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Microbial induced calcium carbonate precipitation (MICP) is a novel, sustainable, cost-competitive soil improvement technique with a low-CO2 emission (Røyne et al. 2019). It has known a great development in the past decade, in the exploration of protocols (Yu et al. 2020), engineering properties and up-scaling applications. The process of MICP is schematically shown in Fig. 1. The metho d b enefits fro m the metab o lic pr ocess o f microorganisms, such as Sporosarcina pasteurii (S. pasteurii), a ubiquitous, non-toxic and effective strain often

used in practice. This strain can produce an enzymeurease -that enhances the hydrolysis process of urea. Ammonium and carbonate ions are produced. With the presence of Ca 2+ ions, the resulting crystals of CaCO3 can precipitate on the surface and in the pore throats of soil grains, which in return improves the soil engineering properties by forming bonds between soil particles and increasing their surface roughness. These properties include physical, conduction, mechanical properties, and chemical composition [START_REF] Dejong | Biogeochemical processes and geotechnical applications: Progress, opportunities and challenges[END_REF].

MICP is promising in many geotechnical engineering fields, as summarized in some existing review articles [START_REF] Ivanov | The applicability of microbially induced calcite precipitation (MICP) for internal erosion control in gravel-sand mixtures[END_REF]Chu 2008, Dejong et al. 2010). Studies of MICP, related to liquefaction mitigation [START_REF] Montoya | Liquefaction mitigation using microbial induced calcite precipitation[END_REF][START_REF] Wu | Mitigation of liquefaction hazards using the combined biodesaturation and bioclogging method[END_REF][START_REF] Xiao | Liquefaction resistance of bio-cemented calcareous sand[END_REF], stability and erosion control of slopes, dams and coastal area (Jang et al. 2017[START_REF] Do | Debonding of microbially induced carbonate precipitation-stabilized sand by shearing and erosion[END_REF][START_REF] Haouzi | Performance studies of microbial induced calcite precipitation to prevent the erosion of internally unstable granular soils[END_REF][START_REF] Imran | Factors affecting the urease activity of native ureolytic bacteria isolated from coastal areas[END_REF], wind erosion and dust control [START_REF] Bahmani | The role of Bacillus pasteurii on the change of parameters of sands according to temperature compresion and wind erosion resistance[END_REF][START_REF] Li | Improvement of geomechanical properties of bioremediated aeolian sand[END_REF], crack repair in concrete and mortar [START_REF] Choi | Mortar crack repair using microbial induced calcite precipitation method[END_REF][START_REF] Son | Ureolytic/Non-ureolytic bacteria co-cultured self-healing agent for cementitious materials crack repair[END_REF], etc., have proved the effectiveness of this method. It can also be a good choice if the local soil is not suitable for conventional treatment methods like injecting cement or chemicals. Due to these prospective applications, researchers have carried out multi-scale studies using different testing methods to study the mechanisms and efficiency of MICP, from microscopic analyses to macroscopic tests and in-situ trials. Results of lab-based tests on MICP-treated soils highlight the enhanced soil behavior under either monotonic or dynamic loading. Meanwhile, microscopic studies give a more thorough knowledge of the role of microbes and CaCO3 crystals in the MICP process.

In the past reviews concerning MICP method, processes, and applications, comparison among different soil improvement methods were well summarized (e.g., [START_REF] Ivanov | Applications of microorganisms to geotechnical engineering for bioclogging and biocementation of soil in situ[END_REF][START_REF] Dejong | Bio-mediated soil improvement[END_REF], Wang et al. 2017). Recently, a review by [START_REF] Choi | Review on geotechnical engineering properties of sands treated by microbially induced calcium carbonate precipitation (MICP) and biopolymers[END_REF] brought out very interesting quantitative data about microscopic and macroscopic properties of MICP-treated soils. However, in terms of engineering properties of MICP-treated soils, there is still a need for analysis and synthesis of the fast-growing experimental results for the future development of MICP technique. The objective of the present review is therefore to analyze critically the behavior of MICP-treated soils under monotonic and dynamic loadings. Some crucial engineering properties such as unconfined compression strength, compressibility coefficient, friction angle, cohesion, shear wave velocity and permeability are discussed precisely and incisively, and presented as a function of CaCO3 content. Results from microscopic studies are also provided to better understand the micromechanisms that are of great significance to improve the efficiency of the method and engineering behavior of MICP-treated soils. At the end of the article, some interesting and useful conclusions and expectations are provided for future reference.

Testing methods and mechanical properties of bio-cemented soils

In this section, engineering properties of bio-cemented soil were summarized and analyzed on the base of various tests, including monotonic/cyclic loading tests and measurements of shear wave velocity and permeability.

Unconfined compression tests

Unconfined compression test is a simple and fast way to measure the strength of soil samples. Unconfined compression strength (UCS) is widely used for rapid comparison of the strength of MICP-treated samples that are fabricated using different protocols. Fig. 2(a) shows the change in UCS as a function of the percentage of deposited calcium carbonate for various sands of the literature. The median diameter of the grains (d50) used in these studies, as well as the uniformity coefficient Cu, are reported in Fig. 2(b) as an indication of the grain size distributions. There is a large scatter in the values of UCS for a given percentage of carbonate. The change in UCS in saturated specimens depends on several parameters, e.g. (i) the percentage of carbonate, (ii) the repartition of the CaCO3 crystals in the porous medium, (iii) the adhesion of the crystals on particles. In granular soils, the standardized minimum and maximum void ratios mainly depend on the uniformity coefficient and grain shape [START_REF] Biarez | Elementary Mechanics of Soil Behaviour: Saturated Remoulded Soils[END_REF]. This means that, under similar conditions of uniformity coefficients, relative densities, and grain shapes, the void ratio of the soil remains constant, independently of the size of the grains. Therefore, the percentage of calcium carbonate necessary to obtain a similar filling of the voids is independent of the size of the grains and should therefore produce a similar effect on the unconfined compression strength. Fig. 2 confirms this assumption as, for the same carbonate content, the UCS of the coarse sand of [START_REF] Gomez | Engineering properties of bio-cementation improved sandy soils[END_REF] are very high whereas those of the aggregates of [START_REF] Mahawish | Effect of particle size distribution on the bio-cementation of coarse aggregates[END_REF] are very low. The reason is probably different repartitions of the crystals in the soil.

Another parameter that must be taken into account is the saturation of the tested specimens. Unsaturation results in the existence of a suction within the soil and leads to an increase in strength due to capillary and adsorption phenomena (e.g., Taibi et al. 2008). In fine sands, this capillary effect may be very important and affect the results as it is impossible to separate the role of cementation from that of saturation. In most of UCS tests, the degree of saturation can be assumed to be lower than 1 but, unfortunately, this parameter is never mentioned in the papers, and this contributes to the scatter of the results.

Concerning the influence of the uniformity coefficient Cu, it is well established that the standardized minimum and maximum void ratios decrease when Cu increases from 1 to 10, and remain more or less constant afterwards. As a Fig. 1 Schematic diagram of MICP process consequence, for a given relative density (and grain shape factor), the soil will be denser if Cu is larger. For most of the tested soils, the relative density is high enough (larger than 50%, mostly around 80-90%), so that this parameter plays a limited part. It appears in Fig. 2(a) that the soils with the highest uniformity coefficient (i.e., the sand S4 of [START_REF] Cheng | Influence of key environmental conditions on microbially induced cementation for soil stabilization[END_REF], the sand (b) of [START_REF] Gomez | Engineering properties of bio-cementation improved sandy soils[END_REF], that of [START_REF] Cui | Influence of cementation level on the strength behaviour of bio-cemented sand[END_REF] and the sand (c) of [START_REF] Terzis | Cell-free soil bio-cementation with strength, dilatancy and fabric characterization[END_REF] are predominantly located above the main bulk of samples. For the other soils, the value of Cu seldom exceeds 2. This observation is consistent with the remarks of several researchers (e.g., Martinez andDejong 2009, Terzis and[START_REF] Terzis | Cell-free soil bio-cementation with strength, dilatancy and fabric characterization[END_REF] who noted that, at a given calcium carbonate percentage, the densest specimens featured the highest UCS because they had a larger number of contact points between particles where the crystals could form. In fact, the spreading of the grading curves (characterized by Cu) seems to be much more important than the maximum size of the grains.

