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Abstract

:

The hydraulic conductivity is known as the soil properties that mostly vary over an order of magnitude. There are many laboratory test methods to determine the hydraulic conductivity of the soil. Each test has its own merits, drawbacks and limitations. One of these methods is the measurement using a rigid wall permeameter (RWP), which is a common practice to obtain the fluid transmissibility characteristics of the soil matrix. This type of permeameter has the advantages of low cost, simplicity of test equipment, and adaptability to many different types of permeant liquids. Another method is the measurement through a flexible wall permeameter (FWP). The hydraulic conductivity measured using the FWP is conducted in a confined cylinder in which water flow is forced into one direction. The main disadvantage of this type is being relatively more expensive and needs more time to perform the test compared to the RWP. This study is aimed at comparing three testing conditions to obtain an adjustment factor for the hydraulic conductivity test normally carried out in practice in order to cut down the time needed to perform the test as well as its cost. Different mixtures of sand and expansive clay addition were considered to examine the effect of expansive clay content on the values of the hydraulic conductivity. Tests results revealed that the clay content had a significant effect on the swelling potential, which was attributed to structural changes in the mixtures. The hydraulic conductivity of mixtures decreases with the increase in clay content. The hydraulic conductivity of mixtures tested using FWP was observed to be lower than that of mixtures tested using RWP at similar clay contents. The tests conducted enabled establishing a correction factor to adjust the hydraulic conductivity normally obtained in practice using rigid wall cells.
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1. Introduction


Hydraulic conductivity is usually defined as the ease with which a fluid, commonly water, can pass through a particular soil and is expressed as a rate. This is given as unit length per unit time. It depends not only on the permeability of the matrix but is also a function of the fluid. Intrinsic Permeability is a measure of how well a porous media transmits a fluid. It has nothing to do with the fluid itself. The term permeability is generally used when the subject fluid is water in a variety of geotechnical analyses. The need for this parameter in fluid or soil mechanics and geotechnical engineering, in general, is associated with the subsurface water flow, waste containment materials and other applications. Low hydraulic conductivity sand–bentonite or sand–clay mixtures are often used in hydraulic barriers to prevent contaminated water leaching from landfills. In order to engineer effective hydraulic barriers systems, proper knowledge of the hydraulic conductivity of mixtures is required. It is generally assumed that the coarser fraction of the mixture imparts a relatively high shear strength and high compacted density, while the hydraulic conductivity of the soil is governed by the proportion and index properties of the finer fraction [1]. Mitchell and Soga [2] reported that mixing a sand-sized fine aggregate with clay enhanced the compaction and mechanical properties, reduced cracking on drying [3] and reduced susceptibility to frost damage [4]. Studies in the literature covering this area during the last two decades of the twentieth century included works addressing the factors that influence this important parameter.



Lundgren [5], studied bentonite as an effective sealant in soil mixtures. Abeele [6], conducted a similar study while investigating the permeability of sandy soils. Peirce et al. [7] discussed the quality control for liner construction with regard to the hydraulic conductivity. Chapuis [8] used laboratory tests to predict the permeability in the field. The study of Kenney et al. [9] investigated the hydraulic conductivity of compacted bentonite–sand mixtures. Other works included research studies of the effect of the amount of fine soils (clay or bentonite) on the hydraulic conductivity of sand–clay and sand–bentonite mixtures [10,11,12,13,14,15,16,17,18].



