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Abstract

:

This study investigated the effect of compaction effort and soaking time on the shear strength properties of fine-grained gypsum-containing soils. The objective was to demonstrate that increasing compaction effort increases soil strength, specifically cohesion and the angle of shear strength, when subjected to soaking in freshwater. Unconsolidated undrained triaxial tests were carried out on CBR soil samples with different soaking times. The results showed a transition from brittle to ductile failure behaviour as the soaking time increased. Mohr–Coulomb failure envelopes showed reduced cohesion and angle of shear strength with increasing soak time. Regression models were developed to establish correlations between soaked and unsoaked strength parameters. Strong relationships were found between soil strength properties, compaction effort and soaking time. Empirical equations were proposed to estimate the cohesion and angle of shear strength from compaction effort and soaking time. This study highlighted the importance of considering gypsum-rich soils in civil engineering design. Gypsum dissolution during wetting significantly affected soil strength parameters. The regression models and empirical equations provide engineers with tools to assess the influence of compaction effort and soaking time on soil strength, thus aiding decision making when designing structures on gypsum-rich soils.
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1. Introduction


Research dedicated to the study of saline soils has been the focus of numerous scientists, including those referred to as [1,2,3,4,5,6,7,8,9], along with other esteemed contributors. Among the soluble salts prevalent in freshwater, gypsum (CaSO4.2H2O) is emerging as a major concern due to its potential detrimental effects on various civil engineering structures, as highlighted by [10].



Gypsum deposits, a global geological phenomenon, are not confined to specific regions but rather manifest in arid and semi-arid areas, covering a substantial area of 100–207 million hectares worldwide, as documented by researchers such as [11,12].



The prevalence of gypsiferous soils and rocks extends across different geographical regions, particularly in the Middle East, with particular emphasis on areas bordering the Arabian Gulf and the Red Sea, as highlighted by [13,14,15,16]. They are also present in Europe, especially in Spain and former Spain [17], as well as in the former USSR, including Siberia, Georgia, Transcaucasia and Azerbaijan and even in North Africa (Algeria, Tunisia), southeastern regions (Algeria, Tunisia), southeastern Somalia, southern central Australia and former lakes in western USA [18]. Cases of gypsum-bearing soils have been documented in the Cardiff area of Wales in the UK by Hawkins and Pinches [19] and in northern England [20]. Gypsum, being a cementitious material soluble in freshwater, introduces a temporal dimension to the shear strength of gypsiferous soils when exposed to freshwater. This time-dependent characteristic implies a significant decrease in shear strength with prolonged soaking, emphasizing the need for a thorough understanding of the impact of gypsum on soil mechanics.



The construction of highways represents a significant financial investment, which necessitates strategic considerations to minimize construction costs through the efficient use of available materials. Subhi [6] reported the extensive use of saline soils in road construction, both as general fill for embankments and as sub-base materials. This highlights the importance of understanding the characteristics of gypsiferous soils, including their soluble mineral components, to understand their behaviour under different field conditions.



In the realm of road construction, the assessment of subgrade strength often relies on parameters derived from simple conventional tests or modelling equations [21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. Razouki and El-Janabi [37] highlighted the unsoaked California Bearing Ratio (CBR) of a well-graded silty sand with a gypsum content of about 64%, noting a decrease from 34% to about 6% after an extended period of 180 days of soaking. Similarly, Razouki and Kuttah [38] observed a significant reduction in the resilient modulus with increasing soaking time for a clay of the CH group [39] with a gypsum content of about 33%.



A comprehensive study by Razouki et al. [40] investigated the effects of compaction effort and long-term soaking on the strength properties of a gypsiferous clayey subgrade A-6(6), following the AASHTO soil classification system [41]. Their conclusive results showed a significant non-linear increase in CBR with increasing compaction effort for all soaking times, indicating soil improvement. Razouki and Ibrahim [42] reported that for a gypsum sand subgrade soil with a gypsum content of approximately 28%, the Young’s modulus increased with compaction effort but showed a significant decrease with freshwater soaking time.



In geotechnical engineering, the evaluation of soil shear strength usually involves the consideration of two time-dependent parameters, namely cohesion (c) and the angle of shear strength (ϕ), particularly under the influence of soaking or leaching. The pioneering work of Razouki et al. [43] drew attention to this phenomenon. They used two compaction efforts, represented by the standard and modified Proctor compaction tests, on a gypsum-rich fine-grained soil with a gypsum content of about 33%. Their meticulous approach included six CBR samples for intended soaking times of 0, 4, 7, 15, 30 and 120 days, compacted at the optimum moisture content of the modified Proctor (modified AASHTO) compaction test [44] of 11.5%. Three triaxial samples were taken from each CBR form for unconsolidated undrained (UU) triaxial testing. The results of Razouki et al. [43] concluded that the increase in compaction effort from standard to modified Proctor resulted in a significant increase in both cohesion and the angle of shear strength, particularly for samples subjected to long-term soaking. They also noted a significant decrease in cohesion and the angle of shear strength with prolonged soaking, confirming the findings of Razouki and Kuttah [45].



Building on these extensive investigations, Razouki and Kuttah [46] made a further attempt, focusing on the same soil. Their efforts revealed a notable reduction in the bearing capacity of strip footings on gypsum-rich soils, which they attributed to a significant reduction in both soil strength parameters due to long-term soaking. These findings further highlight the complex interplay between gypsum-rich soils and their structural integrity, providing a nuanced perspective for consideration in civil engineering and construction practice.



