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Abstract

:

A large number of experimental studies on sand–clay mixtures are well documented in the literature; however, the preparation protocol is rarely clearly detailed or varies a lot according to the authors. Variations in the preparation technique obviously increases the challenge of comparing different test results. As a consequence, sample preparation for sand–clay mixtures should be kept as constant as possible to ensure homogeneity and uniformity of samples and limit result variability. This paper develops a detailed procedure on how to prepare sand–clay samples for interface direct shear tests. Sand–clay mixtures are prepared with Fontainebleau sand, kaolinite clay and distilled water by the S1 (sand–water–clay) protocol. The uniformity of the reconstituted specimens is assessed by measuring the water content and density on three slices from the top to the bottom across the specimens. The repeatability of the samples is checked with oedometer and interface direct shear tests. This sample preparation procedure can be used for preparing sand–clay mixture for interface direct shear tests to investigate the influence of clay content or other effects (e.g., temperature) on the mechanical behavior of soil–structure interface. It has demonstrated great performance in preparing samples with good homogeneity and shape, compared to other traditional reconstitution techniques. With the sample preparation procedure, we can obtain repeatable test results as well.
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1. Introduction


The behavior between soil and construction materials is of major concern in soil–structure interaction problems including deep foundations, retaining walls, nuclear waste disposal, heat storage, geothermal piles, cutoff structures, coal mine shaft failure, marine energy foundations, earth reinforcement, etc. [1,2,3,4,5,6,7,8,9,10]. The loading transfers from the structural component to the soil through a contact zone, called the interface, where significant strain localization occurs [11,12,13,14,15,16,17,18,19]. In fact, shear stresses and strains occur at the interface between the soil and the structure due to the difference in mechanical properties of the materials. Studying the characteristics of the soil–structure interface is important for researchers and practitioners, it therefore requires the characterization of parameters at the interface with appropriate laboratory or field tests to develop relevant constitutive models. Interface direct shear tests have often been adopted to study the behavior of soil–structure interfaces [14,17,20,21,22,23,24]. Several factors such as soil properties, materials, loading conditions, temperature effect, and surface roughness have been investigated to study their effects on the interface characteristics [7,13,17,18,22,25,26,27,28,29,30,31].



Natural clayey soils, containing gravel, sand, and silt or clay, have been studied both in situ and in the laboratory. The mechanical behavior of these soils is strongly affected by their intrinsic properties, especially heterogeneity, anisotropy, and the geological history among others [32,33,34,35]. The complexity of soil specimens can therefore sometimes lead to inconsistent testing results, which increases the challenge to determine a finite set of intrinsic parameters characterizing their main features.



Experimental and theoretical studies of soil behavior have often concentrated on ideal soils (pure clays or uniform sands), and soil mechanics have mainly been developed based on the test results of pure sand or pure clay [7,13,17,18,23,36]. However, as mentioned above, natural soils usually consist of coarse granular grains in a matrix of silt or clay. To better understand the mechanical behavior of natural soils, simplified and controlled soils are often used in laboratory testing instead of natural ones. The simplified soils can be reconstituted sand–clay mixtures with fabric similar to natural soils. The properties of such simplified mixtures are, thus, expected to be intermediate or transitional between the properties of the constituent materials (i.e., sand and clay).



Although there are a lot of studies on sand–clay mixtures [37,38,39,40,41,42] and on the interface for typical sand or clay [7,8,9,14,17,19], there is a lack of data on the interface mechanical behavior between sand–clay mixtures and structure materials. Particularly, information is missing on how the clay content influences the interface direct shear behavior, i.e., shear strength, volumetric deformation, interface friction angle, adhesion, etc., and how the particles arrangement changes with changes in the clay content. These questions are significant for geotechnical engineering design since they play a critical role in the bearing capacity, the deformation and the failure of foundations [17,43,44], therefore implementing interface direct shear tests on sand–clay mixtures with different clay content is necessary to better understand natural soil–structure interface problems.



