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Abstract

:

Soils are naturally occurring materials that carry loads of civil engineering structures including roads and buildings. However, not all natural soils are suitable for such uses due to limited strength and instability under varying environmental conditions. A lack of adequate geotechnical investigations and soil characterization can result in the over-design of foundations, unexpected excavations to remove unsuitable soils, cost overruns, construction delays; and, contract disputes. In this research, an experimental plan was executed to determine the engineering properties of subgrade soil in Jimma Town in southwestern Ethiopia by using both disturbed and undisturbed soil samples. The plan included tests to determine the moisture content, specific gravity, grain-size analysis, Atterberg limits, compaction-density relationship, California Bearing Ratio (CBR), unconfined compression strength, and triaxial shear strength. X-ray diffraction (XRD) analysis was also conducted to determine the chemical composition of the soil. The soil characterization indicated that soft clay is the predominant subgrade soil type and that it has a very low load-bearing capacity, high plasticity, low strength and, high compressibility, which makes the soil unsuitable to serve as a highway subgrade without the help of soil improvement techniques.
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1. Introduction


Soil is a complex heterogeneous material that contains different minerals, resulting from the weathering or disintegration of rocks due to various physical phenomena. The properties of soil vary from one location to another since they are naturally occurring materials [1]. Soils are porous materials created on the earth’s surface through the processes of weathering. It is a multi-phase material that contains solids, liquids, and gases. In the soils, matter and energy exchange with the atmosphere, biosphere, and hydrosphere [2]. The speed of weathering for the formation of soil and the percentage of fine particles are the two crucial factors that can affect the geotechnical properties of soils [3]. Soils are naturally occurring materials that play a vital role in the design, construction, and performance of civil engineering structures. However, not all naturally occurring soils are appropriate for all uses due to the mechanical, physical, and chemical properties, as well as constructability. Soils are characterized in several ways, and one of which is its designation as soft. Soft soils have relatively low stiffness, and a high level of deformation when a load has applied the deformation of soft soils is high due to its relatively low stiffness. Therefore, the deformation analysis should consider soft soil as a large-deformation continuum approach of elastic and plastic material [4]. Soil geological origin, formation, and evolution processes of natural soils affect the nature of soils and their mechanical properties [5].



Soft clay soils are deposits of sedimentary soils under the alluvial, marine, lacustrine, or similar environment. They are highly compressible and have low shear strength, with a moderate to high clay fraction, making them highly plastic [6,7]. Soft soils are non-homogeneous and have highly variable and complex properties that are attributed to varying combinations of fibrous and amorphous materials of peat, clay, and silt [8].



The identification of problematic subgrades such as soft soils is essential at the project planning and design stages. Inadequate geotechnical site investigations can cause over-design, cost overruns, project delays, disputes, and unexpectedly deep excavations in areas that involve soft soils [9,10]. Disturbed soft soils are known for strength loss when remolded in a laboratory. Fine-grained soils can be highly compressible and overconsolidated [11]. There are several approaches for identifying and classifying soft soils. The oldest one was proposed by Terzaghi et al. [12], where clay is classified as soft soil when the unconfined compressive strength is less than 50 kPa. Das [13] suggested that a void ratio of soft soil is in the range of 0.9–1.4, and the dry unit weight ranges from 11.5–14.5 kN/m3. Soft soil has a coefficient of permeability that is less than 1.0 × 10−7 m/s, according to Kempfert and Gebreselassie [14]. The properties of fine-grained soil are assessed by its degree of firmness, which is called consistency, and it is expressed by terms such as soft, stiff, and hard. These terms are relative and they may have a different interpretation for different geotechnical engineers. Based on quantitative measurements, consistency is associated with shear strength and compressive strength. Clay soils with an unconfined compression strength of less than 50 kPa and a liquid limit of more than 50% are categorized under soft soils [15,16].



