), the specimens were weighted after drying the 

surface with a wet towel [12]. After weighing, the samples were immediately placed back into the 

water for curing. It should be noted that the test was conducted at a temperature of 20 °C and RH of 

about 60%. After the test, the water absorption per weight of the specimen was calculated using Eq. 
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(1) and the capillary water absorption coefficient k (kg/m2/h0.5) was determined as the slope of the 

regression line given the linear correlation using Eq. (2). 

Q
q k t

A
= =                                                                    (1) 

Q
k

A t
=


                                                                      (2) 

where Q is the water absorption at every time, A is the water absorption section area of specimen (40 

mm × 40 mm), and t is the water absorption time (h). 

2.3.2 Compressive strength test 

The compressive strength was measured using a microcomputer controlled flexural and compression 

testing machine with the maximum loading of 300 kN at a loading rate of 0.6 kN/s. Noting that the 

treated side should be avoided during compressive strength test. 

2.3.3 Mercury intrusion porosimetry (MIP) 

Pore structure of the treated surface layer were characterised using mercury intrusion porosimetry 

(MIP) with AutoPore Iv 9510 (American Mike Pretic). The debris from the near surface of mortar's 

treated side (about less than 1 cm) were selected and tested. 

2.3.4 X-ray Diffractometry (XRD) 

After surface treatment, a layer of precipitated substance formed on the surface. For different surface 

treatments, the precipitated layer was scraped and grounded into the powder for XRD test. The near 

surface layer and interior substance from broken samples were collected to preserve in anhydrous 

ethanol, which could stop the future hydration. The preserved samples were picked up into an agate 

mortar to grind till the grinding powder without sense of granularity. During the grinding process, 

some obvious big sand particles were picked out and the grinding powder was retained in a drying 

oven for XRD and thermogravimetric analysis (TGA) tests. XRD test was conducted using X-ray 

Diffractometry (X’ Pert Pro produced by RIGAKU) with copper target. The XRD pattern was 

obtained by continuous scan from 10° to 60° with a step size of 0.02° and scanning rate of 5°/min. 

2.3.5 Thermogravimetric analysis (TGA) 

TGA test was conducted using a Thermal Analysis equipment TGA2 (Mettler-Toledo, Switzerland). 

The temperature ranged from room temperature (∼20 °C) to 1000 °C in nitrogen atmosphere, with 

heating rate of 10 °C/min. 

2.3.6 Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-EDS) 

After surface treatment, the treated surface and near surface layer of samples were selected and dried 

before a thin layer of gold spraying for SEM scanning. Mineralogical compositions of the precipitated 

material were characterised using Field Emission Scanning Electron Microscope (Zeiss SIGMA) 

together with energy dispersive spectrometer (Oxford UltimMax 40), with accelerating voltage of 

5 kV, magnification 5× up to 100,000× and resolution of 1.0–2.0 nm.  
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3. Results and discussion 

3.1. Capillary water absorption coefficient 

The effects of different soaking time on the capillary water absorption of mortar specimens with 

different calcium sources are shown in Fig. 2a, b and c. It can be clearly seen from the figure that the 

capillary water absorption of all specimens was generally increased with the increasing soaking time. 

The increment was fast in the first 9 h and then gradually became slow. Compared to that of the 

reference sample M50, the surface treatment led to a significant drop in the capillary water absorption 

of mortar, regardless of the type of calcium resource. As seen in Fig. 2a, for surface treatment with 

calcium source of CC, at all soaking time, the sample M50A05 (BS/CS = 1:2) exhibited the lowest 

water absorption, while the highest value was obtained in the sample M50A20 (BS/CS = 2:1). 