It was found that the hydraulic conductivity decreases with increasingly fine content. This was confirmed by all researchers who used different devices. Variable techniques have been used to determine the hydraulic conductivity in the laboratory. These techniques can be categorized into direct approach (constant or falling head conditions) and indirect approach (from consolidation test) methods. The permeameters in general are categorized into rigid walls (RWP) and flexible walls (FWP). Numerous studies have been conducted in recent years to precisely quantify the rate at which water flows through sand–clay mixtures and the factors influencing the hydraulic conductivity. The attention to this area of research is increased as nuclear waste management and control measures become essential. The various types of permeameters are discussed, and their relative advantages and disadvantages are listed by Daniel et al. [19]. The applied stress, boundary leakages and degree of saturation are the major differences between the cells. It is evident that no one type of cell is best suited to all applications. Many researchers used conventional techniques to determine the hydraulic conductivity of the sand–clay mixtures [14,15,18,20,21]. Tavenas et al. and Dafalla et al. [22,23] used the consolidation tests as an indirect approach to measure the hydraulic conductivity of sand–clay mixtures. Flexible sidewall permeability testing became popular during the last two decades and is used by many investigators [13,23,24,25,26,27,28,29] as it allows simulating the actual field condition with regard to the control of the lateral earth pressure and the hydraulic gradient. The ASTM D5084 standard method uses flexible sidewall parameters and is mostly recommended for projects sensitive to hydraulic conductivity such as compacted clay liners (CCL). Trials have been made to find possible links and correlations between the rapid falling head or constant head permeability tests and the flexible wall permeability tests. The works of Dafalla et al. [23] suggested equations to predict the flexible wall hydraulic conductivity using indirect hydraulic conductivity measurements from the odometers. The effective pressure was found to influence this prediction, and four different equations were suggested to cover the effective stress from 50 kPa to 400 kPa.



When accurate values of hydraulic conductivity are required for soils, three stages need to be performed. Initially, the soil needs to be saturated. This stage is achieved in the laboratory when the volumetric change in the sample under pressure is equal to the water discharged from the sample. The second stage is to consolidate the sample under the stress likely to be exerted on the subject layers on site. Then, the final stage will be the permeation. This test can take several weeks or months, especially if the sample is rich in clay or has low hydraulic conductivity. The works of Ameta and Wayal, Anderson and Sivakumar [16,30] provide a good reference in this subject. From these studies, it can be inferred that the hydraulic conductivity indirectly obtained from the consolidation test is lower than the values obtained using direct conventional approaches (e.g., flexible/rigid wall and constant/falling head). Dafalla et al. [23] presented equations to be used when the hydraulic conductivity is computed using the consolidation test data. The precise and more reliable test is the ASTM D 5084: Standard test methods for measurement of the hydraulic conductivity of saturated porous materials using a flexible wall permeameter. The British standard constant head triaxial permeability test is very similar and provides reliable measurements.



The objective of this paper is to address a correction method to the results obtained in common practice for the hydraulic conductivity. The work program was tailored to study the relationship between the rigid wall tests and the flexible wall tests for determining the hydraulic conductivity. This approach can enhance prediction of reliable values for the hydraulic conductivity that can be confidently used in the design. The hydraulic conductivity, as measured using the flexible wall method, is the most ideal as it takes into account the natural field conditions. The common test conducted in practice is the rigid wall test where the sample is surrounded by tubes made of steel or other rigid materials. These tests are quick and easy to perform.




2. Materials


In recent years, heavy research has been devoted to the use of local clays as a substitute for processed bentonite in order to reduce the cost and avoid import complications. Al-Qatif clay in Saudi Arabia was singled out as the most suitable material due to its high plasticity and for being abundant in sufficient quantities in the eastern province of Saudi Arabia. This clay can be added to sand at different proportions depending on the required hydraulic conductivity of the required barrier.



2.1. Al-Qatif Clay


Al-Qatif clay is found along the Arabian Gulf coast, 400 km East of Riyadh (Saudi Arabia). This clay is classified as problematic for construction and engineering purposes due to its high plasticity. This was considered not suitable as a supporting ground due to the repeated cycles of swelling and shrinking when subjected to wetting and drying. Table 1 and Table 2 present the geotechnical characteristics and chemical composition of Al-Qatif clay, respectively.




2.2. Local Red Sand


The sand used in this study is a poorly graded fine- to medium-grained soil classified as SP in accordance with ASTM D2487 specifications. It is very popular in the area, being used for different construction purposes. Most of the sand grains are between 0.1 mm and 0.6 mm in size, as shown in Figure 1.





3. Testing Methodology


3.1. Index Properties


The basic index properties of Al-Qatif sand expansive clay mixtures were evaluated for different clay contents of 10%, 20% and 30%. Tests performed included specific gravity tests (ASTM D 854-00) and Atterberg limits (ASTM D 4318-00), and results are listed in Table 3.