However, the soft soils that are improved while using reasonable measures can be suitable to support civil engineering structures. The admixture of Bentonite and Nano-clay are suitable additives to enhance the properties of weak road subgrade. The 10% admixture of Bentonite and Nano-clay improved the weak subgrade soil by 28.4%. The natural materials, such as soils, therefore, critically influence the success of a civil engineering structure [17]. As stated by Idrus et al. [17], soft clay soil can cause problems for civil engineering structures, particularly highway infrastructure, such as roadway pavements. The most common problems associated with soft soil in roadways are low load carrying capacity, excessive and differential settlement, and embankment slope instability. If the soft soil deposit is very thick, removing and replacing it with a soil that has better engineering properties can be cost-prohibitive. Therefore, a good understanding of the soft soil is essential at the design stage of the highway project to assess the feasibility of designing a roadway structure on soft soil in such a way to alleviate problems. A soft subgrade soil with a high degree of saturation is more prone to differential settlement and potential cracking of pavement under wheel loading [18]. Geotechnical engineers should consider the appropriate site investigation and analysis methods to ensure a roadway structure that provides a satisfactory level of service during its design life due to the nonlinearity of soil properties [19]. An investigation of a rural road failure that included distresses, such as edge cracking, alligator cracking, longitudinal cracking, and potholes, the causes of failure were associated with the drainage problem and the existence of soft subgrade soil [20]. A case involving a transportation project reported differential settlement during the construction stage, and piles installed subsequently deviated from their original position after some time. A site investigation revealed the presence of a thick deposit of very soft to soft clay, with thicknesses that ranged from 15 to 20 meters that were causing the problem [21]. There are also other types of problematic soils, the most common of which are swelling clay, dispersive soils, and collapsible soils. Problematic soils, like expansive clay, can cause significant challenges for roadway pavements. It is estimated that approximately 40% of the country of Ethiopia is covered with expansive clay, which is slowing down economic development and causing construction challenges [22]. The collapsing potential of soil can be estimated while using its liquid limit and dry density [23]. A large part of Ethiopia has thick deposits of soft soils, but there is no detailed study on their properties. The pavements that are built over these deposits can result in premature distresses, such as excessive settlement, rutting in the wheel paths, cracking, and potholes [24]. According to the study that was conducted by Jibril J. [25], the soil of Jimma town is a plastic clay soil with the medium to a very high degree of expansiveness.



Several studies have been conducted on the characterization of soil in different ways for different purposes. According to Adhanom and Toshome [26], morphological, physical, and chemical properties of soils were characterized while using field observation and laboratory tests for agricultural uses. Most of the soil characterization for engineering purpose use field and laboratory testing methods. Kelly et al. ([27] characterized soft soil properties while using field testing methods for engineering applications. There are two main classes of engineering characterization of soils, which are index properties and design properties. Index properties include grain size distribution, void ratio, porosity, water content, degree of saturation, unit weight, liquid limit, plastic limit, plasticity index, shrinkage limit, liquidity index, and activity index. The design properties are the parameters that influence the design and stability of structures. The design properties are compaction characteristics, consolidation characteristics, and shear strength parameters while using laboratory testing standards [28].



Therefore, this study aims to assess the existence and know the basic engineering properties of soft subgrade soils in Jimma town of Ethiopia while using laboratory tests. An experimental plan was executed to determine the engineering properties of subgrade soil while using both disturbed and undisturbed samples that were collected from two locations. Transportation is one of the essential components of physical infrastructure that is vital for the development of a country. In Ethiopia, many problems are encountered on roads. Therefore, a deeper understanding of such issues is essential to reduce them during road design and construction.




2. Research Design and Methods


2.1. Introduction


The soft soil characterization and an assessment of the engineering properties were determined while using information from the literature review and by conducting laboratory tests. Soil sampling techniques and laboratory analysis methods are presented in this section. The laboratory tests were conducted in the civil engineering laboratories at Jimma University, the geotechnical laboratory at the Ethiopian Construction Design and Supervision Works Corporation, and the materials science department laboratory at Adama Science and Technology University. Additional data that were relevant to the study area were obtained from the Geological Survey of Ethiopia (GSE). An experimental program was carried out to determine moisture content, specific gravity, grain size analysis, Atterberg limits, compaction, California Bearing Ratio (CBR), triaxial compression, and unconfined compression strength of sampled soils to investigate the properties of select soft soils. As outlined in the report [29], the fundamental parameters should be considered for pavement design are sieve analysis, Atterberg limits, specific gravity, compaction, resilient modulus, and triaxial compression tests, and each test should include a minimum of three samples within a particular sample location for the reliability of the results. The Ethiopian Road Authority (ERA) [30] also suggests that moisture content, sieve analysis, plasticity index, compaction, and CBR tests are the necessary engineering tests that are to be considered for pavement design.