Considering now all the points of Fig. 2(a), it appears that most points are comprised between the two continuous curves with parabolic shapes, with a mean value represented by the dashed line. Note that, up to 8% of calcium carbonate content, the experimental points are located equally on both sides of the dashed line whereas, for larger CaCO3 contents, the points are predominantly between the dashed line and the lowest line, and even below the latter. However, three family of results are mostly out of the previous range: those of [START_REF] Gomez | Engineering properties of bio-cementation improved sandy soils[END_REF], [START_REF] Mujah | Microstructural and geomechanical study on biocemented sand for optimization of MICP process[END_REF] and [START_REF] Terzis | Cell-free soil bio-cementation with strength, dilatancy and fabric characterization[END_REF], surrounded by ellipses in Fig. 2(a). The information present in the papers does not allow to understand or explain the Fig. 2 (a) Unconfined compressive strength as a function of calcium carbonate content for various papers of the literature; (b) Medium diameter d50 and uniformity coefficient Cu for the different soils reported above origin of these large differences. Obviously, the strength of the soil, for a given percentage of carbonate, will be higher if the crystals are located at the contact points between particles rather than on the surface of particles but nothing, in the papers, confirms this assumption. The different protocols used, the activity of bacteria, etc. may explain the large scatter of the results. In the range of calcium carbonate percentages used in practice (i.e., smaller than 5%), the curve shows that one can expect an unconfined compression strength comprised between 0 and 1.4 MPa (e.g. for 5%, 0.7 MPa ± 0.7 MPa).

Shear wave velocity

Shear waves are very small-strain elastic waves propagating in materials, in which particle displacement is perpendicular to the direction of propagation [START_REF] Dejong | Bio-mediated soil improvement[END_REF]. The shear wave velocity 𝑉 𝑠 is an effective stress parameter that can be a direct measure of the stiffness of the material [START_REF] Hussien | Shear wave velocity as a geotechnical parameter: An overview[END_REF]. In an isotropic soil, it is related to the shear modulus 𝐺 𝑚𝑎𝑥 (which is defined as the ratio of shear stress to shear strain) by the following relation: 𝐺 𝑚𝑎𝑥 = 𝜌𝑉 𝑠 2 , where 𝜌 is the soil density. The measurement of 𝑉 𝑠 is a nondestructive and real-time method, widely-used in the lab and in the field to estimate the elastic properties of soil [START_REF] Ahmadi | Requirements for soil-specific correlation between shear wave velocity and liquefaction resistance of sands[END_REF]. For example, it can be used, together with the National Earthquake Hazards Reduction Program (NEHRP) site classification, to predict the susceptibility of a soil to liquefaction [START_REF] Weil | Seismic and resistivity measurements for real-time monitoring of microbially induced calcite precipitation in sand[END_REF]. Measurement of shear wave velocity is carried out by conventional experiments using resonant column, bender elements or piezoelectric ringactuators in the laboratory, and by seismic cone penetration tests (SCPT) and surface waves in-situ [START_REF] Weil | Seismic and resistivity measurements for real-time monitoring of microbially induced calcite precipitation in sand[END_REF][START_REF] Hussien | Shear wave velocity as a geotechnical parameter: An overview[END_REF]. 𝑉 𝑠 is mainly influenced by particle-particle stiffness that depends on cementation level as well as soil density, confining pressure and degree of saturation. It can be used to monitor the cementation process during MICP [START_REF] Martinez | Bio-mediated soil improvement: Load transfer mechanisms at the micro-and macro-scales Brian[END_REF][START_REF] Dejong | Development of a scaled repeated five-spot treatment model for examining microbial induced calcite precipitation feasibility in field applications[END_REF][START_REF] Lin | Mechanical behavior of sands treated by microbially induced carbonate precipitation[END_REF] and ensure that cementation level is sufficient to satisfy engineering application requirements. [START_REF] Feng | Quantifying level of microbial-induced cementation for cyclically loaded sand[END_REF] compared the cyclic behavior (strains and excess pore pressures) of two specimens (with similar CaCO3 content, 𝑉 𝑠 = 425 and 676 m/s, respectively). The observed difference in cyclic resistance indicated that 𝑉 𝑠 was a more reliable indicator of the effect of MICP treatment on mechanical behavior than the CaCO3 percentage. 𝑉 𝑠 measurement is also used in some studies to monitor the degradation of cementation of MICP during loading (breakage of particle-particle contacts in soil causes 𝑉 𝑠 to decrease) (Montoya andDejong 2015, Feng andMontoya 2017).

Fig. 3 shows the change in the normalized shear wave velocity, i.e., the value of 𝑉 𝑠 after MICP-treatment divided by the initial 𝑉 𝑠 of the untreated soil, as a function of the CaCO3 content. The normalized 𝑉 𝑠 values are scattered, which is caused by the various distributions of CaCO3 resulting from the different used MICP protocols. Most of the points are located above the 1:1 line, meaning that every 1% of CaCO3 produced can result in more than 1-fold increase in 𝑉 𝑠 . The points for relatively coarse sand (Ottawa 20-30) are located in the upper part of the graph. Similar results can also be derived from [START_REF] O'donnell | MIDP: Liquefaction mitigation via microbial denitrification as a two-stage process. II: MICP[END_REF]: for the same MICP treatment, the final increment of 𝑉 𝑠 for Huntington beach soil (relatively fine soil) was smaller than that of Ottawa 20-30 sand. This can possibly be attributed to the fact that the coarsest sand (Ottawa 20-30 sand) has less particle-particle contacts than the finest sands (Ottawa 50-70 and Huntington beach sand), which means that it needs less CaCO3 to increase the bulk properties ( 𝑉 𝑠 values). It should be noted that O'Donnell used denitrifying bacteria that produced gas in the pore space, and we do not know from the text whether shear wave velocities were measured before or after the saturation process in the triaxial cell, so it is not possible to know if the results are influenced by the saturation degree.

The effect of relative density on normalized shear wave velocity is not clear. [START_REF] Martinez | Bio-mediated soil improvement: Load transfer mechanisms at the micro-and macro-scales Brian[END_REF] and [START_REF] Dejong | Development of a scaled repeated five-spot treatment model for examining microbial induced calcite precipitation feasibility in field applications[END_REF] tested samples with relatively high relative densities (Table 1), and the points are distributed all over the graph without preference, which means that, surprisingly, relative density might be not very important for the development of 𝑉 𝑠 during MICP. Concerning the effect of confining pressure, there are very few available results and it is difficult to derive a definite conclusion. In Fig. 3, the results of [START_REF] Lin | Mechanical behavior of sands treated by microbially induced carbonate precipitation[END_REF] show that, for similar increase in CaCO3 content, the increments of normalized 𝑉 𝑠 are similar regardless of confining pressure (Table 1). This is perhaps due to the relatively close confining pressures they used.

