

  applsci-12-10447




applsci-12-10447







Appl. Sci. 2022, 12(20), 10447; doi:10.3390/app122010447




Article



Water Retention Curve of Biocemented Sands Using MIP Results



Rafaela Cardoso 1,*, Joana Vieira 2 and Inês Borges 1,3[image: Orcid]





1



CERIS, Instituto Superior Técnico, University of Lisbon, Av. Rovisco Pais, 1, 1049-001 Lisboa, Portugal






2



Instituto Superior Técnico, University of Lisbon, 1049-001 Lisboa, Portugal






3



INESC-MN, R Alves Redol, 9, 1000-029 Lisbon, Portugal









*



Correspondence: rafaela.cardoso@tecnico.ulisboa.pt; Tel.: +351-218418422







Academic Editor: Maria Mavroulidou



Received: 6 September 2022 / Accepted: 9 October 2022 / Published: 17 October 2022



Abstract

:

Featured Application


WRC, MIP, biocementation, and sands.




Abstract


Biocementation is a soil treatment technique wherein bacteria living in soil pores promote the precipitation of calcium carbonate. One of the most recent applications of this treatment is to provide resistance against the erosion of slopes by creating a resistant cover but still allowing infiltration to avoid water runoff. For modeling infiltration, it is fundamental to know the water retention curve of the treated material. This may not be an easy task because the soils most suitable for biocementation treatment are sands, due to their large pore sizes and consequent high permeability. The water retention curves (WRCs) of such types of soil are characterized for having a very small air entry value, followed by an almost-horizontal zone, which cannot be measured by using the vapor equilibrium, most of the existing sensors, or a water dewpoint potentiometer. Data from mercury intrusion porosimetry (MIP) tests can be used as an alternative to find the WRC, and this is explored in this paper. The model for the water retention curve presented considers the deformability of the soil during the MIP test, assuming an isotropic elastic behavior. The WRC derived from the MIP tests is well-fitted to the points measured by using a water dewpoint psychrometer (only for suctions above 1 MPa) and vapor equilibrium.
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1. Introduction


Biocementation is a soil treatment technique wherein bacteria living in soil pores promote the precipitation of calcium carbonate (biocement). This biocement bonds soil particles and therefore improves the overall mechanical behavior and reduces permeability (see Reference [1], for example). The improvement effect depends on the amount precipitated, soil density, and grading size distribution [2,3]. The process depends on the hydrolysis of urea, CO(NH2)2, (Equation (1)) releasing carbonate ions CO32−. Calcium carbonate, CaCO3, precipitates in the presence of a feeding solution containing calcium ions, Ca2+ (Equation (2)).



This soil treatment technique is mostly adopted to increase the load-bearing capacity of foundations [1,4], provide resistance to erosion and against liquefaction [5,6,7], and decrease permeability in barriers [8]. Recently, it was used for reducing the collapse potential of soils [9,10]. The soils most adequate for this treatment are sandy soils because of their relatively large pore size with consequent high permeability, which is necessary for the circulation of the treatment fluid and compatible with bacteria size [11]. When using this technique in real cases, it is important to predict the improvement achieved (amount of calcium carbonate, strength increment, and permeability reduction) and trust in its durability. To help with such a purpose, it is important to model infiltration, as it occurs during the treatment and in service conditions, especially by taking into consideration most of the applications of this treatment. For example, one of the most recent applications of this treatment is to provide resistance against erosion of slopes by creating a resistant cover but still allowing infiltration in order to avoid water runoff. Therefore, it is fundamental to know the water retention curve of the treated material. The study of the unsaturated behavior of biocemented soils and, in particular, their water-retention properties, is relatively new, and no references were found in terms of water retention curves [12,13], which are required for numerical modeling:


CO(NH2)2 + 2 H2O → CO32− + 2 NH4+



(1)






Ca2+ + CO32− → CaCO3



(2)