2.2. Study Area Description


The town of Jimma is located approximately 354 km southwest of Addis Ababa. Its geographical coordinates are about 7°41’ N latitudes and 36°50’ E longitudes. The town, located at an elevation of 1718 to 2000 meters above mean sea level, has an average temperature that ranges from 20 to 30 °C and an annual rainfall that ranges from 800 to 2500 mm. The Jimma had a population of 120,960, according to the Ethiopia central statistical agency (CSA) census report of 2007. According to the recent information on [31], the population of Jimma town is 207,573 in 2012. The town is in the climatic zone, locally known as Woyna Dega, which is very suitable for agriculture as well as human settlement [32]. Figure 1, below, shows the map of the study area located near the town of Jimma in Ethiopia.



In geological terms, the city is underlain by volcanic rocks of Tertiary age, which seems to be mostly basalt. The rock unit of the area consists of medium to acid lava and, thus, of the so-called Trap formation [33]. Quaternary alluvial deposits, Sentema Basalts, and middle trachyte flow mainly cover Jimma, according to the Geological Survey of Ethiopia (GSE) report [34]. The quaternary alluvial deposit is often marshy with soft clayey soil. At places, the alluvial deposit forms loose thick soil layers of clayey-silty material that is not well consolidated. The color of the surface soil is mostly light gray, which is covered with grass or low vegetation, such as reeds and bogs. The middle trachyte covers many areas of the town, especially around its northeast and southeast areas. In most of its exposure, the middle trachyte flows are light gray, fine- to medium-grained trachyte. The rock is often massive but shows fractures in some places. The color often changes to dark or greenish-gray. North of Jimma near the Jiren mountain, the trachyte is sheared and silicified that often changes to mylonitic trachyte.




2.3. Study Design


This study considered quantitative experimental since it was to measure the engineering properties of soil. The systematic random sampling was applied to collect soil samples while using field observation and some literature from the study area and analyzed by descriptive statistics to describe the property of soil while using laboratory test results. A laboratory experiment program was designed to conduct all of the fundamental engineering properties of the soft soil to investigate the engineering properties of the soil. Two representative disturbed and undisturbed soil samples were collected from different locations and taken samples from 1.5–2.0 m depth. The disturbed soil samples were first air-dried and laboratory tests were conducted according to the American Society for Testing and Materials (ASTM) and American Association of State Highway and Transportation Officials (AASHTO) soil testing procedures. The laboratory tests that were conducted for this study were moisture content, specific gravity, grain size analysis, Atterberg limits, Proctor compaction, California Bearing Ratio, unconfined compression, X-ray diffraction, and triaxial compression. However, the study was limited to two test pits that may not represent the whole study area. Therefore, the findings should be considered as indicative, rather than definitive, for the entire study area.




2.4. Data Collection Process


The different activities that were carried out in this research work can be classified into three main phases: pre-fieldwork, fieldwork, and post-fieldwork. The primary tasks conducted before fieldwork are a literature review, collection of supplementary materials, such as geological and geographical maps of the study area, identifying the availability and functioning of laboratory and field soil sampling apparatus, and site selection. For this study, two study areas were randomly selected while using field observation as the photo in Figure 2 indicates and some literature that showed areas where weak soils may exist in the town to understand the engineering properties of very weak soil in the area. The samples were collected from the Jimma town around Kidane-Mihret Church (designated as Sample 1) and Rift Valley University College (Sample 2).