However, the difference between the three treated samples was not obvious. In contrast to the CC 

treatment, under the CN treatment, M50B20 (BS/CS = 2:1) exhibited a lower water absorption, while 

both M50B05 and M50B10 showed a higher water absorption (Fig. 2b). Regarding to CA surface 

treatment, a different trend from that of CC treatment and CN treatment can be observed (Fig. 2c), 

where the lowest water absorption occurred for M50C10, while the absorption content of M50C05 

and M50C20 was slightly reduced. Moreover, regardless the source of calcium, the absorption of all 

samples after surface treatment with MICP was significantly reduced, which can be ascribed to the 

formation of some calcium carbonates on the treated surface of mortar, filling in the surface pores 

and thus water ingress into the interior would be hindered, decreasing the capillary water absorption 

to some extent. According to the data in Fig. 2a, b and c, the curves of capillary water absorption 

amount vs. square root of time are shown in Fig. 2d, e and f, respectively. And the calculated capillary 

water absorption coefficients (hereinafter referred to as coefficients) of all samples are presented in 

Fig. 3. 

 
Fig. 2. Effect of different soaking time on the capillary water absorption of specimens with calcium 

source of (a) CC, (b) CN, and (c) CA. 

From Fig. 3, the coefficients of all samples after surface treatment with MICP were lower than 

that of the reference sample M50, suggesting that surface treatment with MICP could reduce the 

coefficients of mortars. The average coefficients of treated samples with the calcium source of CC, 



 

8 

 

CN and CA were 0.15, 0.15 and 0.26 kg/(m2•h0.5), implying a 55%, 55% and 21% reduction 

compared to that of the reference sample M50 with the coefficient of 0.33 kg/(m2•h0.5), respectively. 

The specimens treated with the calcium sources of CC and CN presented a similar reduction in water 

absorbance coefficient, while those treated with the calcium source of CA indicated a much smaller 

reduction. For the same calcium source (e.g., CC), the coefficient increased with the increase of 

BS/CS ratio, while the coefficient of specimens with CN had no change when the BS/CS ratio went 

up from 1:2 to 1:1 but dropped when the ratio was further increased to 2:1. Differently, the coefficient 

reduced to the lowest when the ratio is 1:1 but then rose when the calcium source is CA. These imply 

that the change of coefficient with BS/CS ratio highly depended on the calcium source. For specimens 

treated with different calcium sources had different lowest coefficients. 

The reduced coefficients of the treated samples can be ascribed to the change of the near surface 

layer and the precipitation layer on the surface [9]. During the surface treatment with MICP, a layer 

of CaCO3 was generated on the surface of the treated samples [40]. The morphology and particle size 

of the generated CaCO3, and its production on sample's surface would play important roles in the 

protection efficiency [26,41]. When the BS/CS ratio was 1:2, less bacteria was existed, and thus, less 

precipitation could be produced. For BS/CS ratio of 2:1, the supply of nutriment and calcium ion in 

the system were insufficient due to the lack of cementation solution, which led to a slow metabolism 

of bacteria and a less production of urease. The poor depositional environment resulted in a smaller 

deposition quantity of CaCO3. The quantity of precipitated calcite was found to be the highest for the 

cases with CC, which could fill the surface pores to the maximum and improve the pore structure of 

the near surface layer, as well as the coefficients. At the same time, under the same BS/CS ratio of 

1:1, specimens treated with different calcium sources showed the different lowest coefficients. 

Therefore, different calcium sources could also cause the difference of the production or morphology 

of CaCO3. 

 

Fig. 3. Capillary water absorption coefficients of all samples. 

3.2. Compressive strength 

The compressive strength of all samples with and without surface treatment are presented in Fig. 4. 
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As shown in the figure, the compressive strength of the reference sample M50 was 43.2 MPa. It 

should be noted that MICP surface treatment changed in the compressive strength of mortar. Calcium 

source of CC provided a positive effect on the compressive strength of mortar, while CA offered a 

negative effect. When the calcium source in cementation solution was CC or CN, the compressive 

strength of the treated samples was about 4.18% and 2.67% higher than that of M50, respectively. If 

using CA as the calcium source, the compressive strength of mortar became lower than that of M50 

with an average reduction of about 4.44%. All these suggest that the surface treatment with calcium 

source of CC and CN on mortar can induce an increase in compressive strength, while the surface 

treatment with calcium source of CA exhibited an adverse effect on the compressive strength of 

mortar. It should be noted that the strength increment or decrement of the treated sample was limited 

within 5%, suggesting that the surface treatment with MICP on mortar did not significantly affect the 

compressive strength of the specimen. Although the change in compressive strength depended on the 

calcium source used, for a specific calcium source, a similar trend can be observed for three solutions. 