The water retention curves (WRCs) of sandy soils are characterized by having a very small air entry value, followed by an almost horizontal zone and then a sharp transition for the highest suctions at the residual water content [14,15]. The air entry value is small because the pores sizes are very large, in proportion to the grains size. The sharp transition occurs when the water in the soil pores is no longer in the free form but is adsorbed into the grains. Because the particles are mainly silt instead of clay minerals, the amount of adsorbed water is very low so the water content when this transition occurs (named as residual water content) is also very low. Therefore, the water retention curve depends on pore size distribution, and this is the origin of the definition of the water retention curve, firstly defined as a tool to estimate soil permeability [16,17]. Naturally that the changes of water-retention properties were then investigated as a function of the evolution of pore size distribution caused by grading size distribution, as well as stress and suction changes [18,19,20]. Further studies allowed us to better understand the coupled hydro-mechanical behavior of the soils occurring during wetting and drying, particularly when volume changes caused by water absorption and desorption were relevant (clayey soils), and how this behavior was affecting the measurement of the water retention curves (for example, see References [15,21,22,23,24]). Later, the WRCs were incorporated into constitutive models for unsaturated soils to reflect this coupled behavior (for example, see References [25,26,27]).



Because the water retention curve is dependent on the pore size distribution, the information on pore size can naturally be used for its determination, and the data from mercury intrusion porosimetry (MIP) tests earn relevance. Data from mercury intrusion porosimetry tests can be used as an alternative to direct suction measurement for drying paths that use data from the intrusion of non-wetting mercury, considering it to be equivalent to air entry into the soil. This has been investigated by others [15,28,29,30,31,32,33,34] mainly for clayey soils and is explored in this paper for sandy soils. Although it is assumed that the soil volume remains constant during mercury intrusion, for active clayey soils, the consideration of some deformation helps in regard to adjusting the WRC from MIP to experimental data [35].



As far as the authors know, the studies using MIP data to estimate the WRC were performed for soils with a significant fine fraction, and the adjustment was very successful for the small suctions range, below the air entry value [16]. However, for the entire suction range, the curve had to be corrected to consider soil deformation occurring during the measurement of WRC due to soil–water interaction, namely volume changes, which are not occurring during MIP tests because mercury is used instead of water [19,36]. In fact, in clayey soils, the volume changes occur when mobilizing the water in the inter-aggregates (free, macrostructural water), which is between the air entry value and the residual water content, while almost no volume changes occur above the residual water content because it is when the water in the aggregates (adsorbed water) is mobilized, and the energy required is very high. For sandy soils, there is no adsorbed water by the sand particles (mainly quartz), and therefore no deformations are expected to occur as a result of the water–soil interaction explained by expansibility. However, sandy soils can also experience marked deformations due to changes in capillary forces, for example, when collapse occurs because suction is providing stability to their open structure. Anyway, the perfect adjustment of the curves from MIP and WRC is not expected, because some simplifications are adopted in MIP tests, such as (i) no deformations occur during the intrusion, (ii) pore geometry is characterized by a series of capillary cylindrical pores, (iii) all pores are connected and accessed by the mercury, and (iv) there is no influence of the air trapped in the pores or the presence of adsorbed water in the case of clay aggregates.



To take some of these limitations into consideration, the model for the water retention curve presented in this paper considers the deformability of the soil during the intrusion, assuming an isotropic elastic behavior, until a minimum void ratio defined by the maximum volume of mercury intruded. The model was tested in this study to find the WRC of a sandy soil extracted from a slope before and after being treated by using biocementation. The model was calibrated by using data from oedometer tests performed to measure the saturated and unsaturated compressibility indexes of the soil. The definition of this model explores alternative ways to find information about the WRC when the equipment available is not able to measure low suctions. Therefore, the water retention curve was measured by using WP4 (suctions above 1 MPa) and mercury intrusion porosimetry tests, MIP. Complementary tests were also performed, such as permeability tests (saturated permeability), mineralogical analysis by X-Ray diffractometry, XRD, and visualization by using Scanning Electron Microscope, SEM), to confirm that biocementation occurred.