During the fieldwork stage, visual identification of soils around the study area was observed, and the soil samples were extracted. The disturbed samples were obtained using hand shovel and undisturbed samples using a thin-walled Shelby tube penetrated using a mechanical method, as shown in Figure 3 during the fieldwork stage. The disturbed samples are for natural moisture content, unconfined compressive strength, and triaxial compressive tests. The disturbed samples are for sieve analysis, specific gravity, Atterberg limits, compaction, X-ray diffraction, and CBR tests.



During post-fieldwork, a laboratory test program for the collected soil samples was conducted. The results from laboratory tests and visual identification from field surveys were interpreted, and they are reported in this paper. For this study, the disturbed and undisturbed soil samples were collected based on ASTM and AASHTO sampling procedures.




2.5. Laboratory Test Program


2.5.1. Standard Testing Procedures


The laboratory specifications used for this study were from ASTM and AASHTO standards that are presented in Table 1.




2.5.2. Moisture Content


The natural water content of a soil mass is the fraction of the mass of water to that of the solids expressed as a percentage. The knowledge of moisture content of a soil is a basic requirement in all studies that are related to geotechnical engineering. The natural moisture content of a soil can also be used to give some clues about the soil bearing capacity and settlement potential. This test is one of the simplest and cheapest tests to conduct in a laboratory. The moisture content of the samples in this research was determined while using the ASTM standards [35].




2.5.3. Specific Gravity


The specific gravity (Gs) of soil was determined to be used in the particle size analysis in the hydrometer method. The specific gravity of the soil samples was determined while using [36].




2.5.4. Grain Size Analysis


The determination of grain size analysis can be performed in two ways: the mechanical sieving method and the hydrometer method. Sieving is used to identify particles with a size greater than 75 μm, and the hydrometer method is used for particles that are smaller than that size. For this study, both wet sieve condition and hydrometer methods were conducted according to [37]. Finally, results from the two methods were combined to produce the overall particle size distribution curve.




2.5.5. Atterberg Limits


This test was used to determine the plastic limit (PL), liquid limit (LL), and the plasticity index (PI) of the soil. The standard laboratory test procedure that was used for this study was [38]. The soil sample for the plastic limit test should pass through a 475 μm sieve, and the plastic limit is the moisture content at which, when rolling the soil paste to a diameter of 3 mm, it begins to crumble. The liquid limit is determined while using the standard cup in which a groove is cut in the soil sample and the sample cup is raised and dropped a specified number of times for the groove to barely close. The soil moisture content at which this happens is the liquid limit. The plasticity index (PI) is the difference between LL and PL.




2.5.6. Moisture-Density Relationship


This test helps to understand the relationship between the dry density and the moisture content of soil for some stated compaction energy. Up to certain water content, the presence of water helps in the compaction process as a lubricant for grain packing. When the water content is increased beyond this, there is a negative impact on the soil dry density. The optimum moisture content (OMC) is the water content at which the maximum density is reached for specified compaction energy. This test was carried out according to the [39] standard test procedure.




2.5.7. California Bearing Ratio


The California Bearing Ratio (CBR) is determined by a load penetration test in the laboratory and is mostly used for the design of roadway pavements. The strength of natural ground soil is determined using the CBR test and assigned an index on a scale from 0 to 100 relative to a designated top-quality granular based material. The three-point CBR tests at 10, 30, and 65 blows were conducted according to [40] in the soaked state, and the CBR at 95% MDD was determined.




2.5.8. Unconfined Compressive Strength


Soil materials in structures, such as roadway pavements and bridges that are subjected to fatigue loading, do not typically fail in shear. Their failure that is caused by fatigue can be modeled in the laboratory while using a repeated load test, which is also known as the resilient modulus test. This test requires sophisticated testing equipment that is not available in developing countries, such as Ethiopia, and one way to overcome such a handicap is to use simpler tests to arrive at important soil properties. The unconfined compression test can be performed on cohesive materials, such as clay. The resulting unconfined compressive strength is a reasonable indicator of the mechanical properties of soil. This test was conducted in the laboratory while using static loading that significantly influences the structural responses and performance of pavement material under traffic loading. It was conducted while using the unconfined compression strength apparatus, according to [41] procedures.