There is a large scatter in the results shown in Fig. 3. According to [START_REF] Weil | Seismic and resistivity measurements for real-time monitoring of microbially induced calcite precipitation in sand[END_REF], for the same CaCO3 content, the precipitation of CaCO3 at the particle-particle contacts results in higher strength or stiffness increase than when CaCO3 is deposited in the pore fluid or on exposed particle surfaces. Most of the results of [START_REF] Gomez | Engineering properties of bio-cementation improved sandy soils[END_REF] and [START_REF] Gomez | Effect of bio-cementation on geophysical and cone penetration measurements in sands[END_REF] are located below the others, maybe because many CaCO3 crystals precipitated on the soil surface, as shown in the SEM images of [START_REF] Gomez | Engineering properties of bio-cementation improved sandy soils[END_REF], and inhomogeneous distribution of CaCO3 was observed in the tank specimens of [START_REF] Gomez | Effect of bio-cementation on geophysical and cone penetration measurements in sands[END_REF]. Their results are interesting these researchers used a different protocol by stimulating native microorganisms in the soil rather than directly injecting well-prepared bacteria solutions as in the other studies. Their results are quite helpful as a reference for practical use in-situ, because using indigenous bacteria can avoid potential ecological impacts that may result from introducing non-native bacteria species and save the cost (laboratory cultivation and transportation). There are also inefficient MICP precipitation cases, as reported in [START_REF] Weil | Seismic and resistivity measurements for real-time monitoring of microbially induced calcite precipitation in sand[END_REF], [START_REF] Montoya | Dynamic response of liquefiable sand improved by microbialinduced calcite precipitation[END_REF] and [START_REF] Feng | Quantifying level of microbial-induced cementation for cyclically loaded sand[END_REF]. The inefficient cases of Weil et al. and Feng and Montoya might be due to different precipitation patterns or distributions of CaCO3. For [START_REF] Montoya | Dynamic response of liquefiable sand improved by microbialinduced calcite precipitation[END_REF], the plug formed by uneven MICP treatment in the outlet of the sample led to inflated CaCO3 content but low shear wave velocity. Some points of [START_REF] Martinez | Bio-mediated soil improvement: Load transfer mechanisms at the micro-and macro-scales Brian[END_REF] in the lower and right part of the figure were also due to a plug of calcium carbonate near the inlet of the cell.

In some studies, linear relationships between 𝑉 𝑠 and CaCO3 content were established [START_REF] Al Qabany | Microbial carbonate precipitation: Correlation of Swave velocity with calcite precipitation[END_REF][START_REF] Weil | Seismic and resistivity measurements for real-time monitoring of microbially induced calcite precipitation in sand[END_REF], Martinez et al. 2013[START_REF] Dejong | Development of a scaled repeated five-spot treatment model for examining microbial induced calcite precipitation feasibility in field applications[END_REF], but with such limitations that these relations can only be used in relation with their own MICP process. In fact, it is quite hard but helpful to give a relationship that can be generally used. As [START_REF] Weil | Seismic and resistivity measurements for real-time monitoring of microbially induced calcite precipitation in sand[END_REF] suggested, parameters reflecting soil characteristics (size, particle-particle contact stress) and possible spatial distribution of CaCO3 can help establish an advanced relationship.

Oedometric consolidation tests

Oedometric tests allow to measure the compressibility of a soil under nil transversal strain conditions. When the change in void ratio is plotted as a function of the axial stress (in logarithmic scale) on a loading path, the oedometric curve features two segments of straight lines: for stresses lower than the preconsolidation stress, the behavior is reversible and the slope of the line is called the "swelling coefficient Cs"; for stresses larger than the preconsolidation stress, the behavior is irreversible and the slope is called the "compressibility coefficient Cc".

To the authors' knowledge, there are few available studies using oedometric tests. Results of [START_REF] Cardoso | Biocementation as Rehabilitation Technique of Porous Materials[END_REF] (using uniformly graded 0.075-0.425 mm sand) showed limited increase in swelling coefficient Cs (0.009-0.013) and nearly unchanged compressibility coefficient Cc (0.057-0.058). Cardoso et al. explained that the changes in the elastic behavior of the MICP-treated soil could be attributed to bond breakage during loading. These nonobvious effects were owning to the treatment process under nil vertical stress. Results of [START_REF] Cardoso | Effects of clay's chemical interactions on biocementation[END_REF] showed that elastoplastic coefficient Cc increased and elastic value Cs remained unchanged, either when using only sand (uniformly graded 0.4-2 mm sand) or the same sand mixed with 26 % kaolin. Values of Cc for the sand mixed with distilled water or MICP-treated were 0.044 and 0.089, respectively. Values of Cc for the sand-kaolin mixtures mixed with distilled water, cementation solution only, and MICP-treated were 0.075, 0.145 and 0.127, respectively. The decrease of compressibility of MICP-treated samples was possibly due to the small amount of CaCO3 and bond breakage during loading [START_REF] Cardoso | Biocementation as Rehabilitation Technique of Porous Materials[END_REF][START_REF] Cardoso | Effects of clay's chemical interactions on biocementation[END_REF]. Unfortunately, the CaCO3 contents of the specimens were not provided. For sand with kaolin, osmotic consolidation (i.e., sensitivity to pH and ionic strength of clay) played a more significant role than MICP treatment in increasing Cs. For future study of MICP-treated sand with clay, chemical effects should be taken into consideration.

In the confined compression tests of [START_REF] Lin | Mechanical behavior of sands treated by microbially induced carbonate precipitation[END_REF] on Ottawa 50-70 sand, using triaxial system, Cc was equal to 0.024 for untreated specimen, and 0.009 for MICP-treated specimen (2.6 % CaCO3). In the case of the tests on Ottawa 20-30 sand, Cc was equal to 0.019 for untreated specimen, and 0.009 for MICP-treated specimen (1.6 % CaCO3). MICP-treated specimens featured a lower compressibility compared to untreated soil. As expected, compressibility decreases with increasing cementation level. The same conclusion was reached by Xiao et al. (2021) who also observed that, in the case of Fujian silica sands (Cu=1-10, d50=0.4-0.95 mm, dmax=1 mm), cementation breaking occurred at about 30 kPa while particle breaking occurred around 3 MPa. The particle breaking stress can be lower in the case of calcareous sands.

Triaxial tests

Consolidated drained tests

Isotropically Consolidated Drained (ICD) triaxial tests are considered as one of the best ways to estimate the behavior of a granular soil and derive its constitutive law. Usually, the results of the tests are plotted in the Mohr-Coulomb coordinate system [σn, τ] and two parameters are derived from the linear failure criterion: the friction angle ϕ corresponding to the slope of the failure criterion, and the intersection of the failure criterion with the vertical axis that is called cohesion (c). The same parameters may also be derived from the loading paths plotted in the [p, q] coordinate system. Here, the slope of the failure criterion is called M, which is related to ϕ.