Taking the calcium source of CC (M50A05, M50A10 and M50A20) as an example, the compressive 

strength of the treated sample was increased to the highest value when the BS/CS ratio rose from 1:2 

to 1:1 but dropped when the ratio further increased to 2:1, implying that the BS/CS ratio of 1:1 can 

result in an improvement in compressive strength of mortar. 

 

Fig. 4. Compressive strength of all samples with and without surface treatment. 

The improved compressive strength of the treated samples can be ascribed to the enhanced pore 

structure of the near surface layer by MICP [42], while the local structure (surface structure) had only 

a slight influence on the compressive strength change of the treated samples [43,44]. When the 

calcium source in cementation solution was CA, compressive strength of treated samples was lower 

than the reference sample. Acetate is weak alkaline, while hydroxide and acetic acid are formed 

during the process of ionization. Acetic acid is weak acid, but it will erode the surface of mortar with 

acetic acid's local accumulation, which will increase the porosity of the surface, leading to a reduced 

compressive strength. In other conditions, calcium carbonate was generated on the surface or in the 

near surface layer of mortar, which would improve the pore structure of the local structure. In general, 
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the more calcium carbonate content, the more significant effect on the improvement in pore structure. 

When BS/CS ratio was 1:1, more calcium carbonate generated, which could fill in surface layer pores 

and improve the pore structure of the near surface layer, as well as the improvement of the 

compressive strength. 

3.3. Pore structure 

The cumulative and differential distribution of pore volume of the near surface layer of mortar 

specimens with the BS/CS ratio of 1:1 and the different calcium sources are presented in Fig. 5. 

Obviously, the cumulative pore volume of the samples after surface treatment with MICP were lower 

than that of the reference sample (M50) and the most probable pore size was decreased. To make it 

clearer, the details about the pore structure (pore volume distribution, pore volume fraction 

distribution and porosity) are summarized in Fig. 6. As shown in Fig. 6a, the total pore volume of the 

samples after surface treatment with MICP decreased significantly. Meanwhile, pore volume of pore 

size (50–200 nm), the harmful pore for the strength [45], was decreased after surface treatment, and 

pore volume of pore size (< 20 nm), the harmless pore for the strength, was increased. Similarly, as 

shown in Fig. 6b, pore volume fraction of harmless pore significantly increased after surface 

treatment, while pore volume fraction of harmful pore was decreased. These results indicated that 

that after surface treatment, part of the harmful pores was transformed to harmless pores, which 

decreased the pore size and made pore structure more density. Fig. 6c shows the porosity and pore 

size characteristics of all samples. Obviously, after surface treatment, porosity of all treated samples 

was reduced, and average pore size and median pore sizes were decreased as well. 

 
Fig. 5. (a) Cumulative distribution and (b) differential distribution of pore volume of samples. 

 It should be noted that the pore volumes of harmless pores and less harmful pores (pore size 

<50 nm) of treated samples M50A10, M50B10 and M50C10 were about 0.024, 0.027 and 0.025 mL/g, 

respectively, which were about 20%, 31% and 25% higher than the reference sample M50. During 

the surface treatment, some bacterial solution and cementation solution might permeate into samples 

and generate some calcium carbonate to fill or clog the pores, which would fine the pore structure 

and reduce its porosity [46,47]. The increase of pore volumes of harmless pores and less harmful 
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pores would make the interior pores smaller, which is beneficial to pore structure and improve the 

compressive strength. 

 
Fig. 6. Pore structure of all samples in terms of (a) pore volume distribution, (b) pore volume 

fraction distribution, and (c) porosity. 