2.5.9. Triaxial Compression


The triaxial test is one of the best laboratory tests for determining the shear strength of the soil. The unconsolidated undrained compressive strength of soil determined in an undisturbed condition while using a strain-controlled application of axial compression load with confining pressure. It was conducted using a triaxial compression test apparatus, according to the [42] procedures.




2.5.10. X-ray Diffraction (XRD)


X-ray Diffraction (XRD) analysis is the most widely used method for the identification of fine-grained soil minerals such as clays. A powdered sample is placed in front of a camera and a thin film is wrapped around the inner wall to act as a detector and recorder of X-rays diffracted from the sample. The interaction of the incident rays with the sample produces a multitude of diffracted rays in accordance with Bragg’s Law, being expressed by the Equation nλ = 2dsinθ, where n is an integer, λ is the wavelength of the rays, and θ is the angle between the planes of diffracted and incident X-ray beam. The spacing d between the lines on the recording is used to identify the material by converting the diffraction peaks to d-spacing and comparing it with standard patterns for known materials. Copper is the most common target material for single-crystal diffraction, with CuKα radiation the spacing is 1.54 Å, and it was used for this study. The angle and intensity of the diffraction pattern provide information regarding the material sample. All of the materials have a unique diffraction pattern for every phase. The angle at relative peak intensity is used to match experimental data to the reference patterns in a database, such as that of the International Centre for Diffraction Data (ICDD). The test procedure that was used for this study was from work by Harris [43]. Table 2 summarizes some of the common clay minerals and its identification method while using XRD peak intensity and d-spacing result.






3. Result and Discussion


3.1. Introduction


The analysis was carried out on the experimental test results to characterize the engineering properties of the soil from the study area. The most important parameters to understand and identify soft soil are natural moisture content, specific gravity, Atterberg limits, unconfined compressive strength, and California Bearing Ratio results analyzed and interpreted while using the statistical description method.




3.2. Natural Moisture Content


The natural (in-situ) moisture content of the soil samples was determined from the undisturbed samples using ASTM D 4643-00, and Table 3 presents the results.



Natural (in-situ) moisture content is a key parameter to understand the characteristics and the performance of soil and its degree of compaction at the site. The results in Table 3 show that these soils can hold a significant level of moisture. As stated by Terzaghi [12], most of the typical values of the natural moisture content of clay soil are within the ranges of 22–70%. The study results are also in agreement with the specified standard.




3.3. Specific Gravity


The specific gravity of the soil samples was determined using ASTM D 854-02, and Table 4 summarizes the results. The specific gravity is an important parameter in identifying the soil type, classification, and its suitability as a construction material.



The specific gravity is an important parameter in identifying the soil types, classification, and suitability for construction materials. Arora [15] suggested that the specific gravity of inorganic clay soil is in the range from 2.68–2.80. The result in Table 4 indicates the specific gravity of the soil.




3.4. Grain Size Analysis


Grain size analysis was conducted while using both the wet-sieve and hydrometer methods according to ASTM D422-98. Results from the two methods were combined while using accepted standards and the particle size distribution curves that are shown in Figure 4 were obtained. The chart does show that the soil samples can be classified as fine-grained soils, as the grain size analysis indicates more than 90% of the soil passed the #200 (0.075 mm) sieve.




3.5. Atterberg Limits


The Atterberg Limits, or the soil index property test, involves the determination of the plastic limit (PL), liquid limit (LL) and plasticity index (PI) of the soil. The liquid limit and the plastic limit are moisture contents that correspond to the liquid and plastic state thresholds of the soil, respectively.