3.2. Compaction Tests


Al-Qatif clay was collected from the site and delivered to the laboratory to be dried and pulverized. Drying was performed using an oven at 60 °C temperature or by spreading the material in the open air at the summer temperature of 40 °C. In order to perform the index properties tests, a # 40 sieve (pore size = 425 µm) was used to remove coarse particles. The dry clay was mixed thoroughly with sand to achieve clay contents of 10, 20 and 30% by dry weight.



ASTM D698 was used for the compaction tests and the determination of the optimum water contents and the maximum dry unit weights for the selected mixtures. This procedure requires placing the mixtures into a mold (internal diameter = 101.6 mm (4-in); height = 113.9 mm (4.5-in)) using a 2.5-kg (5.5-lb) hammer in three equal layers. The results of the compaction test are summarized in Table 4.




3.3. Compressibility and Swell Tests


The compressibility and swell tests were performed using conventional odometers. The consolidation cell is designed to accommodate a ring of 50 mm diameter and 20 mm height. The thickness of the sample is made 2 to 3 mm less than the height of the ring in order to make room for swelling to take place. Porous disks and filter papers were placed on top and bottom of the sample to allow for drainage both ways (inward and outward). A loading frame with a lever arm designed to apply different stresses was attached to the system. The changes in the sample height during the test are traced by a sensor that records deformation to an accuracy of 0.01 mm.



All samples are prepared at the optimum moisture content and the maximum dry density. Measurements of height and weights were recorded for each sample before starting the test. In order to perform the swell tests ASTM D4546: Standard test methods for one-dimensional swell or settlement potential of cohesive soils, was considered with slight changes in the loading sequence. ASTM D2435: Standard test method for one-dimensional consolidation properties of soils using incremental loading was conducted. Loading pressures of 25, 50, 100, 200 and 400 kPa were applied and then off-loaded in increments. Each pressure was maintained for 24 h at free drainage and recharged from the top and bottom.




3.4. Hydraulic Conductivity


3.4.1. Rigid Wall Constant Head Tests


The hydraulic gradient applied on a sample is based on a constant water head while water passes through the sample. The measurements obtained by this method are used to compute the rate of flow of water through the well-defined laboratory section which is laterally confined by a rigid wall. The permeability coefficient obtained is referred to as constant head permeability.




3.4.2. Rigid Wall Falling Head Tests


The hydraulic gradient applied on a tested sample is based on a water head dropping as water is passing through the sample. The measurements obtained by this method are used to compute the rate of flow of water through a well-defined laboratory section which is laterally confined by a rigid wall. The permeability coefficient obtained is referred to as falling head permeability.




3.4.3. Flexible Wall Constant Head Tests


The ASTM presented a test method designated as ASTM D5084 titled: Standard test methods for measurement of hydraulic conductivity of saturated porous materials using a flexible wall permeameter [31]. This standard procedure covers many methods, which include the application of the hydraulic gradient to create a water flow under specific conditions where vertical and lateral stresses can be changed. This test method is not very much different from the British standard for the constant head triaxial permeability test. Both standards describe direct methods to obtain the saturated hydraulic conductivity, with minor differences in the procedure. In this study, the sand–Al-Qatif clay mixtures were tested using a flexible wall constant head permeameter. A schematic diagram of the test setup used here is shown in Figure 2.




3.4.4. Indirect Permeability Determination


One dimensional consolidation tests were used as an indirect method to estimate the saturated hydraulic conductivity of mixtures. The hydraulic conductivity using one-dimensional consolidation tests is considered a simple and fast test procedure compared to the direct measurement approaches. The computation of the saturated hydraulic conductivity is based on the assumptions adopted in driving the theory of consolidation by Terzaghi (1948). According to the theory of consolidation, the flow rate of water during each load increment depends on the magnitude of the hydraulic conductivity value.



The indirect method for determining the hydraulic conductivity based on Terzaghi’s theory of one-dimensional consolidation can be expressed as:


  k =  c v  ·  m v  ·  γ w   



(1)




where cv is the coefficient of consolidation, mv is the coefficient of volume compressibility and γw is the unit weight of water. Consolidation tests are quicker and can allow estimations of the hydraulic conductivity under specific loading conditions.