3.4. XRD analysis 

The XRD spectra for the precipitated layer on the surface of the samples are shown in Fig. 7. As 

shown in the figure, the most identical diffraction peaks were corresponding to the peaks of calcite 

(PDF. No: 01-086-0174) and vaterite (PDF. No: 01-072-0506), which indicated that the generated 

substance on mortar's surface by MICP was the mixture of calcite and vaterite. It should be noted that 

the substance depended on the type of calcium source. For example, when the CC (sample M50A20) 

and CN (sample M50B20) was applied, the diffraction peak intensity of calcite was much higher than 

that of vaterite, suggesting that the main substance was calcite. However, for the sample treated by 

CA (sample M50C20), the diffraction peak intensity of calcite is the same as that of vaterite, 

indicating that the main substance is the mixture of calcite and vaterite. 

 

Fig. 7.  X-ray spectra of the generated layer of the surface. 

To identify the difference between the matrix and surface layer, the mineral compositions of the 

matrix and near surface substance were charactered by XRD and the X-ray spectra are shown in Fig. 

8. As shown in Fig. 8a, c and e, the main crystals of interior substance of all samples were silica and 

portlandite (CH), accompanying with some dolomite exists. It should be noted that the content of 

silica was the highest and its diffraction peak was extremely high, which could be due to that the 

silica mainly might come from the silica sand in mortar. Comparing to the reference sample M50, the 

CH diffraction peak intensity of surface treated samples was a little higher. The reason might be due 
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to the further hydration of the mortar during the surface treatment, which resulted more content of 

hydrated CH. Comparing with the three different calcium sources, the diffraction peak intensity 

differences within those three samples (such as M50A05, M50B05 and M50C05 in Fig. 8a, or 

M50A10, M50B10 and M50C10 in Fig. 8b, or M50A20, M50B20 and M50C20 in Fig. 8c) were not 

obvious. Therefore, it can be safely deducted that the different surface treatments have no influence 

on the hydration products of the matrix.  

Fig. 8b, d and f present that the main crystals of the near surface layer are silica and CH, it also 

contains some dolomite and calcite. Comparing to the reference sample M50, almost all treated 

samples’ CH diffraction peaks reduced, and calcite diffraction peaks increased slightly. The reasons 

caused this change were (1) during the surface treatment process, bacterial solution permeated into 

the surface layer, which could decrease pH value of the pore solution and cause the decomposition of 

CH, (2) the decomposition of CH could release some Ca2+, which would be consumed to form calcite, 

(3) the MICP action on the surface of treated samples generated a lay of calcium carbonate, which 

strengthen calcite diffraction peak. Comparing to the hydration products of the interior substance, for 

the materials from near surface layer, the intensity of calcite increased and that of CH decreased, 

which was the same to the above. 

It should be noted that when the different calcium source was applied, the intensity of CH 

diffraction peak and calcite diffraction peak were different, too. As shown in Fig. 8b, d and f, when 

the calcium source was CN (for example, sample M50B05, M50B10 and M50B20), the intensity of 

the diffraction peak of calcite was the lowest and the diffraction peak of CH was the highest. It may 

be resulted to the inhibition effect of urease activity by NO3
- [48], which would reduce the 

precipitation of calcite. Meantime, the particle size of generated calcium carbonate was small in the 

presence of NO3−, which could fill pores in surface layer better and prevent the ingress of bacterial 

solution. Therefore, the consumption of CH was small, and the average capillary water absorption 

coefficient was lower. When the calcium source was changed to CC or CA, the height of diffraction 

peak of calcite was higher and that of CH was lower comparing to samples with the calcium source 

of CN. The filling effect from the generated calcium carbonate was poorer than that with calcium 

source of CN, which therefore, more bacterial solution could ingress into the surface layer and more 

CH was consumed to form new reaction hydrates, densifying the structure of surface layer. However, 

since the acetate is weak alkaline, hydroxide and acetic acid are formed during the process of 

ionization. Although the acetic acid is weak acid, it can erode the surface of mortar at the place where 

the acetic acid's local accumulation. Therefore, even though the calcium carbonate content on the 

surface of the treated material is high, local accumulation of acetic acid may lead to local erosion, so 

the CH content is reduced and the capillary water absorption coefficient on the surface was increased. 

With the increase of the BS/CS ratio, such as samples from M50C05, M50C10 to M50C20, the 
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intensity of diffraction peak of calcite increased first and then reduced, while that of CH reduced. 