Analysis of the results found in the literature was carried out to highlight the change in failure criterion and maximum volumetric changes (contractancy and dilatancy) due to MICP treatment. Unfortunately, very few tests could be re-interpreted for different reasons: (i) the absence of the original stress-strain curves and volumetric strain versus axial strain curves in the papers; in many papers, the only available results are the failure criteria, but often without information about what these criteria represent (peak values or residual values), (ii) the fact that several investigators performed tests under a single confining stress (e.g. [START_REF] Waller | Influence of bio-cementation on shearing behavior in sand using X-ray computed tomography[END_REF], (iii) the use of unfounded assumptions to interpret the results of the tests; for instance, some researchers (e.g. [START_REF] Gao | Mechanical behaviour of biocemented sands at various treatment levels and relative densities[END_REF]) assumed that the failure criterion was represented by the line that links the origin to the (maximum) deviator stress (i.e., that the soil cohesion was nil, whatever the MICP treatment), which results in very high and unrealistic values of the friction angle. In addition, the conditions of saturation of the samples are seldom indicated in the papers. For all these reasons, the analysis of the effect of MICP treatment on the failure criterion is very difficult to carry out seriously and is based only on the results of a small number of research groups. The results are plotted in Figs. 4(a)-4(l) for 6 soils and various treatments. The median diameter of the grains (d50) and the uniformity coefficient of the soil (Cu) are indicated in the captions. In some cases where several treatments were done (e.g., [START_REF] Feng | Influence of confinement and cementation level on the behavior of microbial-induced calcite precipitated Sands under monotonic drained loading[END_REF], one treatment corresponds to a range of several percentages of CaCO3 deposited in the soil, for instance for highly cemented specimens, to percentages ranging from 4.3-5.3, which may introduce some scatter in the results. Note that the results of Li (2015) (Figs. 4(c)-(d)) were obtained for two confining stresses only, which is hardly enough to plot a reliable failure criterion. It must be pointed out that, in all of the cases, the analysis of the effect of MICP treatment on the Critical State Line (CSL) could not be carried out due to the lack or uncertainty of data.

As observed in soils cemented with cement or lime, Fig. 4(a)-4(l) shows that MICP-cementation has little or no effect on residual values: when the bonds formed by the cement between the particles are broken, the behavior is that of the original (uncemented) material. In general, when there is a difference between the residual values of treated and untreated soils, this difference is due to the fact that the tests were stopped too soon, before reaching the real residual value. Therefore, the only observed effect of MICP is an increase in the peak properties.

Based on the results of the different researchers, the cohesion of the treated specimens was plotted in Fig. 5 as a function of formed calcite content. As observed in the case of UCS, the cohesions vary largely from one test to another, and the regression coefficient R 2 is low (0.69). However, these results show a definite increase in cohesion with calcite content, reaching several hundreds of kPa in the results of [START_REF] Terzis | Cell-free soil bio-cementation with strength, dilatancy and fabric characterization[END_REF] and Gowtaman (2021) for CaCO3 contents larger than 20%. The same analysis was attempted in the case of friction angles but the scatter is much more important and the regression coefficient R 2 does not exceed 0.2, meaning that there is no correlation between the two parameters. In fact, a few researchers (e.g. Unfortunately, the results of the tests are too scattered to derive a definite conclusion on the effect of stress path.

Another effect of MICP treatment that is often cited in the papers is the large dilative behavior of MICP-treated soils. It should be mentioned here that this parameter is often difficult to estimate precisely as, in most of the papers, the tests are carried out to relatively small maximum axial strains (12 to 15%) and without anti-friction devices, which often does not allow dilation to fully develop (this is noted NS in the figures). In addition, this parameter is highly dependent on relative density, whose value is not always mentioned in the papers. Figs. 4(b)-4(l) show the maximum contractancy and maximum dilatancy for the different tests analyzed here as a function of the effective confining stress. In practically all the tests, the contractive behavior is similar between untreated and treated specimens. Concerning the dilative behavior, the results are rather dispersed and depend on the level of cementation and confining stress. Globally, dilatancy does not seem to decrease when the confining stress increases, nor to increase with the level of cementation. For instance, in the results of [START_REF] Lin | Mechanical behavior of sands treated by microbially induced carbonate precipitation[END_REF] on Ottawa 50-70 sand, or Terzis and Laloui (2019) on fine sand, the dilation strains are of the same order of magnitude for untreated and treated specimens, even lower for treated specimens in the second case. In the other studies, the values may be close for some confining stresses, and different for others. It should be pointed out also that, in the case of heavily bio-cemented soils, failure occurring at the peak is not homogeneous and features a failure surface, making it more difficult to measure correctly the volumetric strains. Therefore, concerning the aspect of dilative behavior, the conclusion is not clear and more tests are necessary.

Consolidated undrained monotonic triaxial tests

The behavior of MICP treated specimens on Isotropically Consolidated Undrained (ICU) triaxial paths can be derived from that of the samples on ICD triaxial tests: the changes in volumetric strains will result in changes in pore pressure, which will affect the strength of the soil through the effect of the effective stresses. The few results available in the literature are often difficult to reinterpret because of a lack of precise data. [START_REF] Montoya | Stress-strain behavior of sands cemented by microbially induced calcite precipitation[END_REF] performed tests on untreated and treated samples of Ottawa 50-70 sand (d50 = 0.22 mm, Cu = 1.4, DR  40%) under one confining stress. To interpret their results, they considered that the cohesion was unchanged by the treatment and that the increase in strength was due to an increase in the peak friction angle. However, in the case of CU tests, the failure criterion can also be defined with reasonable accuracy by the stress path when the sample reaches perfect plasticity, as shown for instance by [START_REF] O'donnell | MIDP: Liquefaction mitigation via microbial denitrification as a two-stage process. II: MICP[END_REF].

Re-interpretation of the results of [START_REF] Montoya | Stress-strain behavior of sands cemented by microbially induced calcite precipitation[END_REF], using this method, led to the data of Table 2 that show an increase in cohesion with the treatment, and the invariance of the friction angle. O'Donnell et al. (2017) carried out tests on undisturbed and MICP-treated (1% CaCO3) Ottawa 20-30 sand (d50 = 0.7 mm, Cu = 1.2, DR = 45%) and obtained the same friction angle and an increase in cohesion of 37 kPa. [START_REF] Hataf | Effect of fine-grain percent on soil strength properties improved by biological method[END_REF] studied the effect of MICP treatment on binary mixtures of sand (d50 = 1.3 mm, Cu = 2.4) and clay (100% < 75 µm, d50 = 6 µm, Cu > 10). They concluded that the treatment resulted in no change of friction angle and cohesion for clay contents larger than 30%, and a large increase in cohesion for clay contents of 10 and 20%. However, these results are difficult to interpret as the untreated remolded clay featured an unexpected cohesion of nearly 50 kPa. Globally, the value not given in the text conclusions of these studies seem qualitatively consistent with those of the CD triaxial tests, but there is a dire need for more results to confirm the conclusions.

Consolidated undrained cyclic triaxial tests

Undrained cyclic triaxial tests on saturated MICP treated soils, in which the samples are subjected to compressionextension solicitations under controlled conditions of stress deviator, all show the same trend of result:

• A slower increase in pore pressure and axial strain in treated samples, compared to untreated soils.

• A larger number of cycles necessary to reach liquefaction for the same value of the cyclic stress ratio (CSR), which is equal to the ratio of the half cyclic deviator stress to the effective consolidation stress (i.e., qc/2 σ'3).

As a consequence, the classical liquefaction curves that represent the relation between the CSR and the number of cycles leading to liquefaction (NL) are shifted to the right or upward (i.e., to higher number of cycles or cyclic deviator stress) when the soil is cemented by MICP, all the more so as the CaCO3 content is higher. Of course, these curves depend on other factors like the type and grading of the soil, the relative density of the samples, etc. The latter is especially important as the mass of formed CaCO3 is taken into account in the dry mass of the sample, which leads to an increase in its relative density. For example, in a standard sand (e.g. emax=0.84; emin=0.55) the formation of 9% CaCO3 increases the relative density from 30% to more than 80%, and the initially "loose" sand may become finally a "dense" sand.