The word plasticity is synonymous with the moldability of soil, and it also indicates the cohesive nature of the soil. Different agencies have different ways of classifying the plasticity of the soil. Wagner [16] suggests that, if PI ≥ 20 for the soil, it can be classified as a cohesive clay soil with high plasticity characteristics. The Plastic index (PI) is also used as an indicator of the degree of cohesiveness of soil, with a high value of PI indicating a high degree of cohesion. The results in Table 5 suggest that the soil samples are highly plastic and further evidence of the relationship is reported in the literature [6,7,16,44]. The liquid limits and plasticity index of the studied soils are both greater than the values recommended by ERA [45], which is suggests that the liquid limit should be less than or equal to 30% and the plasticity index should be less than or equal to 10% for suitable materials for subgrade. AASHTO [46] also suggested that fine-grained soils are not suitable for subgrade material. This implies that these soils are not suitable for subgrade without improvement. The compression index (Cc) is one of the very important consolidation parameters in settlement estimation for the engineering foundation. There were a lot of formulas that were developed by different scholars for the correlation between Cc and other soil properties. However, most of the researchers recommended Cc = 0.009 (LL: 2.0%); Terzaghi’s method is the best for correlation of compression index with Atterberg limits, where Cc is the compression index. The compression index (Cc) values of medium to soft soil is in the range of 0.15 to 1.0 [47]. The correlation results of the compression index (Cc) for this study are 0.711 and 0.585 for samples 1 and 2, respectively, which shows that the soils are soft clay soil that is highly compressible.




3.6. Soil Classification


The most widely used soil classification systems are AASHTO and USCS systems. The AASHTO soil classification system groups soil into seven major groups from A-1 to A-7 with a total of 12, including subgroups. AASHTO classification system was used for this study. Figure 5 shows the soil classification chart for fine-grained soil, with the data points for each soil sample also indicated. It shows that both soil samples are AASHTO A-7-5 soils.




3.7. Moisture-Density Relationship


Moisture-density relationship was determined while using the standard Proctor compaction method, as specified in ASTM D698-00, and the results for the maximum dry density (MDD) and the corresponding optimum moisture content (OMC) are shown in Figure 6.



These results show that the dry density values are low, which indicates that the soil is soft in its remolded state. The maximum dry density can be useful for determining the CBR value of soil to be used in roadway pavement design. It is common to achieve a relative density of 95% of the laboratory maximum dry density while using modern compaction equipment. The compaction results show the two soil samples achieve reasonably close maximum dry densities using the same compaction energy, but at different optimum moisture contents.




3.8. California Bearing Ratio (CBR)


This CBR test was conducted according to the AASHTO T193-93 procedure. The CBR values were determined for a soil sample that was molded at 95% of MDD at the penetration of 2.54 mm. CBR is one of the parameters used to indicate the load-bearing capacity of subgrade soil for roadway pavement design. Table 6, below, presents the CBR test results for the two field soil samples. The results show that the sampled soil has a very low load-bearing capacity, which requires the stabilization of the soil to be used as a roadway subgrade.



The CBR test is the most common method to determine and evaluate the load-bearing capacity of subgrade soil, subbase, and base materials for pavement design. The CBR result of subgrade soil is the essential parameter in determining the thickness of pavement layers. As stated by [48], moisture content and density of the soil can affect the strength of the soil. Most of the clay soils have a CBR value of less than 15. This suggestion is also mentioned on the ERA [45] manual, which is used to design a low volume of flexible pavement in Ethiopia. According to [49], coarse-grained soils with a CBR greater than 10 is suitable for roadbed of subgrade soil. The result in Table 6 shows that the soils have a very low load-bearing capacity and high compressibility, which makes the soils unsuitable for subgrade without improvement. The obtained result is in agreement with the study that was performed in the same area [25].




3.9. Triaxial Compression


Triaxial test is a more useful test for determining the shear strength of a fine-grained soil because it can be performed under both drained and undrained conditions. The strength of clay is most relevant to consider in undrained conditions, during which the effective stress remains constant for saturated soils. The shear strength parameters obtained from the test and that are shown in Table 7 indicate that the two soil samples have low shear strength.




3.10. Unconfined Compressive Strength


This test was conducted using the unconfined compression strength apparatus based on the ASTM D2166-00 procedure.



The two soil samples are soft soils, as the unconfined compression strength test results show in Figure 7. The specimens failed at a pressure of 50 kPa or less. Clay soils with unconfined compression strength less than 50 kPa and liquid limit greater than 50% are categorized under soft soils [12,15,47]. Therefore, the results show that the soil samples meet the general principles of soft soil expressed in literature. Table 8 shows a summary of the laboratory results from the unconfined compression strength test on the two samples.