Sample preparation is a key factor that influences the mechanical behavior of reconstituted soils in laboratory experiments [33,45,46,47,48,49,50]. This effect becomes more prominent for sand–clay mixture samples due to the clay fraction within the mixture. A high diversity of sample preparation methods is available in the literature [45,46,51,52,53,54,55], such as dry pluviation [49,55,56], dry tamping [7,8,9,57,58], wet tamping [55,59,60], and slurry deposition [45,46,47,48,51,52,53]. The slurry deposition method can overcome the inherent problems of the other sample preparation methods, it can create homogeneous saturated sand or sand–silt/clay samples with respect to void ratio and particle size distribution [52]. In addition, soil sample is easy to be replicated by the slurry deposition technique, possessing similar fabric to natural soils at the same time.



To our knowledge, so far in geotechnical studies, there is a clear lack of detailed procedures for the sample preparation of sand–clay mixtures, especially for interface direct shear tests. This paper presents a detailed procedure on how to prepare sand–clay samples for interface direct shear tests. This sample preparation procedure can be used to reconstitute clay samples for interface as well. It can provide samples with good homogeneity and shape, and ensure repeatable test results.




2. Materials


2.1. Fontainebleau Sand


Fontainebleau sand NE34 was selected to prepare the sand–clay mixture samples, this is widely used in many geotechnical researches in the laboratory [7,8,9,13,61]. Fontainebleau sand NE34 is composed of 99% quartz [8,9,62]. The grain size distribution of the Fontainebleau sand is presented in Figure 1. It is characterized with a mean grain size (d50) of 0.21 mm, a coefficient of uniformity (Cu) of 1.72. The maximum and minimum void ratios of this sand are equal to 0.866 and 0.545, respectively [57].




2.2. Kaolinite Clay


An industrial kaolinite clay from Argeco company (Fumel, France) was used to prepare the sand–clay mixtures. The kaolin used in this study corresponds to the clay material K3 in [63], it contains 55% of pure kaolinite minerals [57,63,64]. The chemical composition is summarized in Table 1, according to the XRD results from [63]. Minerals other than kaolinite are essentially small quartz, calcite, and others in small amounts (Table 1). The grain size distribution of this clay is also presented in Figure 1. The mean grain size d50 of the clay is 8.56 μm [57].





3. Reconstitution Procedure


3.1. Mixing Protocol of Sand and Clay


A sand clay mixing protocol named S1 was utilized to prepare the sand–clay mixture slurry. As illustrated in Figure 2, the S1 protocol consists of mixing dry Fontainebleau sand, dry clay, and distilled water in the order of sand-water-clay. Sand–clay mixture samples were prepared with different clay content by weight. The initial water content (w0) for mixing was 1.5 times of the liquid limit (wL) of the sand–clay mixture at each clay content. The liquid limit values as a function of clay content are detailed in Table 2. These were obtained using the Casagrande apparatus in the laboratory. During mixing, the dry clay powder was added progressively into the sand–water mixture, by 5 to 10 g per step and then mixing for 1 min. After adding all clay, the slurry samples were mixed by rotating a stirring glass stick in a container for 10 min until visual homogenization. After mixing, the sand–clay mixture slurry specimens were placed in a vacuum device for 1 h to remove the potential air bubbles inside. This S1 mixing order can provide homogeneous samples from macro-to microstructure, which has been verified before [57,61].




3.2. Requirements of the Sample Preparation for the Shear Box


The dimensions of the reconstituted sand–clay mixture samples should have definite restrictions due to the dimensions and shape of the interface direct shear box. In this paper, the required dimension (100 mm × 100 mm) of the sand–clay mixture sample was quite large in comparison to those in classical direct shear tests (e.g., 60 mm × 60 mm). Particular attention must be taken during sample preparation to avoid working with unconsolidated soil samples, which may lead to leakages from the space (0.1~0.6 mm) between the upper and bottom parts of the shear box (see Figure 3). The sample must be preconsolidated before putting it into the shear box, it must be the least viscous possible and must have a planar surface for the piston to stay correctly in contact with it. Moreover, the sample must be as homogeneous as possible.