4. Results and Discussion


4.1. Properties of the Mixtures


A poorly graded fine-grained material is shown in Figure 1, which presents the particle size distribution for the sand used in the clay–sand mixtures. In this case, the use of coarse-grained and rounded sand is considered the worse selection because it would require more expansive clay to fill up the voids. The laboratory porosity and void ratio are commonly measured to characterize the sand–clay mixtures.



The geological settings contribute to the mineralogy and chemistry composition of the clay. The parent material from which the clay particles were formed is of significant influence and normally varies from one area to another area [33]. Gueddouda et al. [24] carried out extensive research on the impact of ion concentration in water, cation exchange capacity and the double-layer theory on the hydraulic and mechanical properties of expansive soils.



Index properties (e.g., liquid and plastic limits) are used to estimate roughly the amount of swelling in the clay or clay mixtures. Al-Qatif clay is highly plastic, with a liquid limit (up to 150) and a plasticity index (up to 80). Table 3 summarizes the liquid limit, plastic limit and specific gravity values for all mixtures. The compaction parameters for all mixtures are presented in Table 4. The maximum dry densities for the sand–clay mixtures with a 10, 20 and 30% clay content are presented in a tabular form and given in Table 4.




4.2. Swelling Consolidation Behavior


The vertical strain vs. time shown in Figure 3 indicate a 3.5% swell for the 30% clay mixture compared to values of less than 0.2% for other mixtures of 20 and 10% clay in 1000 min. The initial rate of the swelling is usually high but decreases with time. This is attributed to the clay within the mixture. Pure clay continues to show changes in the vertical swelling strain for periods of more than two months. The hydraulic conductivity of the mixture is reduced with the expansion of clay as more parts of the voids become filled with a clay paste.



The stress vs. vertical strain profile is presented in Figure 4. The slope of the curve for each clay content indicates the compressibility of the mixture. It is obvious how the 30% clay mixture is different from the other mixtures with regard to the compressibility. Being very compressible indicates a weakness but not a high permeability. The passage of water through the clay paste takes a longer time, and the paste itself is considered as an obstruction to the flow.



The variation of swelling potential with clay content for mixtures is illustrated in Figure 5. This figure indicates that for all mixtures, there is a threshold clay content (at 20%) below which the expansion of sand–clay mixtures is not observed. A plausible explanation for observations shown in Figure 5 is that, for clay content less than or equal to the threshold clay content, the swelling of the clay component is confined within the voids of the sand particles (host material) without altering the structure of the mixture. Once the clay content increases beyond the threshold clay content, clay swelling will take place by filling the void and pushing the sand particles, resulting in the realization of swelling in the sand–clay mixtures. These observations are in agreement with those reported by [21,34,35]. Beyond the threshold clay content, the swell potential was observed to increase with an increase in clay content. As expected, the rate of increase in the swell potential with 30% clay content was observed to be higher than that for 20% clay content.




4.3. Hydraulic Conductivity


Figure 6, Figure 7, Figure 8 and Figure 9 introduce graphical presentations for the flexible wall hydraulic conductivity, as measured under four different effective confining stresses compared to the hydraulic conductivity measured using the rigid wall methods (falling head and constant head) and compared to the hydraulic conductivity computed using an indirect method under vertical stress of 50 kPa. From Figure 6, Figure 7, Figure 8 and Figure 9, it is obvious that an increase in the clay content of a mixture reduces the hydraulic conductivity. Similar results were reported by [10,11,12,13,14,15,16,17,18,23,26]. Tong and Shackelford [31] confirmed that the measured values of the hydraulic conductivity (k) decreased by approximately 1 to 1.5 orders of magnitude as the bentonite content is increased from 5% to 15%. It was stated that the overall high k values for the specimens with a bentonite content of 5% can be attributed to the bentonite content being inadequate to completely fill all of the pores of the mixture. As the clay content had been found to influence the hydraulic conductivity, in general, it is seen here to also influence the comparison between testing methods.