The shear strength (Cu) of the undrained cohesive soil is half of the unconfined compression strength (qu). One of the basic parameters used to classify a soil is based on its degree of firmness or consistency is the unconfined compression strength (qu), and its values appear to support the notion that the soil is weak [15].




3.11. X-ray Diffraction


The X-ray diffraction test was conducted to identify the different mineral species present in the soil. As a result of X-ray diffraction in Table 9 show, the two soil samples were composed of similar mineralogical groups. Figure 8 shows the major mineral groups present in the soils.



The determination of the types and intensity of minerals present in a fine-grained soil is crucial in the characterization of soil, because of its strong influence on soil behavior. The results of XRD are plotted as intensity on the y-axis vs. 2θ angle on the x-axis (Figure 8). The intensity is usually expressed as counts per second. The mineral types that are present in the soil should be determined from the graph of the XRD pattern by calculating the d-spacing at the 2θ peak intensity and then matching them with a reference of mineral diffraction data in the ICDD. Table 2 presents some of the most common clay mineral types and corresponding d-spacings. The XRD pattern identified that the dominant minerals present in the soil are illite, kaolinite, quartz, montmorillonite, and anorthite, as shown in Figure 8.





4. Conclusions


This study investigated the existence and the basic engineering properties of soft subgrade soils, which are important for an understanding of the soft soil behavior in Jimma town of Ethiopia for the safety of civil engineering structures, particularly highway infrastructure, such as roadway pavements. The laboratory tests that were conducted for this study were moisture content, specific gravity, grain size analysis, Atterberg limits, Proctor compaction test, California Bearing Ratio, unconfined compression, X-ray diffraction, and triaxial compression tests. The test procedures were based on AASHTO and ASTM test standards. From the study, the following findings are deduced:




	➢

	
Natural moisture content and the specific gravity of the soil are vital parameters to understand the characteristics of the soil. The conclusions from this study indicated that the soil is soft poor-quality inorganic clay.




	➢

	
Atterberg limits test results show that the soft soils have a high degree of cohesion and highly compressible.




	➢

	
The subgrade soils considered in this study were A-7-5, as per the AASHTO soil classification system.




	➢

	
One of the basic parameters used to classify a soil is based on its degree of firmness or consistency is the unconfined compression strength, and the results show that it is soft soil.




	➢

	
X-ray diffraction analysis established that dominant minerals present in the soil are illite, kaolinite, quartz, montmorillonite, and anorthite.









In general, the subgrade soils that were considered for this study had a very low load-bearing capacity and high compressibility, which makes the soils unsuitable for highway subgrade without improvement to make it feasible to build civil engineering structures on it. Based on the finding of this study, it is recommended to consider stabilization for the enhancement of soil properties.
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Figure 1. Map of the study area. 
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Figure 2. Photo of soil observed at Kidane-Mihret (Jimma) church site. 
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Figure 3. Photos of samples under different conditions (a) disturbed sample after air-dried (b) obtaining an undisturbed soil sample in the field. 
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Figure 4. Particle size distribution curve. 
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Figure 5. Soil plasticity chart for fine-grained soil according to the AASHTO classification system. 
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Figure 6. Maximum dry density (MDD) versus optimum moisture content (OMC) for two soil samples. 
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Figure 7. Stress-strain curve of the natural soils from the unconfined compression test. 
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Figure 8. X-ray diffraction patterns and mineral types present in soft clay soils of samples 1 and 2. 
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Table 1. Standard Testing Procedures.
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	No.
	Name of Test
	ASTM
	AASHTO
	Test Condition





	1
	Moisture Content
	D4643-00
	
	Undisturbed



	2
	Specific Gravity
	D 854-02
	
	Air-dried



	3
	Grain Size Analysis
	D 422-98
	
	Wet-sieved



	4
	Atterberg Limits
	D 4318-00
	
	Air-dried



	5
	Soil classification
	D 3282-93
	
	