All these requirements necessitate a non-trivial protocol for the sample preparation. Three different mixing orders of the soil components were studied. Also, considering the large size of the sample (100 mm × 100 mm), a sufficiently large cylindrical consolidometer cell had to be developed (with a diameter at least of 141.42 mm) to ensure proper preconsolidation.



The oedometer test was first performed, then the specimen was trimmed and put into the direct shear device. In our case, it was not possible to use the sample with the same shape for both preconsolidation and interface tests, the sample should be trimmed to fit the interface direct shear box. The conventional cylindrical oedometer cell (with a diameter of 70 mm) is smaller than the squared interface shear box (100 mm × 100 mm). A new cylindrical cell was thus required, having a larger diameter than the diagonal of the shear box. A new oedometer cell was designed and manufactured for the sample preconsolidation, as shown in Figure 4. The designed oedometer cell consisted of a piston with small holes (7 mm in diameter), a cylindrical cell of stainless steel, two porous stone discs, a cap, and a base. These parts were fixed with some bolts after installation. The inside diameter of the cell was 150 mm, which is larger than the squared shear box diagonal (141.42 mm). The other details and dimensions of the designed preconsolidation cell can be referred to in Yin [57].



This cell was calibrated with an oedometer test on Fontainebleau sand. The results were compared and validated with the test results of the classical standard oedometric cell. The validation showed that the cell worked well and had consistent results with the classical cell.




3.3. Preconsolidation and Sample Cutting


To reconstitute sand–clay mixture samples with good uniformity for the interface direct shear box, the S1 mixing order was chosen as mentioned above. After the sand, distilled water, and clay were mixed into a slurry with the S1 protocol, the slurry samples were subjected to a preconsolidation process where constant normal loadings were applied on the sample step by step. Once having experienced a preconsolidation phase in the designed oedometer cell (Figure 4 and Figure 5b,c), the sand–clay mixture specimen was consolidated into a solid phase (Figure 5d).



The whole sample preparation procedure is illustrated in Figure 5 and detailed hereafter. Fontainebleau sand, clay and distilled water were mixed with S1 mixing protocol (sand-water-clay at 1.5 wL). After the sample mixing and a vacuum process, it was transferred to the oedometer cell with two porous stone discs lying on the top and bottom, respectively. Each porous stone was pasted with a filter paper on its surface, and both the two stones and filter paper were saturated with distilled water in advance. Then the cell was installed on an oedometer frame, the normal loading steps were 5.59 kPa (weight of frame and piston), 25 kPa, 37.5 kPa, and 50 kPa. A subsequent loading step could be started after the vertical deformation of the sample in previous step is stable. Generally, the consolidation time for each step should last at least 24 h.



When the final preconsolidation phase ends, a trimming tool was needed for trimming the preconsolidated sample down to the dimensions of the shear box with a minimum of disturbance on the specimen. Thus, a trimming cutter was designed with the same size (100 mm × 100 mm) as the upper shear box of the interface direct shear machine. This cutter has a sharp edge, a highly polished surface, and had been coated with a low-friction material for corrosion prevention (Figure 5e,f). Alternatively, a trimming platform or working table is also preferable for cutting the sand–clay mixture sample. During cutting, the cutter must be aligned appropriately to keep the specimen with precisely the same dimension as the shear box. The water content and sample mass were measured at this step with an oven and a balance.



With the help of a squared aluminum rod (Figure 5g), the sample was moved to the interface shear box, flattening the surface and adding a piece of filter paper, then measuring the initial height of the sample. Finally, the shear box was set within the container, then installed in the interface direct shear machine, and the following test was performed (Figure 5g,h). The S1 order (sand-water-clay), plus the preconsolidation cell that was used to prepare sand–clay mixture samples, is called the S1 protocol hereafter.