For both FWP and RWP, the hydraulic conductivity profile for the mixture with 20% clay content is found closer to the hydraulic conductivity profile of that with 30% clay content. Evidently, there is no big difference in hydraulic conductivity values for clay content exceeding 20%. The influence of the effective confining stress is observed and found very significant for the measurements conducted here. Lower hydraulic conductivity values are associated with 200 kPa and 400 kPa confining stresses. The difference in magnitude is marginal when comparing the output of the test methods. Very high confining stresses of more than 200 kPa occur at a rather deep level if we consider only the weight of saturated soil as an overburden pressure. These observations are in agreement with those reported by [23,24,26,28].



Figure 10 presents the trend of the comparison between the flexible wall system and other rigid wall test methods. It can be observed that the clay content of the mixture has a substantial influence.



The trend presented in Figure 10 is only guidance and is obtained to represent the behavior of the Al-Qatif clay–sand mixture when tested under different conditions. The prediction factor can be introduced and expressed as rigid wall permeability divided by flexible wall permeability. The value of this factor varies from 1 to 6.3 (RWP falling head/FW). In addition, the value of this factor varies from 1 to 33.4 for (RWP constant head/FWP). For both cases, the general profile of the prediction factor indicates that the difference between the testing method for clay content above 20% is very small, and the factor can be taken as 1. For clay content less than 20%, the difference in measurements varies from 1 to 6.3 with a slope of 54% for RWP falling head/FWP and from 1 to 33.4 with a slope of 320% for RWP constant head/FWP. The bilinear relationship between the clay content and the prediction factor can be useful for adjusting the test results conducted in the laboratory using a rigid wall apparatus.



On the other hand, from the comparison of direct and indirect hydraulic conductivity measurements for mixtures with clay content, it is apparent that the hydraulic conductivity deduced from indirect methods is more than three orders of magnitude less than that obtained from the direct method. This may be attributed to several reasons. One reason could be the difference in the mechanism by which water flows through the sample. In the case of the direct method, the condition is steady state and hence the water flow is due to the direct hydraulic gradient application, whereas, in the case of the indirect method, the state is a transient flow and the water flow is due to the squeezing of the sample. In this case, the hydraulic gradient is a function of the compressibility of the mixtures. However, it is apparent that at the 30% clay content mixtures, the data show both methods to give comparable values for the hydraulic conductivity.





5. Microstructure Investigation


The scanning electron microscope (SEM) is an advanced technique generally used to view the soil fabric and the distribution of pores in a material. This can be conducted for the clay–sand mixtures of different properties and subjected to different stress levels. The SEM investigation was conducted using a field emission scanning electron microscope (FE-SEM) model JSM-7600F supplied by JEOL (Tokyo, Japan). The magnification ×100 was used for the examination of the mixture’s fabric. For this examination, three sand–clay mixtures were examined: 10, 20 and 30% clay content. Specimens with 0% clay content were not examined in this investigation because they were friable to the extent that they crumbled under a high vacuum inside the SEM device.



The samples were prepared following the same technique used for preparing samples for compressibility and swell tests as described above, then they were cut into small pieces to fit the desired size of the sample. All test samples were dried and coated with platinum to be electrically conductive. To minimize fabric disturbance accompanying the drying, saturated samples were dried using the freeze-drying technique.



The use of the obtained images can help in understanding the interaction between sand grains and clay particles for different mixtures. The pore distribution and assemblage can be seen very clearly. Figure 11, Figure 12 and Figure 13 show the SEM micrographs of the mixtures under as-compacted conditions. These micrographs show the transition of soil fabric with the increase in clay content. From these figures, it is observed that, for a clay content of 10%, the clay coats the sand grains of the mixture without developing significant gaps between sand grains (Figure 11). Part of the clay particles resides in the voids between the sand grains, as shown in Figure 12. In Figure 13, direct contact between sand grains is still visible, inferring that it will control the hydraulic conductivity behavior of the mixture. In the case of clay content greater than 20%, the volume of clay coating increases, causing the development of clay particles assemblage connectors in addition to filling up the voids between the sand particles. Under this case, the hydraulic conductivity behavior is dominated by the clay particles. In addition, interassemblage pores are visible in the case of 10% clay content. As the clay content equal or greater than 20%, interassemblage pores are hardly visible and filled with clay causing a significant decrease in hydraulic conductivity.