When the BS/CS ratio was 1:1, the intensity of the diffraction peak of calcite was the strongest, which 

indicated that the precipitated calcite was found to be the highest for this case. Calcite content of near 

surface layer played an important role in pore structure. The decrease of CH content was caused by 

the content of bacterial solution. The pH value of stable bacterial solution was about 9.5, which was 

lower than that of pore solution in mortar surface layer with pH value of ∼12.5. When more bacterial 

solution was added in the surface, more CH would be decomposed to supply the basicity for pore 

solution. Therefore, CH content was less. The combination of reaction products CH and calcite filled 

in the surface layer pores and optimize the pore structure of the mortar's surface layer. 

 
Fig. 8. X-ray spectra of the interior (a) (c) (e) and surface layer (b) (d) (f) of all samples. 

3.5. TGA analysis 

The TG-DTA curves of both interior substance and surface layer of samples prepared under the BS 

to CS ratio of 1:1 are shown in Fig. 9. Three endothermic peaks were identified in DTA curves: (1) at 

the temperature before 200 °C, which represents the loss of free and crystalline water of hydration 

products; (2) between 400 and 500 °C, which represents the decomposition of CH, which will convert 

to CaO and H2O; (3) between 500 and 700 °C represents the decomposition of calcite, which will 

convert to CaO and CO2. The difference of all samples at each endothermic peaks were not obvious, 
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except for the endothermic peak at the temperature between 500 and 700 °C of the surface layer as 

shown in Fig. 9b. All endothermic peaks at the temperature between 500 and 700 °C of the surface 

layer were higher than those of the interior substance, too. It can indicate that, comparing to the 

interior substance, more calcite was formed on the surface after surface treatment. It should be noted 

that different calcium source resulted different quantity of calcite, which is corresponding to the result 

of XRD. 

 
Fig. 9. TG-DTA curves of samples (a) interior (b) surface layer. 

The weight loss of all samples at different temperature ranges were calculated from TG and DTA 

curves, and the results are shown in Fig. 10. In general, weight loss before 200 °C was the greatest, 

and the second was between 500 and 700 °C, the smallest weight loss happened between 400 and 

500 °C. Compared to the reference sample M50 marked by the red dotted line, after surface treatment, 

the weight loss of surface layer and interior substance before 200 °C of almost all samples increased, 

suggesting that the total hydration products increased after surface treatment. The weight loss of 

surface layer between 400 and 500 °C of samples M50A05, M50A20, M50B05, M50B20 and 

M50C20 increased and other samples such as M50A10, M50B10, M50C05 and M50C10 decreased 

to some extent, while that of interior substance all increased. The weight loss of surface layer between 

500 and 700 °C significantly increased, while that of interior substance of some treated samples such 

as M50A05, M50A20, M50B20 and M50C05 decreased. 

Generally, after surface treatment, for the interior substance, the total hydration products, 

particularly for CH, was increased, while the content of calcite was decreased. For the near surface 

layer, the total hydration products increased with decreased CH content and increased calcite. After 

surface treatment by MICP, some bio calcium carbonate generated on the surface, which increased 

the content of calcite on the surface layer. The weight loss between 400 and 500 °C of the surface 

layer was lower than that of the interior substance expect for sample M50B20, indicating that the 

surface treatment with MICP reduced CH content of surface layer. The reasons could be attributed to 

that CH was acted as calcium source to form the calcite during the surface treatment process. For the 

same calcium source, with the increase of BS/CS ratio, CH content of the surface layer decreased 

first and then increased. CH content was the lowest with the BS/CS ratio of 1:1. For the same BS/CS 
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ratio, when calcium source was CN, average content of CH was the highest. The improvement of 

pore structure in near surface layer could play a good role of sample's strength. The lower of the CH 

content of the surface layer, the more influence of MICP on. It indicated that more CH was consumed 

during the process of MICP. On one hand, it can be acted as calcium source to form calcium carbonate; 

on the other hand, the decomposition of CH can influence the microstructure and increased macropore 

ratio of the near surface layer. 