2. Model Proposed


The water retention curve can be derived from pore-size-distribution data. The model proposed by Romero et al. [15] for clayey soils was adopted as a starting point; however, it was adapted to discard the adsorbed water at the level of the microstructure and its volume change, and, instead, it considered the deformation of the soil skeleton resulting from the intrusion process [35]. In this study, it was assumed that, although the intruded mercury would fill both the void’s volume of the sample (inner volume) and the space between the sample and the sample holder (outer volume), there would be differences because some air can be trapped in the sample voids, and some of those cannot be accessed due to soil structure. Because it is difficult to characterize this differential, it is assumed that the exterior mercury was applying pressure in a material with some compressible air trapped in closed and inaccessible pores, and that the material behaves elastically under isotropic compression. Only the drying path of the WRC was simulated, because the intrusion of non-wetting mercury in MIP tests is equivalent to air entry during drying.



The suction, s, can be computed directly from mercury pressure, pHg, using the Laplace equation (Equation (3)):


  s =    T w  c o s  θ w     T  H g   c o s  θ  H g      p  H g    



(3)




where Tw and THg are the surface tensions of water and mercury, respectively (Tw = 0.073 N/m and THg = 0.489 N/m); and θw and θHg are the contact angles of water and mercury, respectively (θw = 0° and θHg = 120°).



As defined by Romero et al. [15], the degree of saturation, Sr, can be computed by using Equation (4), and the water content can be computed by using Equation (5):


   S r  =  (  1 −  S  r m    )  +    w  r e s      w  s a t      S  r m    



(4)






  w =  (  1 −  S  r m    )   (   w  s a t   −  w  r e s    )  +  w  r e s    



(5)







In both equations, Srm is the degree of saturation computed by considering the volume of mercury intruded until that step in relation to the maximum volume of intruded mercury (Equation (6)), and wres represents the voids that cannot be filled with mercury (Equation (7)). Both parameters are determined by knowing the eMIP, the void ratio filled with mercury until the current stage (volume of mercury intruded divided by the volume of solids of the sample), and eMIP,max, the maximum void ratio that was filled in the intrusion phase (maximum volume of mercury intruded divided by the volume of solids of the sample). Finally, wsat is the water content of the soil when fully saturated. The void ratio, e, at preparation is determined as usual (Equation (8), where Gs is the density of the solid particles):


   S  r m   =    e  M I P      e  M I P , m a x     =    V  i n t r u d e d      V  m a x , i n t r u d e d      



(6)






   w  r e s   =   e −  e  M I P , m a x      G s     



(7)






   w  s a t   =  e   G s     



(8)







Parameter wres in the model proposed here is updated during the intrusion process to consider changes in the void ratio, Δe (Equation (9)), of the soil when compressed inside the intrusion penetrometer. These changes are assumed to be isotropic and elastic during intrusion, and therefore the elastic compressibility index, κ, is adopted to compute the reduction in void ratio during compression caused by increasing mercury pressure (Equation (10)). From a physical point of view, it must be ensured that the void ratio computed while considering volume changes must be larger than eMIP,max:


   w  r e s   =   e − ∆ e −  e  M I P , m a x      G s     



(9)






  ∆ e = − κ Δ l n  p  H g    



(10)








3. Materials and Methods


3.1. Soil and Soil Samples


A well-graded quarzitic sand, classified as SW according to the Unified Soil Classification System, was used in this work. The grading size distribution of this soil is in Figure 1, presenting an average diameter of D50 = 0.65 mm and 1.2% of particles with a diameter of D < 0.075 mm. The volumetric weight of the solid particles is 26.1 kN/m3.



The samples tested were prepared with dry volumetric weight of 16.5 kN/m3 and water content of 5% to reproduce in situ conditions (initial void ratio is e = 0.58). This amount of water was enough to prepare a fluid sandy material that was homogeneous. They were mounted in oedometric stainless steel rings to perform oedometer and permeability tests and have samples to extract pieces for other tests. The material was premixed with distilled water before being placed by tamping in the rings (7 cm diameter and 2 cm height). Previous studies have shown that the soil has a moderate collapse potential [37] because the collapse index is 7.9%, as determined by using ASTM D5333-03 [38] (collapse deformation measured when the soil is fully saturated under the vertical stress of 200 kPa), which corresponds to a soil classified as having moderately severe collapse potential.