Riveros and Sadrekarimi (2020) concluded from their tests on fine Fraser river sand that MICP-treatment led to a change of the failure mechanism, from liquefaction failure in the untreated sand to cyclic mobility in the MICP-treated samples. To try to compare the results obtained by different researchers in the literature, the vertical shift of the liquefaction curves was plotted in Fig. 6 as the normalized CSR (CSRnorm), i.e., the ratio of the CSR for the treated soil to that for the untreated soil for two numbers of cycles: (a) for NL = 10 cycles, and (b) for NL = 100 cycles. Several conclusions can be drawn from Fig. 6: • There is a large scatter in the results, even if the relative densities are similar, so that it is difficult to draw a quantitative conclusion;

• The effect of MICP is more important when the initial relative density of the soil is lower;

• For the same initial relative density, the normalized CSRnorm increases with the CaCO3 content (Fig. 6(c)). For instance, for NL = 10 cycles: for a very light treatment (0.7% of CaCO3), the effect of the treatment is hardly visible (CSRnorm  1.1 to 1.2); for a light treatment (1.2% of CaCO3), CSRnorm is equal to 1.5; for a medium treatment (2.5% of CaCO3), CSRnorm is equal to 2.5; and for heavily treated specimens (5% of CaCO3), the normalized CSR reach 2.7 to 3.5.

Of course, all these conclusions are based on a very small number of results and should be controlled and confirmed by additional tests, especially as the information about the materials, the tests, the CaCO3 content, etc. is often incomplete, sometimes missing. [START_REF] Porcino | Undrained cyclic response of a silicate-grouted sand for liquefaction mitigation purposes[END_REF] performed simple shear tests on untreated and MICP-treated specimens of sand and observed that, for untreated samples, the pressure build-up was similar to that obtained during triaxial tests whereas, for treated specimens, the pressure build-up was much slower in the simple shear tests than in the triaxial tests. [START_REF] Lee | Examining the liquefaction resistance of lightly cemented sands using microbially induced calcite precipitation (MICP)[END_REF], using a dynamic shear test device with Ottawa F65 sand, found that the presence of even low levels of cementation could significantly alter the cyclic resistance of sands subjected to CSRs of 0.1 and 0.2 with approximately one order of magnitude increase in the number of cycles required to trigger liquefaction. However, post-triggering shear strain accumulation was not significantly affected at these low levels of cementation.

Centrifuge tests

As shown in the previous paragraph, MICP can effectively mitigate liquefaction by reducing excess pore pressure and deformation. Centrifuge tests on loose (DR=40%) untreated and moderately MICP-treated Ottawa 50-70 sand subjected to a series of shaking events with increasing shaking amplitudes were carried out by [START_REF] Montoya | Liquefaction mitigation using microbial induced calcite precipitation[END_REF]. The level of shaking is characterized by the maximum acceleration 𝑎 𝑚𝑎𝑥 at the base of the model. The pore pressure parameter 𝑟 𝑢 that represents the ratio of the excess pore pressure to the vertical effective stress, is often used to characterize the effect of treatment on the increased resistance to liquefaction. For the results of free-field soil response, MICP-treated sample showed a marked reduction in the generation of excess pore pressure at both low (𝑎 𝑚𝑎𝑥 = 0.3 g) and high (𝑎 𝑚𝑎𝑥 = 0.7 g) levels of shaking, but a longer time was needed to dissipate the excess pore pressure due to the reduced permeability caused by CaCO3 precipitation (refer to § 2.6): in the first case (𝑎 𝑚𝑎𝑥 = 0.3 g), 𝑟 𝑢 ranged from 0.15-0.2 from depth to surface for MICP-treated samples, compared to 𝑟 𝑢 = 0.4-1.0 for untreated samples whereas, in the second case (𝑎 𝑚𝑎𝑥 = 0.7 g), 𝑟 𝑢 ranged from 0.3-0.4 from depth to surface for MICP-treated samples, compared to 𝑟 𝑢 = 0.7-1.0 for untreated samples. When untreated, the soil below the structure experienced similar generation of excess pore pressure, with values of 𝑟 𝑢 = 0.25-1.0 from depth to surface at low shaking levels (𝑎 𝑚𝑎𝑥 = 0.3 g), and 𝑟 𝑢 = 0.6-1.0 from depth to surface at high shaking levels (𝑎 𝑚𝑎𝑥 = 0.7 g). MICP-treated soil generated very little excess pore pressure at both low and high levels of shaking. Smaller deformations in the sand beneath the structure were also seen in the MICP-treated sample, with average vertical strains equal to 8.4 % at 5 m depth, and 24 % at the surface, for the untreated sample, compared to values of 2 % and 9 % for the MICP-treated sample.

In the following study of [START_REF] Montoya | Dynamic response of liquefiable sand improved by microbialinduced calcite precipitation[END_REF], centrifuge tests on MICP-treated samples with different cementation levels (lightly cemented with a target shear wave velocity 𝑉 𝑠 = 350 m/s, moderately cemented with 𝑉 𝑠 = 660 m/s, heavily cemented with 𝑉 𝑠 = 1200 m/s) were conducted using the same sand and the same centrifuge model, and the results were compared to those on loose (DR = 40%) dense (DR = 85%) untreated sands. The behavior of the loose sand obtained from centrifuge tests showed a soil-to-rock-transition with increasing cementation level. As observed by many researchers, the resistance of the dense untreated sand to dynamic loading was markedly enhanced by comparison with the loosely untreated sand, with an evidence of lower values of 𝑟 𝑢 . All degrees of MICP-treated samples featured a lower 𝑟 𝑢 value (well below 1.0) at both shaking levels, which demonstrates the increased ability to resist dynamic loading. When subjected to a series of ground motions, at first, the trend of increments in shaking-induced settlements and their magnitudes in MICP-treated samples were similar to those of dense untreated sand. After a certain amount of degradation of cementation was achieved, the settlements of MICP-treated samples showed an increase, similarly to loosely untreated sand. But the settlement values were still smaller than those for the loose untreated sand, which indicates an improvement in resistance to cyclic loading. [START_REF] Darby | Centrifuge Model testing of liquefaction mitigation via microbially induced calcite precipitation[END_REF] also applied repeated shakings to centrifuge models of untreated and MICP-treated Ottawa sand (DR = 38 and 53%) with low (0.8%), moderate (1.4%) and high (2.2%) CaCO3 contents. Results showed that moderately and heavily MICP-treated sand needed larger peak base accelerations (PBAs) to trigger liquefaction than untreated loose and medium sands, with values of 0.17g, 0.45g, 0.06g and 0.12g, respectively. For lightly cemented sand, the PBA to trigger liquefaction was between those of untreated loose and medium-dense sands: The higher the cementation level, the higher the PBAs to trigger liquefaction.

Interestingly, higher maximum surface accelerations values were obtained by [START_REF] Montoya | Liquefaction mitigation using microbial induced calcite precipitation[END_REF] in MICPtreated samples compared to loosely untreated sand under high (0.7 g) shaking dynamic loading. Zhang et al. (2020) also found that surface accelerations of MICP-treated calcareous sand in shaking table tests were amplified. Of course, these results are related to the higher stiffness of treated soil. The undesirable higher surface motions need to be considered when applying MICP methods in-situ.

The conclusion of these tests is that MICP-treated specimens need higher accelerations to trigger liquefaction, and that the treatment can help reducing excess pore pressure and settlements, which can help them to resist cyclic loadings. The conclusions of centrifuge tests are highly consistent with those of undrained cyclic triaxial tests, but they are also based on a very small number of tests and remain mostly qualitative.

Hydraulic properties of MICP-treated soils

Permeability (𝑘) is a crucial geotechnical parameter to describe fluid flow in soil. It reflects how easily the fluid is able to pass through the pores. In soil columns, permeability is usually measured by constant head tests (for coarse grained soil) or falling head tests (for fine grained soil). Fig. 7 shows the change in normalized permeability, i.e., the ratio of permeability after MICP treatment to its initial value before treatment, as a function of the carbonate content deposited in the soil, and Table 3 indicates the parameters of the permeability tests in the literature.