4. Assessment of Sample Uniformity


4.1. Water Content


To check whether the water was homogeneously distributed inside the specimen, a sand–clay mixture sample with 75% clay content was prepared by the S1 protocol. The uniformity of the sample can be evaluated by the water content (w). After the S1 preconsolidation was finished, the sand–clay mixture sample was cut into three slices, i.e., bottom, middle, and upper slices. Each slice was cut into four parts, the water content of each part was measured, finally, there were four points of water content on each slice, see Figure 6.



It can be seen from Figure 6 that the water content throughout the sand–clay specimen was identical and the specimen was homogeneous. From the top slice to the bottom slice, the maximum difference (Δw) in average water content throughout the three slices was only 0.25%, which is much lower than the Δw in [47] (1.02%) and in [48] (1.12%, 1.15% and 1.20%). In terms of the water content, we can conclude that the void ratio (e) of the sand–clay mixture prepared by the S1 protocol was extremely uniform throughout the specimen. This is due to the void ratio being revealed by the water content if the samples are fully saturated [47,48].




4.2. Sample Density


The uniformity of the S1 samples was also verified by the density (ρa) measurement in different slices from top to bottom. Three sand–clay mixture samples with 75% K clay were prepared by the S1 method. Figure 7 shows the density of each slice for the three samples. From the top to the bottom, the average density ranks as 1.96, 1.96, and 1.98 g/cm3, respectively. This small difference is attributed to the fact that the bottom zone of the sand–clay mixture specimen is consolidated more sufficiently due to a shorter path for water drainage. Moreover, the small difference (i.e., 0.02 g/cm3) indicates that the consolidation time (about 24 h for each loading step) is enough to obtain a uniform specimen.





5. Assessment of Samples’ Repeatability


After checking the water content and density in sand–clay mixture specimens of 75% K clay content, the average water content, void ratio, and density of the whole samples at different K clay contents (from 0% to 100%) were measured to check the repeatability of the sample preparation. The oedometer and interface direct shear tests were selected to further verify the ability of the S1 protocol for preparing identical sand–clay mixture samples. The K clay contents of the specimens for oedometer and interface direct shear tests were 50% and 75%, respectively.



5.1. Water Content, Void Ratio and Density after Sample Preparation


The repeatability of the S1 sand–clay mixture samples was evaluated and verified by the average water content, global void ratio and density after sample preparation. At each clay fraction, at least three sand–clay mixture samples were prepared. The variation of the three parameters as a function of the K clay content is shown in Figure 8.



The water content, global void ratio and density data points are overlapping for the specimens of each clay fraction (Figure 8b,c). This reveals that the S1 protocol can offer reproducible sand–clay mixture specimens. It should be noted that at clay fraction of 75% or 100%, there were larger differences between the samples tested, since with more clay inside the mixture, the sample is slower to be consolidated in the preconsolidation cell. However, it can be argued that this difference tends to disappear as the preconsolidation time increases.




5.2. Odometrical Response


5.2.1. Experimental Setup


The repeatability in terms of the mechanical behavior of the sand–clay mixtures prepared according to the S1 protocol was verified by performing classical one-dimensional oedometer tests. The goal of this type of test is to provide a first insight into understanding what will happen when using the designed preconsolidation cell. The results of the oedometer tests performed hereafter also give an understanding on S1 samples’ mechanical behavior and the response when the vertical stress reaches 800 kPa (maximum limit of the device).



Samples (50% clay by weight) in the oedometer tests were prepared with the S1 technique at an initial water content of 1.5 wL. After the specimens were prepared in the oedometer cell without any vertical stress loaded, the water contents were measured and the initial void ratio values were calculated, then an incremental loading oedometer device was used to perform the oedometer tests. The vertical stress loading steps were 12.5 kPa, 25 kPa, 50 kPa, 100 kPa, 200 kPa, 400 kPa, 800 kPa, then unloaded to 50 kPa. A loading step was started only when the vertical displacement in the previous step was stable. After that, the test was stopped and the water content of the specimen was measured. In total, three samples were prepared and performed on with the oedometer test.