3.2. Bacteria and Feeding Solution


The bacteria used were from the species Bacillus pasteurii; such bacteria are non-pathogenic and very common in soils. The composition of the culture medium was 20 g/L yeast extract, 10 g/L of ammonium sulphate, and 0.13 M Tris buffer pH 9.0. They were grown at 30 °C until reaching an optical density of 1 measured for 600 nm (OD600). This corresponds to approximately 108 cells/mL. The composition of the feeding solution is of 0.5 M urea (30.03 g/L) and 0.5 M (55.40 g/L) of calcium chloride (calcium source), 1:10 diluted growth medium, 2.12 g/L of sodium bicarbonate, and 10 g/L of ammonium chloride.




3.3. Biocementation Treatment


The samples reserved for the biocementation treatment were placed above a plastic grid, which measured 0.5 cm in thickness, inside an empty plastic reservoir. The grid allowed us to create a gap between their bottom and that of the reservoir, so that the fluids with bacteria and with feeding solution could flow through the samples (see Figure 2).



Bacteria and feeding solution were added to the soil in the first three days of treatment, using a syringe to drop the fluid in the entire surface. Void volume, VV, was added each day; one-third of this volume (1/3VV) consisted of bacteria solution, and the other two-thirds of void volume (2/3VV) consisted of feeding solution. Then the samples were submerged in the feeding solution for the last three days. It can be assumed that all the samples were fully saturated during and after the treatment.




3.4. Tests Performed


3.4.1. Oedometer Tests


All the samples treated with water and with bacteria were dried to have known and constant suction. Drying was applied in a laboratory environment (relative humidity was RH = 53%, and temperature was T = 20 ± 1 °C, approx.) for 48 h. This period was enough to completely dry the samples, with their weight being controlled during this time to become stable after 24 h. Final suction was measured by using water potentiometer equipment (WP4).



For the unsaturated test, the samples were loaded and dried in a laboratory environment. For the saturated test, the samples were fully saturated after being dried so that the two tests could be compared by considering the same yielding space at (s:p) space [39]. Although the model proposed by Alonso et al. [39] is not applied to sandy soils, it was used to define the saturated and unsaturated compressibility, as well as yielding stresses and the elastic compressibility on wetting.



The loading path of the oedometer tests was 25, 50, 100, 200, 400, 800, and 1200 kPa, and the unloading was 400 and 25 kPa. The load increments were applied each 24 h. Full saturation was applied by submersion, using distilled water for both the treated and untreated samples. For the saturated test, the sample was fully saturated under 50 kPa. For the unsaturated test, full saturation was applied under 1200 kPa, with one unload–reload cycle being applied at stresses 800-400-800 kPa before the final load increment to 1200 kPa and full saturation in order to measure the unsaturated elastic compressibility index. The choice of this interval for unloading was to be sure that yielding would occur. There is no relevance for the choice of this interval, assuming that the soil behavior is elastic because the amount of biocement measured should not be very high.




3.4.2. Saturated Permeability


A falling water head test was performed to measure the saturated permeability by adapting a triaxial cell to the size of oedometer samples [37]. The sample was placed in the base of a triaxial cell inside a metallic tube exactly with the same diameter (7 cm). All joints were sealed with silicone to avoid leakage and force water flow only through the soil. Then the tube was filled with 10 cm of water above the soil, and the downstream valve was opened. The time interval necessary for water drop 1 cm in the tube was recorded, and permeability was computed as usual. Three measurements were taken, and the average value was taken.