After MICP treatment, the permeability of the soil is usually changed. In most cases, permeability is reduced by less than 1 order to 2 orders of magnitude. For example, in the study of [START_REF] Yasuhara | Experiments and predictions of physical properties of sand cemented by enzymatically-induced carbonate precipitation[END_REF], the 𝑘 values dropped from 4 × 10 -4 m/s to 10 -6 -10 -7 m/s. The treatments of [START_REF] Eryürük | Effects of bentonite and yeast extract as nutrient on decrease in hydraulic conductivity of porous media due to CaCO3 precipitation induced by Sporosarcina pasteurii[END_REF] reduced 𝑘 from 8.4 × 10 -3 -4.1 × 10 - 5 m/s to 9.9 × 10 -6 -2.1 × 10 -8 m/s. The results of [START_REF] Wen | Development of an improved immersing method to enhance microbial induced calcite precipitation treated sandy soil through multiple treatments in low cementation media concentration[END_REF] indicated that the permeability was reduced from 1.4 × 10 -3 m/s to 1 × 10 -5 m/s after four treatment injections. A marked reduction was seen during the first treatment, followed by gradual reduction. On the other hand, the 𝑘 values experienced only one, or less than one, order of reduction (from 10 -7 to 10 -8 m/s) in the study of Safavizadeh et al. (2017). In some cases, permeability stayed almost unchanged. [START_REF] Whiffin | Microbial CaCO3 precipitation for the production of biocement[END_REF] observed a minor decrease of 2-14 % of the porosity and almost unchanged permeability. [START_REF] Jiang | Microbially induced carbonate precipitation for seepage-induced internal erosion control in sand-clay mixtures[END_REF] found that MICP-treated sand-gravel mixed soil showed a limited reduction of 𝑘 after treatment, the increase in cementation concentration having only a slight effect on the reduction of 𝑘.

As reported in [START_REF] El-Latief | Strengthening of the permeability of sandy soil by different grouting materials for seepage reduction[END_REF] suspension-based fine grouts (cement grouts, cement-bentonite grouts and clay grouts) decrease the permeability of about 3-5 orders of magnitude, and chemical grouts (acrylamide grout, NMA grout) reduce permeability of about 6-8 orders of magnitude. An advantage of MICP-treatment is that soils can retain a relatively high permeability compared to other grouting methods. For example, higher permeability can reduce the failure risk of a foundation (such as that of hydraulic structures) by lowering the uplift of pore water pressure, which in turn lowers the cost of construction and installation of a drainage system in-situ [START_REF] Cheng | Cementation of sand soil by microbially induced calcite precipitation at various degrees of saturation[END_REF]. And it also permits additional treatment in terms of engineering requirements.

In Fig. 7, the general trend is that permeability decreases as the CaCO3 content increases. Loss of permeability in MICP-treated soil is caused by (i) reduction of porosity, due to the occupation of the space by forming CaCO3 crystals [START_REF] Martinez | Bio-mediated soil improvement: Load transfer mechanisms at the micro-and macro-scales Brian[END_REF], (ii) plugging by the forming crystals in pore space or pore throats [START_REF] Stocks-Fischer | Microbiological precipitation of CaCO3[END_REF]), (iii) bio-clogging by the biomass or related metabolic products [START_REF] Ivanov | Applications of microorganisms to geotechnical engineering for bioclogging and biocementation of soil in situ[END_REF], Al Qabany and Soga 2013[START_REF] Farah | Durability of bioclogging treatment of soils[END_REF]. These different causes are very difficult to discriminate in the test results. The reduction of porosity is seldom measured or mentioned in the papers. In Fig. 7, the points are very scattered and, for the same calcium carbonate content, there are large differences in the degree of reduction. This phenomenon is caused by the initial pore characteristics of the soil and precipitation patterns of CaCO3 in the pore spaces due to the different treatment protocols. Al Qabany and Soga (2013) studied the effect of the concentration of the cementation solution on the reduction of permeability. At high concentrations (1M), permeability experienced a sharp drop once the CaCO3 started to precipitate because it produced large crystals that plugged locally the samples. At low concentrations (0.25 M), permeability declined more gradually and the points were more scattered. In that case, the deposition of CaCO3 crystals was more progressive and homogenous, and the decrease in permeability was negligible [START_REF] Dejong | Bio-mediated soil improvement[END_REF]. Concerning the effect of relative density, the normalized permeability decreased faster in denser soils (DR > 70%) than in looser soils (DR < 60%) (Al Qabany and Soga 2013). In MICP-treated soils with relative densities of 85, 90 and 95%, the normalized permeability was reduced to 0.46, 0.39, 0.26, respectively [START_REF] Soon | Improvements in engineering properties of soils through microbial-induced calcite precipitation[END_REF]. But in Fig. 7, we cannot conclude on the effect of relative density, because of the difference in the MICP treatments. Regarding the influence of particle morphology [START_REF] Song | The influence of particle morphology on microbially induced CaCO3 clogging in granular media[END_REF], spherical particles led to larger CaCO3 contents and lower permeability reduction than non-spherical and angular particles after the same MICP treatment. In the test on spherical particles, CaCO3 crystals distributed uniformly and were generated continuously on the particle surface probably because of the even adhesion of bacteria. And the reduction of permeability caused by occupation of CaCO3 was not obvious. For non-spherical and angular particles, CaCO3 crystals were located only on some parts of soil surface due to the roughness of soil particles. These CaCO3 

Microscopic studies

In addition to these relatively macro-scale studies, it is vital to understand more about the molecular-level chemical and biological processes [START_REF] Li | FIB/SEM imaging of microbial induced calcite precipitation in sandy soil[END_REF], Wang et al. 2017), in order to improve CaCO3 repartition in the soil and to apply this technique to real works with various requirements. Common techniques used in various references of MICP studies include scanning electron microscopy (SEM) [START_REF] Dejong | Microbially induced cementation to control sand response to undrained shear[END_REF][START_REF] Van Paassen | Biogrout: ground improvement by microbially induced carbonate precipitation[END_REF], Cheng et al. 2013[START_REF] Soon | Improvements in engineering properties of soils through microbial-induced calcite precipitation[END_REF][START_REF] Choi | Mortar crack repair using microbial induced calcite precipitation method[END_REF][START_REF] Simatupang | Liquefaction resistance of sand remediated with carbonate precipitation at different degrees of saturation during curing[END_REF][START_REF] Liang | Using recycled calcium sources to solidify sandy soil through microbial induced carbonate precipitation[END_REF][START_REF] Choi | Effect of chemical concentrations on strength and crystal size of biocemented sand[END_REF]), X-ray diffraction (XRD) [START_REF] Sarda | Biocalcification by Bacillus pasteurii urease: A novel application[END_REF][START_REF] Ghosh | Sporosarcina pasteurii can form nanoscale calcium carbonate crystals on cell surface[END_REF][START_REF] Omoregie | Low-cost cultivation of Sporosarcina pasteurii strain in foodgrade yeast extract medium for microbially induced carbonate precipitation (MICP) application[END_REF], Fourier-transform infrared (FT-IR) spectroscopy [START_REF] Dhami | Biomineralization of calcium carbonate polymorphs by the bacterial strains isolated from calcareous sites[END_REF][START_REF] Cardoso | Effects of clay's chemical interactions on biocementation[END_REF], confocal and Raman spectroscopy [START_REF] Nehrke | Confocal Raman microscope mapping as a tool to describe different mineral and organic phases at high spatial resolution within marine biogenic carbonates: Case study on Nerita undata (Gastropoda, Neritopsina)[END_REF][START_REF] Connolly | Construction of two ureolytic model organisms for the study of microbially induced calcium carbonate precipitation[END_REF][START_REF] Dhami | Biomineralization of calcium carbonate polymorphs by the bacterial strains isolated from calcareous sites[END_REF], µ-CT (Dadda et al. 2017, Terzis andLaloui 2019), etc. Evidence obtained from microscopic studies shows that bacteria serve as nucleation sites [START_REF] Gat | Accelerated microbial-induced CaCO3 precipitation in a defined coculture of ureolytic and non-ureolytic bacteria[END_REF][START_REF] Ghosh | Sporosarcina pasteurii can form nanoscale calcium carbonate crystals on cell surface[END_REF]) and influence the CaCO3 crystals formation. [START_REF] Dhami | Biomineralization of calcium carbonate polymorphs by the bacterial strains isolated from calcareous sites[END_REF] shed light on the process of bacteria providing nucleation sites for CaCO3 precipitation by capturing bacterial imprints on the surface of CaCO3 crystals. Results of [START_REF] Ghosh | Sporosarcina pasteurii can form nanoscale calcium carbonate crystals on cell surface[END_REF] gave direct evidence that nanometer-sized CaCO3 crystals deposited on the cell surface of S. pasteurii. They clarified the nucleation sites provided by bacteria and the likely nucleation routes using field emission scanning electron microscopy (FESEM) with Energy Dispersive X-Ray Spectroscopy (EDS), and high resolution transmission electron microscopy (TEM). Using XRD tests, van Paassen et al. (2009) concluded that vaterite and calcite are the dominant crystals at high and low urea hydrolysis rates, respectively.