 

Fig. 10.  Weight loss of surface layer and interior substance of all samples at different 

temperature ranges. 

3.6. Microstructure 

Fig. 11 illustrates the morphology of the surface layer and interior substance of the reference sample 

M50. As seen in Fig. 11a, the surface of M50 contained varying particle sizes, leading to a porous 

surface [49]. As marked with red circle in the figure, some hydration products such as C–S–H gel can 

be found through the pore. Fig. 11b indicates that the interior of M50 was mainly composed of cluster 

hydration product C–S–H gel with very dense growth. EDS results of C–S–H gel suggests that the 

main contents were O, Si, Ca, and few C, Al and Mg and the ratio of Ca/Si was about 0.97. 

 

Fig. 11.  SEM images of the reference sample M50. 

After MICP surface treatment, the morphology of the surface and interior substance of each 
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sample is shown in Fig. 12. For example, on the surface of sample M50A05 (Fig. 12Fig. 12a1), many 

spherical, hexagonal-prismatic and platelike substances were observed, which covered on the porous 

surface of mortar and densified the porous structure on the surface. The surface of specimen M50A10 

(Fig. 12b1) was covered by a large number of spherical substances, some of which are integrated with 

the surface of the specimen, and some of which are covered on the surface with complete morphology. 

A single sphere, or two spheres connected to each other can be found. Some spherical materials have 

smooth surfaces, and some have very rough surfaces that seem to consist of crystals growing at 

different angles. Size of the spherical substances are different, from 2 to 30 μm, spherical material 

overlapped with each other, fusion, forming a whole. In addition, the bacteria can be traced by the 

spherical substance. The surface of sample M50B05 (Fig. 12c1) was covered by a layer of spherical 

substance produced by deposition, which was similar to other MICP surface treated specimens. Due 

to the less bacterial solution during the surface treatment, there is not enough spherical substance 

produced to form a denser sedimentary layer [50]. According to EDS results, the main elements of 

large spherical substance deposited on the surface are Ca, C and O. Meanwhile, by magnifying the 

rough spheres, some smaller spheres at nanoscale can be observed, which were Ca, C and O. The 

surface of sample M50B10 (Fig. 12d1) was composed of a layer of spherical and fine granular 

substances, covering on the original mortar surface. Meanwhile, the magnification shows that the 

surface is composed of small particles, which can increase the density of the sediment layer. The 

surface of the whole is like a fish scale covering the surface of the specimen. The surface of sample 

M50C10 (Fig. 12e1) was consisted of spherical substances with different sizes. After magnification, 

it is found that the surface of spherical substance was composed of smaller particles. 

Comparing to the reference M50, the surface treatment with MICP also exhibited the change on 

the morphology of the interior substance of cement mortar. For example, in the interior of sample 

M50A05 (Fig. 12a2), although the hydration products, such as needle and rod like substances, fibrous 

or tinfoil like C–S–H gel, was observed, the nanoscale spherical substances (marked in red circle) 

was also be observed filling around the hydration products. From the EDS result, it can be speculated 

that the nanoscale spherical substances were calcium carbonate, it could effectively fill the interior 

pores. Moreover, the interior of sample M50A10 (Fig. 12b2) was mainly composed of C–S–H gel 

clusters with some rod-like substances and spherical substances. It should be noted that the spherical 

material was sticked on rod and C–S–H surfaces. EDS results showed that the cluster C–S–H gel 

mainly was consisted of Ca, Si and O, with a small amount of Al and Mg, and its Ca/Si ratio was 

about 2.46. Compared with the original sample, its Ca content was relatively high, which may be 

caused by the addition of calcium source into the mortar. In sample M50B05 (Fig. 12c2), some coarse 

fibrous C–S–H gel and nanoscale spherical substances was observed. EDS results showed that the 

coarse fibrous C–S–H gel mainly was consisted of Ca, Si and O, it also contained a small amount of 
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Al and Mg, and its Ca/Si ratio was about 1.82. In the interior of sample M50B10 (Fig. 12d2), there 

are mainly some cluster-like C–S–H gels, needle-rod material and hexagonal platelike CH was 

observed. Moreover, some nanoscale spherical substances can be found on the surface of the needle-

rod materials in the magnification picture. In sample M50C10 (Fig. 12e2), in addition to cluster-like 

C–S–H gel, needle-rod substance and hexagonal plate-like CH, there are still some nanoscale 

spherical substances produced. EDS results showed that the main elements of cluster C–S–H gel were 

Ca, Si, O, and a small amount of Al and Mg, and the Ca/Si ratio was about 2.31. 