3.4.3. Tests to Confirm the Presence of Biocement


The content of calcium carbonate was measured in each sample by the leaching method, using hydrochloric acid (0.5 M). The percentage of calcium carbonate content, %CaCO3, is given by Equation (11):


    %  C a  C  O 3  =    m  d r y   s o i l   b e f o r e   −  m  d r y   s o i l   a f t e r      m  d r y   s o i l   b e f o r e      



(11)




where mdry soil before is the initial weight of the soil after being oven-dried at 105 °C for 24 h, and mdry soil after is the weight of the soil after being washed by the acid until no more gas bubbles were liberated and then dried in an oven at 105 °C for 24 h. The soil was washed with distilled water before this test to remove dry precipitates from the feeding solution.



The presence of calcium carbonate was confirmed by X-ray diffraction tests, and scanning electron microscopy (SEM) images provided direct information about the presence of biocement particles coating the particles of soil.




3.4.4. Mercury Intrusion Porosimetry Tests


Mercury intrusion porosimetry (MIP) tests were performed in cubic pieces extracted from the samples (1 × 1 × 1 cm3) after being air-dried in the laboratory environment for 48 h. These tests were performed to find the pore size distributions of the untreated soil (with the water content at preparation) and after the biocementation treatment. The equipment used was AutoPore IV 9500. The low pressures applied were from approximately 3.6 to 155 kPa, and the high pressures were from approximately 0.17 to 227 MPa, with 78 s intrusion time. The contact angle adopted for the mercury was 140°.




3.4.5. Water Retention Curve


The water retention curve was measured by using the water potentiometer equipment WP4-C [40,41]. This equipment allows suction measurements between 0.5 and 84 MPa, which is not enough for sandy soils, as their air entry value is below 1 MPa, and a significant part of the curve may be under this low suction value. This equipment was used for biocemented soils by reference [13], but not for uniform grading-size sands.



The vapor equilibrium was also used to confirm WP4 measurements; however, the applied suctions were above 0.5 MPa (0.5, 3, 15, and 39 MPa). The solutions used were prepared with NaCl, following the procedure described in Reference [42].



Only the drying paths are analyzed in this paper; they are compared with the pore distribution curve of the intrusion part of the MIP test. Although there are many equations to be used in the literature (see Reference [43], for example), the equation proposed by Van Genuchten [17] (Equation (12)) was used to adjust the MIP and the experimental data because this equation is the one most used in commercial programs:


  S r =    (  1 +    (   s P   )     1  1 − y      )    − y    



(12)




where s is suction, Sr is the degree of saturation, P is the air entry value (MPa), and y is a constant. Constants P and y are determined numerically.






4. Results and Discussion


4.1. Oedometer Tests


The compressibility curves of the oedometric tests are presented in Figure 3 for the samples with and without treatment (bacteria and water, respectively). The elastoplastic and elastic compressibility indexes, Cc and Cs, are presented in Table 1 for the saturated and unsaturated tests (when wetting until full saturation was applied 1200 kPa). The initial suction of the samples after drying in the laboratory environment is also presented in Table 1, confirming that they were very similar before and after the treatment.



It is worth noting that the high collapse deformation observed for the untreated soil after full saturation is highlighted in Figure 3a. The biocemented soil behaves like the untreated soil because the Cc is larger for the full saturated state than for the unsaturated one [39]. The relationship between Cc for the saturated and unsaturated samples is 4.0 for the untreated samples and 1.5 for the biocemented ones. For the treated soil, both suction and the biocement bonds maintain the metastable structure during loading in the unsaturated state [44,45,46], while the biocement continues playing this role in the saturated sample; this explains the lower amount of contrast in the Cc values for the treated soil. The presence of the biocemented bonds also increases the values of the yielding stresses, σ′y (see Table 1).



The values of Cc found are larger for the biocemented soil than for the untreated soil independently from suction—a result also found by others [47,48,49]. It was explained by structure loss caused by bond breakage during the increment of vertical stress. This is also observed in structured soils when progressive bond breakage is occurring during loading [50]. There is also the possibility of biocement dissolution after full saturation if vaterite is precipitated [51].



The elastic compressibility indexes, Cs, computed for all cases are almost the same—a result expected for the untreated soil [39]. For the biocemented soil, the presence of structure is not marked probably because the amount of biocement precipitated was small.