Metabolic products secreted by bacteria also affect precipitation, e.g. by trapping calcium ions or as a result of specific proteins that influence precipitation [START_REF] Kawaguchi | A laboratory investigation of cyanobacterial extracellular polymeric secretions (EPS) in influencing CaCO3 polymorphism[END_REF]. [START_REF] Schultze-Lam | Participation of a cyanobacterial S layer in fine-grain mineral formation[END_REF] showed that the proteinaceous S-layer (part of the cell envelope composed by proteins) plays a part in the mineralization process. [START_REF] Ercole | Calcium carbonate mineralization: involvement of extracellular polymeric materials isolated from calcifying bacteria[END_REF] found that both exopolysaccharides (EPS, natural high-molecular-weight polymers composed of sugar residues that are secreted by microorganisms) and capsular polysaccharides (CPS, polysaccharides layers that are part of the outer envelope of a bacterial cell) isolated from different calcifying bacteria could take part in the precipitation process by serving as nucleation sites as well as playing a direct role in CaCO3 formation. [START_REF] Dhami | Biomineralization of calcium carbonate polymorphs by the bacterial strains isolated from calcareous sites[END_REF] concluded that EPS can specifically combine with Ca 2+ and induce CaCO3 precipitation. Specific functional groups on EPS influence the extent and types of precipitation (crystals or amorphous organominerals) [START_REF] Decho | Overview of biopolymer-induced mineralization: What goes on in biofilms?[END_REF]. Nevertheless, there is still much unknown about the precise role of the S-layer and EPS in the process of MICP. Knowledge about these mechanisms could be quite interesting to optimize the use of bacteria.

Microscopic images (e.g. SEM with EDS) contributed to the visualization of microstructures of MICP treated soil (i.e., distributions of CaCO3 and the determination of the characteristics of CaCO3 crystals), which are quite important to explain the differences in macroscopic engineering properties. For example, [START_REF] Cheng | Cementation of sand soil by microbially induced calcite precipitation at various degrees of saturation[END_REF] presented images of MICP-treated sand at 100% and 20% degree of saturation. In the images of saturated samples, CaCO3 crystals were distributed not only at particle contacts, but also on particle surface and in pore fluids. By contrast, at 20% of saturation, CaCO3 mainly precipitated at particle contacts, which resulted in relatively higher UCS values and lower CaCO3 contents. [START_REF] Soon | Factors affecting improvement in engineering properties of residual soil through microbial-induced calcite precipitation[END_REF] proved that the CaCO3 produced by MICP formed on the soil particles as well as at particle contacts, and highlighted the bonds between soil particles in SEM images. Images of [START_REF] Lin | Mechanical behavior of sands treated by microbially induced carbonate precipitation[END_REF] showed that CaCO3 crystals contributed to contact cementing and matrix supporting between soil particles, which helped increase strength and stiffness in MICP-treated soils.

Characteristics of CaCO3 crystals are important for improving engineering properties. [START_REF] Dadda | Characterization of microstructural and physical properties changes in biocemented sand using 3D X-ray microtomography[END_REF] used synchrotron X-ray tomography combined with computed 3D images to study the microstructure (volume fraction and specific area of CaCO3) and physical properties (permeability, effective diffusion) of MICP-treated soil. They concluded that the average thickness of the CaCO3e layer was 6-7 µm. Their 3D images also showed that the specific surface area increases slightly when the volume fraction of CaCO3 is less than 10%, and it decreases slightly when the CaCO3 volume is larger than 10% owning to the new created particle contacts. [START_REF] Wang | A microfluidic chip and its use in characterising the particle-scale behaviour of microbial-induced carbonate precipitation (MICP)[END_REF] and [START_REF] Marzin | Using Microfluidic set-up to determine the adsorption rate of Sporosarcina pasteurii bacteria on sandstone[END_REF] observed the whole process of MICP and the evolution of CaCO3 by using a transparent microfluidic chip combined with an optical microscope. [START_REF] Terzis | Cell-free soil bio-cementation with strength, dilatancy and fabric characterization[END_REF] used time-lapse video microscopy and X-ray micro-computed tomography (µ-CT) combined with 3D volume reconstruction to characterize qualitatively the number, sizes, orientations and purity of CaCO3. They found that a medium-grained sand gained larger CaCO3 crystals and more homogeneous distribution of precipitations compared to the fine-grained Itterbeck sand. Another crucial finding is that the average mass of bonds does not necessarily yield the expected mechanical response, because the mechanical behaviour is also related to the intrinsic properties of the soils and the fabric of biocemented soil.

Conclusions

Based on the above analysis, the following conclusions can be drawn:

• UCS increases with increasing CaCO3 content. In the range of calcium carbonate percentages used in practice (i.e. smaller than 5%), the results show that one can expect an UCS up to 1.4 MPa (e.g., for 5%, 0.7 MPa ± 0.7 MPa). For a given CaCO3 percentage, the densest specimens, and the specimens with the more widespread grain size distribution, feature the highest UCS.

• When subjected to monotonic loadings, MICP-treated soils show an increase in the peak properties, an indefinite increase in friction angle and a large increase in cohesion with the CaCO3 content. Concerning the dilative behavior, the results are rather dispersed and depend on the level of cementation and confining stress.

• When subjected to cyclic/dynamic loadings (triaxial, simple shear or centrifuge tests), marked enhancement can be seen in lowering the pore pressure generation, reducing the strains, decreasing peak base acceleration (to trigger liquefaction) and number of cycles to reach liquefaction in MICP-treated soil. The effect of MICP is more important for 10 cycles than for 100 cycles, and when the initial relative density of the soil is lower. For the same initial relative density, the normalized CSRnorm increases with the CaCO3 content. MICP-treated soils feature a progressive soil to rock transition for an increasing cementation level.

• Similarly, the shear wave velocity 𝑉 𝑠 increases with increasing cementation level (CaCO3 content) but, as for the other properties, this increase highly depends on where CaCO3 crystals precipitate: if precipitation takes place at particle-particle contacts, the increase in 𝑉 𝑠 is important. Growing CaCO3 crystals on the soil particle surface is less efficient but may eventually enhance properties as well. In most cases, for every 1% CaCO3 precipitated, more than 1fold 𝑉 𝑠 increment can be expected.