5.2.2. Results of Oedometer Test


To evaluate the main characteristics of the mixtures’ compressibility in the 1D oedometer test, basic oedometric curves and parameters have to be delineated. The compressibility curves for the three specimens are shown in Figure 9. The initial void ratio after the sample mixed is not included, the data in Figure 9 starts from the vertical stress of 12.5 kPa. As can be seen, the three S1 samples show similar behavior; the values of the void ratio at each loading step are very close. The overall slopes of the three curves are nearly the same, and independent on the sample number. From the compressibility curves, the most important parameters can be calculated and analytical differences between the samples can be evaluated. The compression index Cc, the oedometer modulus Eoed and the coefficient of volume compressibility mv are calculated and outlined in a bar chart, as presented in Figure 10. The three S1 samples have similar values of the parameters and no significant differences can be observed among them. The results of the three samples are: 0.198 ± 0.001 for compression index Cc, 2.45 ± 0.01 MPa for the oedometer modulus Eoed, 0.409 ± 0.001 MPa−1 for the coefficient of volume compressibility mv.



In conclusion, what can be pointed out from the mechanical behavior of oedometer tests on the three S1 samples is that no clear differences between them can be highlighted. The oedometrical behavior reveals that the S1 method can generate repeatable sand–clay mixture samples.





5.3. Interface Direct Shear Response


The S1 samples with 75% K clay content and a concrete plate (140 mm × 100 mm × 11 mm) were used for the interface direct shear test. The samples were sheared with a rate of 0.005 mm/min under three normal stresses, i.e., 50, 100, and 150 kPa, until a critical state (maximum horizontal displacement of 5 mm). This small shear rate ensured a total drained shearing according to [65]. The shear tests were repeated at least one time for each normal stress. Shear stress versus horizontal displacement of the interface direct shear tests are plotted in Figure 11a, which verifies the repeatability of the tests.



The curves at each normal stress overlap with each other at the beginning phase of the shearing (Figure 11a), which indicates that the samples have good repeatability. The different critical shear strengths are characterized with values of 2.43 kPa, 4.45 kPa, and 0.81 kPa (average value), at the normal stress of 50 kPa, 100 kPa, and 150 kPa. The difference among the critical shear strength is in good agreement with the previous publication [7]. The critical adhesion (c) and interface friction angles (δcv) of the first and second tests are shown in Figure 11b. Both the first and second tests are characterized with the same critical adhesion of zero (Figure 11b). The critical δcv for the 1st and 2nd interface direct shear tests are 23.74° and 23.98°, respectively, with a small difference of 0.24°. The shear stress curves, critical shear strength, critical adhesion, and interface friction angles of the interface direct shear tests demonstrate great repeatability of the samples generated by the S1 technique.



It is worth noting that, though there is a sudden shear stress drop on the curve of 150 kPa normal stress (see Figure 11), the overall trend and the critical state are not affected. This collapse is caused by the fact that the soil particles go into the small pits on the concrete surface during shearing, and similar phenomena can be also found in [7,57].





6. Conclusions


This study presents a method to prepare sand–clay mixture samples for interface direct shear tests. The procedure for the presented method should be performed with three main phases as follows:




	
Mixing sand, clay, and distilled water into a sand–clay mixture slurry with the S1 (sand-water-clay at 1.5 wL) scheme;



	
Performing a preconsolidation on the slurry sample with the designed oedometer cell;



	
Trimming the preconsolidated sample down to a square sand–clay mixture solid and move it into the shear box.








Regarding the high number of experimental studies involving very variable preparations of soil samples, mixtures consisting of Fontainebleau sand, kaolinite clay, and water were prepared by the S1 protocol (sand-water-clay) to verify the uniformity and repeatability of the samples. This kind of sand–clay mixture specimens can be used to study the influence of clay content or other different effects (e.g., temperature) on the mechanical behavior of soil–structure interface. The conclusions are summarized as following:




	
The water content and density of different slices confirm that the S1 sand–clay mixture samples are uniform;



	
The water content, global void ratio, and density of samples with clay content from 0% to 100% indicate that the S1 samples are repeatable. Moreover, the oedometer and interface direct shear tests confirm this repeatability;



	
The sand–clay mixture samples are well suitable for the interface direct shear tests.