With Cc and Cs, it was possible to determine the elastoplastic and elastic compressibility index for changes in the net mean stresses, λ and κ, respectively [39]. The collapse deformations when full saturation was applied under 1200 kPa are also present in Table 1. Their value decreases with the treatment, proving its efficiency to treat the collapsible soils [9,10]. The elastic compressibility index for suction changes, κs, was not computed, because these collapse deformations are not elastic.




4.2. Saturated Permeability


The saturated permeability measured in the untreated sample was 5.4 × 10−5 m/s, and the one measured for the treated samples was 4.1 × 10−5 m/s. Permeability decreased slightly after the treatment. This is expected because the amount of biocement precipitated should have had some clogging effect of the soil pores [2].




4.3. Presence of Biocement


A small percentage of calcium carbonate was found in the leaching test performed on the untreated sample (0.96%), and it can be explained by mineral dissolution after acid exposition. This value increases (3.45%) for the biocemented sample, confirming that the treatment has occurred. The minerals detected by XRD on biocemented samples confirm the presence of calcium carbonate in the mineral forms of calcite and vaterite. Calcite particles and some bonds were also visible in the SEM images (see Figure 4).




4.4. Mercury Intrusion Porosimetry Tests and Water Retention Curve


The pore size distribution curves from the MIP tests are presented in Figure 5 for the biocemented soil (Bact) and the untreated soil (Soil).



For the untreated soil, a marked peak is found at 100 µm, and a second one, much smaller and less narrow, is found around 800 nm. The treated soil presents a bimodal pore distribution, with dominant pores sizes of 75 µm and 60 µm. A very small quantity of pores with a diameter of 4 µm were also detected for this material that are not representative, and eventually there were also some pores around 800 nm that were detected. This result is consistent with the reduction of permeability observed after the treatment.



The experimental points measured with WP4-C and after vapor equilibrium are presented in Figure 6 for the drying branch of the WRC. They are all above 1 MPa due to the limitation of these methods. The WRCs computed from the pore size distribution measured in MIP tests, using the model proposed (Equations (4)–(6), (9) and (10); the values of κ used are those for the unsaturated cases in Table 1) are also in Figure 6 (bacteria MIP—biocemented soil: κ = 0.031, eMIP,max = 0.308, e = 0.582; water MIP—untreated soil: κ = 0.033, eMIP,max = 0.314, e = 0.588). It can be seen that there is a good adjustment of the curve to the measured points.



As expected, the curves computed from pore size distribution data have very low air entry value, followed by an almost-horizontal part. The air entry values are very similar for both the treated and untreated soils, being slightly larger for the biocemented soil. This result was expected because the largest pores of the two soils have similar diameters (same peaks in Figure 5); however, the biocemented soil has a doble peak, and, therefore, the smallest pores are contributing to increase the value air entry value. The transition to the largest suctions is not very sharp, probably due to the existence of some small pores detected in the MIP tests, as well (around 800 nm and 4 µm for the treated soil). The differences on the water-retention behavior observed before and after the treatment are expected because the pores’ geometry (size, volume, and tortuosity) has changed.



The curves from pore size distribution obtained in MIP tests were adjusted by using the expression proposed by Van Genuchten (Equation (12)). They are all presented in Figure 7 (bacteria VG—biocemented soil; water VG—untreated soil).



In Figure 7a (P = 0.02 MPa and y = 0.38 for the untreated soil, and P = 0.03 MPa and y = 0.33 for the biocemented soil), the curve computed by using Equation (12) was fitted for the experimental points. In Figure 7b (P = 0.005 MPa and y = 0.30 for the untreated soil, and P = 0.003 MPa and y = 0.30 for the biocemented soil), the curve computed by using Equation (12) was fitted considering the curve computed using pore size distribution data. The adjustment in Figure 7b appears to be worse than in Figure 7a because it does not fit the experimental points or the computed curve well; however, it fits the air entry value better and reduces the overall error computed by using mean square method.