The improvement on the strength of treated samples could be attributed to the change of the near 

surface layer, including the evolution of pore structure and the change of reaction products. During 

the surface treatment, some bacterial solution and cementation solution permeated through the porous 

surface into the near surface layer, then some nanoscale CaCO3 was generated, which could be 

attached to cement's hydration products to fine interior pore structure [17]. After surface treatment, 

cluster hydration product C–S–H gel converted to net and tinfoil like C–S–H gel, and the Ca/Si ratio 

increased from 0.97 to higher than 2. The increasing Ca/Si ratio was mainly due to the generated 

nanoscale CaCO3 between gel pores, which improved the content of calcium. As shown in Fig. 12, 

large amount of nano-sized spherical CaCO3 was formed on the surface of hydration products, such 

as C–S–H gel and CH, which could fill in interior pores, especially gel pores among C–S–H gel [51, 

52]. As shown in Fig. 12b1, d1 and e1, the spherical CaCO3 were observed, which were integrated 

with the surface of the specimen, and covered on the surface with complete morphology. Just analysis 

from the surface morphology, the integrity of surface layer of sample M50A10 was the best (Fig. 

12b1), while there were lots of different sizes' pores of surface layer of samples M50B10 and M50C10. 

As displayed in Fig. 6, pore volume of harmless pores and less harmful pores of sample M50B10 is 

the highest, which is beneficial to pore structure. The content of CH and calcite of surface layer of 

sample M50B10 was in the middle. The combination action of the best pore structure of near surface 

layer and the general precipitation layer on the surface made the lowest of the coefficient of sample 

M50B10. Therefore, pore structure of the near surface layer and the quantity of the precipitated layer 

have important role on the coefficients of samples. As seen in Fig. 12b2, the nanoscale calcium 

carbonate was generated on the surface of C–S–H gel. The nanoscale CaCO3 content of sample 

M50A10 was the greatest, which could fill more pores and make the structure denser. Therefore, the 

compressive strength were improved. 
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Fig. 12.  SEM-EDS results of MICP surface treated samples. 

4. Conclusions 

To improve the effect of surface treatment with MICP in mortar, this paper presents an experimental 

study on capillary water absorption coefficient and compressive strength of the treated samples with 

consideration of the effects of bacterial solution to cementation solution volume ratios and different 

calcium sources in cementation solution, which is going to establish the relationship between 

microstructure and macro-property. Based on the experimental results obtained, the main conclusions 

can be drawn as follows: 

(1) The surface treatment by MICP reduced the capillary water absorption coefficient significantly, 

while it affected the compressive strength of cement mortar slightly. Calcium sources (CC and 

CN), bacterial solution to cementation solution volume ratio (1:1) were beneficial to improve 

the compressive strength and reduce the coefficient.  
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(2) Surface treatment with MICP reduced the CH content and increased the calcite content of the 

near surface layer, while it showed limited influence on the hydration products of the interior 

substances. With the increase of BS/CS ratio, calcite content increased first, and then reduced. 

Calcium source especially CN is beneficial to the stability of CH, while it is adverse to the 

formation of calcite. 

(3) Nanoscale calcite generated in the near surface layer from C–S–H gels and rod-like hydration 

product consumed CH and fill in gel pores, which increased the Ca/Si ratio of C–S–H, pore 

volume of harmless pores and decreased the average pore size. 

(4) The improved compressive strength could be due to the refined pore structure of the near surface 

layer, the combination effect of improved pore structure of the near surface layer and the 

precipitation layer of MICP on the surface reduced the coefficients effectively. 
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