• In most cases, the drop in permeability due to MICP treatment limited to less than 1 to 3 orders of magnitude. Normalized permeability decreases with increasing CaCO3 content. The decrease is larger when the cementation solution is more concentrated, and in more angular soils.

• The data of the literature (normalized UCS, 𝑉 𝑠 , and especially 𝑘 values) are very scattered, which is caused by using various materials (soils, strains of bacteria) and MICP protocols. Incorporating parameters that reflect soil characteristics (e.g. size, particle-particle contact), possible spatial distribution of CaCO3, etc., could help establish advanced relationships between CaCO3 content and UCS/𝑉 𝑠 /𝑘.

• The formation of calcium carbonate results in an increase in the dry density of the samples that may play a major part in the improvement of the soil properties, such as peak maximum deviator, resistance to liquefaction, etc. Many researchers have pointed out that the enhancement of soil properties by MICP cementation was equivalent to an increase in density, but it is not clear whether they speak of the real density increase or of the bonding of particles. This important phenomenon must be taken into account in the analyses.

• Though abundant conclusions can be drawn, there is still much work left for further studies. The previous conclusions are based on too few tests and the data of the tests are often partial or missing. This technique still needs to progress in the way of lowering cost, maximizing efficiency and adapting to goals. A few suggestions for future studies are listed below,

• MICP-treatment of soils with different compositions: Most of the existing studies use quartz sands. Because the soils to be used in-situ during construction are imposed, the studies should include different soils.

• The grain size range and grading of effective MICP treatment considering in-situ injection: The lower boundary size of grains (in order not to inhibit the transport of bacteria in the pore space) was discussed in [START_REF] Dejong | Bio-mediated soil improvement[END_REF]. On the other hand, most studies have been carried out on fine sands with limited size range (usually less than 1 mm), as shown in Fig. 2(b), Table 1 andTable 3. Very few studies explore extended grain range and relatively larger grains that are important for engineering use.

• The optimal protocols for various soils: For different soils, the varying physical characteristics might influence the efficiency of the treatment. Thus, it is essential to establish a comprehensive protocol for the application of MICP method to various soils, which will benefit its practical use in real works.

• The performance of MICP-treated soil on various loading paths: In the literature, very few studies have been carried out on the effect of loading paths and crucial parameters such as confining pressure, cyclic frequency, waveform, overconsolidation degree, etc. In most papers, shearing results are presented whereas, in terms of real applications, various environmental loadings could be met. Hence, mechanical behavior of MICP-treated soil should be explored more thoroughly.

• The role of EPS during MICP process: Microscopic studies have shown the role of EPS during MICP process, such as helping the formation of CaCO3 and taking part in crystal formation. But other effects of EPS are almost unknown. It would be quite interesting to study the precise role of EPS to understand more about the basic microscopic mechanisms to optimize the MICP technique.
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 3 Fig. 3 Normalized shear wave velocity as a function of calcium carbonate content from various articles

  Fig. 4 Reinterpretation of the results of the literature [pp: perfect plasticity, peak: maximum strength; res.: residual strength after peak]

  Feng and Montoya 2016, Cui et al. 2021) observed a decrease in friction angle when the calcite content increased, while most others highlighted an increase in friction angle, for instance, from 33-35° to 49-51° for[START_REF] Terzis | Cell-free soil bio-cementation with strength, dilatancy and fabric characterization[END_REF], from 40° to 50° forEsnault-Filet et al. (2019) in the case of Fontainebleau sand (d50 = 0.21 mm, Cu = 1.5). Interesting results were published by[START_REF] Montoya | Stress-strain behavior of sands cemented by microbially induced calcite precipitation[END_REF] who carried out drained tests on Ottawa 50-70 sand at a confining stress of 100 kPa on different loading paths (axial compression, constant p and radial extension).
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 6 Fig. 6 Ratio of CSR of treated soils to CSR of untreated soils and corresponding CaCO3 contents (a) for a number of 10 cycles leading to liquefaction, (b) for a number of 100 cycles leading to liquefaction and (c) as a function of the CaCO3 percentage for relative densities ranging from 40-50%
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Table 1

 1 Parameters of the shear wave velocity tests in the literature

	Reference	Bacteria	Sand	d50 (mm)	Relative density	Cu	Confining pressure (kPa)
	(Weil et al. 2012)	S. pasteurii	Ottawa 50-70 Ottawa 20-30	0.12 0.7	40-60	1.4 1.17	100
	(Martinez et al. 2013)	S. pasteurii	Ottawa 50-70	0.21	78-100	1.4	100
	(Montoya et al. 2013)	S. pasteurii	Ottawa 50-70	0.22	40	1.4	-
	(Dejong et al. 2014)	S. pasteurii	Ottawa 50-70	0.21	84	1.4	-
	(Lin et al. 2016)	S. pasteurii	Ottawa 50-70 Ottawa 20-30	0.33 0.71	41 39	1.43 1.17	25, 50, 100
	(Montoya and Dejong 2015)	S. pasteurii	Ottawa 50-70	0.22	31-45	1.4	100
	(Feng and Montoya 2017)	S. pasteurii	Ottawa 50-70	0.22	38	1.4	100
	(O'Donnell et al. 2017)	Denitrifying bacteria	Ottawa 20-30 Huntington beach sand	*0.85 0.55	21-51 67	--	3
			SM	*0.15		2.3	
				*0.97-1.59		6.6-10.1	
	(Gomez and Dejong 2017)	Native soil microorganism	SP	*0.26 *1.95	50-65	7.7 1.6	60, 100
			SP-SC	*0.38-0.51		4.4-7.3	
			SP-SM	*0.21-0.28		3.2-3.6	
	(Gomez et al. 2018)	Native soil microorganism	Concrete sand Monterey sand	--	--	--	--

* values inferred from the context values not given in the text

Table 2

 2 Reinterpretation of the results of[START_REF] Montoya | Stress-strain behavior of sands cemented by microbially induced calcite precipitation[END_REF] 

	MICP treatment: CaCO3 content 0	1%	-1.3% 3.1% 5.3%
	𝑉 𝑠 (m/s)	190 300 450 650 1100 1400
	Interpretation of Montoya	c (kPa) 0	0	0	0	0	0
	and Dejong (2015)	ϕ (°) 33 33.6 37.4 39.2 41.5 43.7
	Re-interpretation of the	c (kPa) 0	10	35	55	85	95
	results	ϕ (°) 31.7 30.3 31.1 31.1 31.1 31.1

Table 3

 3 Parameters of permeability tests in the literature

	Reference	Sand		d50 (mm)	Cu	DR (%)	Porosity	Bacteria
	(Cheng et al. 2013)	Fine sand Coarse sand	0.205 0.7	1.57 1.39	-	0.39	Bacillus sphaericus
	(Martinez et al. 2013)	Ottawa 50-70	0.21	1.4	78-100	0.34-0.38	S. pasteurii
	(Al Qabany and Soga 2013)	Grade D silica sand	0.165	-	20-100	0.585-0.907	S. pasteurii
	(Soon et al. 2014)	Tropical residual soil (silt)	<0.05	-	90	-	Bacillus megaterium
	(Cheng et al. 2017)	SP			1.65	95	0.4915	Bacillus sphaericus
		Artificial silica				
	(Song et al. 2019)	Intact Ottawa	*0.21	-	-	0.385-0.401	S. pasteurii
		Crushed Ottawa				
	* values inferred from the context	-values not given in the text		
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