	6
	Standard Compaction
	D 698-00a
	
	Air-dried



	7
	California Bearing Ratio (CBR)
	
	T193-93
	Air-dried



	8
	Unconfined Compression Strength Test
	D 2166-00
	
	Undisturbed



	9
	Triaxial Compression Test
	D 2850-99
	
	Undisturbed
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Table 2. Major d-spacings for some minerals that occur in soils, listed for each mineral in the commonly observed order of decreasing X-Ray Diffraction (XRD) peak intensity (Source [44]).
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	Mineral Groups
	Minerals
	Major d-Spacings (Å)





	Amphiboles
	hornblende
	8.52, 3.16, 2.73



	
	riebeckite
	8.40, 3.12, 2.73



	Carbonates
	aragonite
	3.40, 1.98, 3.27



	
	calcite
	3.03, 1.87, 3.85



	
	dolomite
	2.88, 2.19, 1.80



	Chlorites
	chamosite
	7.05, 3.53, 2.52, 14.1



	Expansible phyllosilicates
	montmorillonite
	18.0, 9.0, 4.49



	Feldspars
	albite
	3.19, 4.03, 3.21



	
	anorthite
	3.20, 3.18, 4.04



	Kaolins
	kaolinite
	7.17, 3.58,



	Micas
	biotite
	10.1, 3.37, 2.06



	
	muscovite
	10.0, 3.33, 5.0



	Oxides, hydroxides
	anatase
	3.51, 1.89, 2.38



	
	quartz
	3.34, 4.26, 1.82



	
	rutile
	3.26, 1.69, 2.49



	Phosphates
	fluorapatite
	2.80, 2.70, 2.77



	
	strengite
	4.38, 5.50, 3.11



	Sulfi des
	marcasite
	2.69, 3.43, 1.75



	
	pyrite
	1.63, 2.71, 2.43
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Table 3. The laboratory test results of the natural moisture content of the samples.
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FIELD SAMPLE NUMBER

	
1

	
2






	
TEST REPLICATE NUMBER

	
1

	
2

	
1

	
2




	
MOISTURE CONTENT (%)

	
42.20

	
39.34

	
55.00

	
54.00




	
AVERAGE MOISTURE CONTENT (%)

	
40.77

	
54.50
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Table 4. The specific gravity of the studied soils.
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	FIELD SAMPLE NUMBER
	1
	2





	SPECIFIC GRAVITY (GS)
	2.7
	2.77
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Table 5. Laboratory Atterberg limit test result of the soil samples.
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Field Sample No.

	
Atterberg Limits




	
LL (%)

	
PL (%)

	
PI (%)






	
1

	
81

	
41

	
40




	
2

	
67

	
31

	
35
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Table 6. California Bearing Ratio (CBR) values of the natural soil samples.
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	Field Sample No.
	S1
	S2





	OMC (%)
	33.5
	32



	MDD (gm/cm3)
	1.41
	1.48



	Density at 95% MDD (gm/cm3)
	1.34
	1.41



	CBR at 95% MDD (%)
	1.8
	2.4
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Table 7. Unconsolidated undrained triaxial test result.
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	Parameter
	S1
	S2





	C (kPa)
	93
	38



	ϕ (°)
	16
	5



	γbulk (kN/m3)
	16.8
	16.6







Key: C = Cohesion, ϕ = Angle of internal friction, γ = Unit weight.
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Table 8. Summary of unconfined compression strength test result.
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	Field Sample No.
	qu (kPa)
	Cu (kPa)





	S1
	50
	25



	S2
	41
	20.5
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Table 9. The three strongest peaks of X-ray diffraction laboratory result of the samples.
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No.

	
2 θ (Degree)

	
d (Å)

	
Intensity (Count per Second)






	
Sample 1

	
1

	
26.70

	
3.33

	
1686




	

	
2

	
20.90

	
4.24

	
484




	
3

	
50.16

	
1.82

	
218




	
Sample 2

	
1

	
26.68

	
3.34

	
1894




	

	
2

	
20.91

	
4.24

	
462




	

	
3

	
50.16

	
1.82

	
262
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