The S1 sample preparation can avoid some inherent problems which exist in other traditional methods so that it is more suitable for preparing sand–clay mixture specimens for interface direct shear tests. For instance, the dry pluviation method cannot guarantee a homogeneous and saturated specimen of sand–clay mixture or well-graded sand; the wet pluviation cannot be used for well-graded soil or sands containing fine particles because of the particle segregation [52]; dry tamping sample preparation can successfully avoid the honeycomb structure [66,67] induced by the capillary forces, but it enhances the heterogeneities and uncertainty of physical properties in the sand–clay mixture specimens due to the possible segregation effect; consolidation of the sand–clay mixture slurry on the interface direct shear device may result in soil leakage.



Furthermore, as well as the advantages mentioned above, after a sand–clay mixture specimen has been obtained successfully by this method and the tools and preconsolidation cell are available, then another specimen can be prepared with the same procedure. Hence, it is more efficient than traditional specimen reconstitution procedures since the sample preparation can be preformed in parallel with the interface direct shear test.



However, it should be noted that when using this method to prepare a sand–clay mixture with a low clay content (e.g., <15%), the prepared specimen may be not in a good shape. Future studies of repeatability assessments are suggested to examine the differences of the microstructure of the samples.
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Figure 1. Grain size distribution of Fontainebleau sand NE34 and kaolinite clay. 
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Figure 2. The S1 mixing scheme: sand-distilled water-clay. 
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Figure 3. Improper sample preparation brings about soil specimen leakage from the space of the interface direct shear box: (a) leakage on the left of the shear box, (b) shear box and container, (c) leakage on the right of the shear box, (d) leakage in the front view, (e) soil sample without a good shape after dismantled and (f) soil leakage around upper part of the shear box. 
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Figure 4. The schematic diagram of the whole designed oedometer cell after installation. 
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Figure 5. The procedure of preparing sand–clay mixture samples for interface direct shear tests: (a) slurry prepared by S1 mixing protocol, (b) installation of the sample into of the designed preconsolidation cell, (c) step preconsolidation on the oedometer frame, (d) uninstall the cell, (e) trimming the specimen with a cutter, (f) move to the shear box, (g) put the sample into the shear box with a rod, (h) after flatting put a filter paper and (i) move the shear box and container to the interface apparatus. 
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Figure 6. Water content (w) at different layers of the sand–clay mixture sample after S1 preconsolidation (75% K clay content). 
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Figure 7. Sample density at different layers of the sand–clay mixture sample (75% K clay content) after S1 preconsolidation. 
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Figure 8. Assessment of samples’ repeatability by: (a) water content, (b) void ratio, and (c) density after S1 preconsolidation as function of K clay content. 
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Figure 9. Void ratio as a function of vertical stress during oedometer tests. 
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Figure 10. The compressibility parameters of samples during oedometer tests: (a) Cc, (b) Eoed and (c) mv. 
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Figure 11. Repeatability of the interface direct shear test on S1 sand–clay mixture samples of 75% clay content: (a) shear stress as a function of horizontal displacement and (b) Mohr–Coulomb envelope, critical adhesion and interface friction angles of the 1st and 2nd tests. 
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Table 1. Chemical composition of K Clay.
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	Composition
	CaO
	SiO2
	Al2O3
	Fe2O3
	Na2O
	K2O
	MgO
	LOI 1





	Mass%
	1.13
	68.44
	26.93
	2.57
	0.01
	0.12
	0.11
	0.68







1 LOI: loss on ignition.
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Table 2. The liquid limit of sand–clay mixture as a function of clay content.
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	K Clay Content (%)
	25
	50
	60
	75
	100





	Liquid limit (%)
	17.93
	22.41
	26.77
	31.01
	37.30
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