6. Conclusions


The studied sand–clay mixture (containing Al-Qatif clay) was found to be very sensitive to the hydraulic conductivity measurements. The test method conducted to obtain the hydraulic conductivity needs to be corrected for the flexible wall testing conditions. A prediction factor is introduced to convert rigid wall measurements to flexible wall conditions. Significant differences between the rigid wall permeability test and the flexible wall permeability tests were observed for the clay content of less than 20%. The prediction factor can be introduced and expressed as rigid wall falling head or constant head permeability divided by the flexible wall constant head permeability. The value of this factor varies from 1 to 6.3 for the rigid wall falling head hydraulic conductivity and from 1 to 33.4 for the constant head rigid wall hydraulic conductivity. The general profile of the prediction factor indicates that the differences in the hydraulic conductivity between various testing methods for clay content above 20% are very small. The adjustment factor for this case can be taken as 1. The changes and differences in the constant head rigid wall hydraulic conductivity tend to be higher for the low clay content. This can be explained by the increase in the granular cohesion-less component of the mixture.
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Figure 1. Grain size distribution of uniform sand. 
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Figure 2. Schematic diagram of a flexible wall permeameter (after [32]). 
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Figure 3. Vertical strain vs. time for sand–clay mixtures. 
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Figure 4. Vertical strain at 24 h vs. stress at variable clay content of the mixtures. 
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Figure 5. Swelling strain at 24 h vs. clay content of the sand–clay mixtures. 
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Figure 6. Hydraulic conductivity for a flexible wall at 50 kPa stress compared to other methods. 
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Figure 7. Hydraulic conductivity for a flexible wall at 100 kPa stress compared to other methods. 
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Figure 8. Hydraulic conductivity for a flexible wall at 200 kPa stress compared to other methods. 
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Figure 9. Hydraulic conductivity for a flexible wall at 400 kPa stress compared to other methods. 
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Figure 10. Hydraulic conductivity prediction factor for a rigid wall/flexible wall measurement at variable clay content. 
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Figure 11. SEM of sand clay mixture with 10% clay content. 
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Figure 12. SEM of sand clay mixture with 20% clay content. 
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Figure 13. SEM of sand clay mixture with 30% clay content. 
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Table 1. Physical properties of the clay used in this study (after [25]).
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	Property
	Range





	Material passing sieve # 200
	>90%



	Liquid Limit, LL (%)
	130–150



	Plastic Limit, PL (%)
	60–70



	Plasticity Index, PI (%)
	70–80



	Maximum dry density, γdmax (kN/m3)
	11.5–12



	Optimum Moisture Content, OMC (%)
	32–40



	Swell percent (%)
	16–18



	Swelling pressure (kN/m2)
	500–800
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Table 2. Typical chemical composition of the clay used in this study.
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	K+ (%)
	K2O (%)
	Al3+ (%)
	Al2O3 (%)
	Si (%)
	SiO2 (%)
	Ca2+ (%)
	CaO (%)





	1.8
	2.2
	3.3
	6.3
	8.1
	17.3
	0.7
	0.9
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Table 3. Index Properties for Mixtures.
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	Clay Content (%)
	Liquid Limit, LL (%)
	Plastic Limit, PL (%)
	Specific Gravity, Gs





	0
	NA
	NA
	2.66



	10
	NA
	NA
	2.67



	20
	29
	17.6
	2.67



	30
	36
	18.5
	2.68
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Table 4. The maximum dry density and optimum moisture content for the sand–clay mixtures.
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	Material
	Optimum Moisture Content (OMC) (%)
	Maximum Dry

Density, γdmax (kN/m3)





	Sand
	10.5
	16.22



	Sand + 10% Al-Qatif Clay
	11
	17.85



	Sand + 20% Al-Qatif Clay
	13
	18.15



	Sand + 30% Al-Qatif Clay
	13.5
	18.03
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