The adjustment using data from pore size distribution obtained in MIP tests is considered acceptable below the air entry value [16], where the pressures applied for mercury intrusion are very small. The same is valid here, as insignificant changes in the void ratio are experienced for this range of pressures. By using the model proposed, which adjusts very well the experimental points measured above 0.5 MPa using conventional methods, it is believed that the curves from MIP are reliable. Therefore, data from pore size distribution can be acceptable, and the problem is the shape of the curve computed by using Equation (12). This is not the correct equation of the WRC of sandy materials, and many and other alternatives to define the WRC that are not available in commercial programs should be tested. Their choice is out of the scope of this paper, as the intention is to find information for low suctions and not the correct curve adjustment.





5. Conclusions


The paper was focused on the definition of the water retention curve of sandy soils, as this is necessary to investigate the effects of biocementation treatment, for example, to prevent soil erosion. This is a novel contribution.



A model to find the water retention curve based on pore size distribution from mercury intrusion tests was proposed and tested for a sand before and after biocementation. The model adopted considers the compressibility of the soil during the porosimetry test, caused by the presence of air entrapped in the soil pores. This explains the large differences between the void ratio at preparation and the void ratio computed by considering the total volume of mercury intruded. The model must be tested in other soils where air could be trapped in the soil pores and not removed during MIP tests, such as in the artificially cemented soil investigated.



The adjustment with the model proposed was able to fit the experimental data of the water retention curve well that were above 0.5 MPa, measured by using conventional methods. Below the air entry value, it is believed that the curves from MIP tests are reliable, as well, because the intrusion pressures are very small and are in accordance with the largest void diameters detected. The shape found for the transition zone is expected, as well, considering the usual pore size distributions of sands.



The curve in the lowest suctions can be measured by using tensiometers, axis translation, and pressure plate apparatus, but they cannot be measured by using vapor equilibrium (unless the environment is highly controlled), by most of the existing commercial sensors (resistive, capacitive, and inductive), and by water dewpoint potentiometers. Indirect techniques such as through using pore size distribution from mercury intrusion porosimetry (MIP) tests can be investigated to define the water retention curves of such soils, overcoming the difficulties in measuring the points at a very low suction range.
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Figure 1. Grading size distribution curve of the soil. 






Figure 1. Grading size distribution curve of the soil.



[image: Applsci 12 10447 g001]







[image: Applsci 12 10447 g002 550] 





Figure 2. Experimental setup: (a) first three days and (b) submersion. 
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Figure 3. Oedometric curves: (a) untreated samples and (b) biocemented samples. 
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Figure 4. SEM images of the soil: (a) before treatment; (b) after treatment, showing calcite crystals. 
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Figure 5. Pore size distributions of the samples tested (bacteria—biocemented soil; water—untreated soil in natural state). 
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Figure 6. Water retention curve and its adjustment from using the equations proposed in this paper in which the material behaves elastically under isotropic compression. (Bacteria—biocemented soil; water—untreated soil in natural state). 
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Figure 7. Adjustment water-retention data, using the equation proposed by Van Genuchten [17] (Equation (12)) to fit (a) the experimental points and (b) the curve computed by using pore size distribution. (Bacteria—biocemented soil; water—untreated soil in natural state). 
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Table 1. Results of the oedometer tests.
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Sample

	
δεvol (%)

	
Cc

	
Cs

	
κ

	
λ(s)

	
σ′y (kPa)






	
Untreated soil—water

(initial suction s = 67.5 MPa)

	
Saturated

	
--

	
0.137

	
0.014

	
0.034

	
0.316

	
80




	
Unsaturated

	
3.0

	
0.034

	
0.015

	
0.035

	
0.114

	
100




	
Biocemented soil—bacteria

(initial suction s = 62.7 MPa)

	
Saturated

	
--

	
0.162

	
0.013

	
0.031

	
0.372

	
100




	
Unsaturated

	
0.2

	
0.109

	
0.016

	
0.037

	
0.285

	
120
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