In summary, the multifaceted nature of saline soils, particularly gypsum-rich soils, requires a holistic understanding that encompasses geological distribution, engineering implications and soil mechanics. The collaborative efforts of researchers and scientists from different disciplines contribute to the evolving body of knowledge and provide valuable insights for sustainable and cost-effective construction practices in diverse geographical contexts. Accordingly, this study highlights the need to consider gypsum-rich soils in civil engineering design as gypsum dissolution during wetting significantly alters soil strength parameters. By providing engineers with tools in the form of regression models and empirical equations, it allows the influence of compaction effort and soaking time on soil strength to be assessed. As a result, it supports the decision-making process when designing structures on gypsum-rich soils, contributing to improved engineering practice and project outcomes.




2. Aim of the Study


The primary focus of this paper is to elucidate the profound effects of escalating compaction effort on the improvement of soil strength parameters, specifically cohesion and the angle of shear strength, in the context of a fine-grained gypsum-rich soil exposed to freshwater soaking. This is the primary objective, with the aim of highlighting the remarkable improvements obtained by intensifying the compaction procedures.



At the same time, the secondary objective of this study is to formulate regression equations tailored to each compaction effort. These equations are used to establish a quantifiable relationship between compaction time and both cohesion and the angle of shear strength. By delving into the complex dynamics of these soil strength parameters under varying compaction efforts, the intention is to provide geotechnical engineers with invaluable tools for accurate estimation in the field of gypsum-rich soil behaviour during freshwater soaking.



In addition, in order to enhance the practical utility of this research, the paper attempts to construct empirical formulae. These formulae will serve as instrumental tools for correlating each strength parameter with both soaking time and compaction effort. By providing a systematic approach, these formulae aim to facilitate the estimation of cohesion and the angle of shear strength specifically under soaked conditions of gypsum-rich soils, drawing insightful comparisons with their unsoaked counterparts.



In essence, this paper embarks on a two-pronged journey: first, to unravel the intricate relationship between compaction effort and soil strength parameters; and second, to provide the geotechnical community with robust tools in the form of regression equations and empirical formulae. This holistic approach aims to provide engineers with a nuanced understanding of the time-dependent behaviour of gypsum-rich soils, thereby promoting informed decision making and increased efficiency in geotechnical endeavours.




3. Compaction Effort


For an impact compaction test, the compaction effort or compaction energy CE is defined as follows:


  C E =   W ∗ h ∗   N   b   ∗   N   1     V    



(1)




where



W = weight of the hammer;



h = drop height of the hammer;



Nb = number of blows per layer;



Nl = number of layers;



V = volume of compacted soil.



For compaction in a CBR mould of 6″ (15.24 cm) internal diameter and 7″ (17.78 cm) height with a 2.416″ (61.37 mm) thick displacer disc [47], the soil sample is (11.643 cm) high, giving a volume of 2123.854 cm3. The modified AASHTO compaction test hammer to be used has a weight of 10 lb (4.54 kg) and is dropped from a height of 18” (45.7 cm). The number of layers is five. Different levels of compaction can easily be achieved by changing the number of blows per layer. The four different compaction efforts chosen in this work are 12, 25, 56 and 70 blows per layer. Note that the calculated compaction effort (energy) corresponding to 12 blows/layer is 586.4 kN·m/m3, which is very close to the 600 kN·m/m3 of the standard Proctor compaction test [48]. Similarly, the calculated compaction effort corresponding to 56 blows per layer is 2737 kN·m/m3, which is very close to 2730 kN·m/m3 of the modified Proctor compaction test [44].




4. Soil Properties


The soil, taken from a site close to Baghdad, Iraq, was subjected to a meticulous examination using various physical and chemical tests to reveal its diverse characteristics. Particle size distribution analysis according to ASTM D422-63 [49] was used to investigate the granular composition of the soil, providing the basis for a comprehensive understanding of its inherent properties.



Further insight into the behaviour of the soil was gained by determining the liquid limit (LL) and plastic limit (PL) using ASTM D4318 [50]. The results showed a liquid limit of 29% and a plastic limit of 17%, ultimately giving a plasticity index (PI) of 12%. In addition, the specific gravity of the soil particles, a key parameter influencing its overall behaviour, was determined to be Gs = 2.47, following the protocols outlined in B.S. 1377, Test 6 (B) [51].



Based on the results of these physical tests, a detailed classification of the tested soil was made. The soil was found to be sandy lean clay, which falls into the CL group of the Unified Soil Classification System [39] with 67.66% clay and silt (about 6% clay), 23.66% fine sand and 8.68% medium sand fraction. Based on the X-ray diffraction analysis of the fine fraction only, the fraction consisted of 6% montmorillonite, 7% kaolinite, 17% palygorskite and illite and 2% mixed layer. The tested soil was classified as an A-6 (6) soil according to the AASHTO soil classification system [41], providing a comprehensive representation of its engineering properties.



The moisture–density relationship for the modified Proctor compaction test, carried out in accordance with ASTM 1557 [44], provided critical data for the characterization of the soil. The analysis revealed a maximum dry density of 18.18 kN/m3 at an optimum moisture content (OMC) of 11.75%, providing valuable insight into the compaction behaviour of the soil under varying moisture conditions.



Looking at the chemical composition of the soil, a test using the US Department of Interior ‘Earth Manual’ [52] Appendix E8 procedure revealed a total soluble salt content of 35.1% at a dilution ratio of 1:200. Complementing this, “B.S. 1377 [51], Test No. 9” gave a sulphate content as SO3 of 15.2%, from which a gypsum content of 32.6% was derived. These chemical analyses contribute to a comprehensive understanding of the potential reactivity and susceptibility of the soil to various environmental conditions.



In essence, the combination of physical and chemical assessments provides a holistic characterization of the soil in the vicinity of Baghdad, providing a valuable basis for future engineering considerations and land use planning in the region.




5. Preparation of Triaxial Soil Samples


In order to obtain triaxial soil specimens for a comprehensive investigation of both unsoaked and soaked conditions over a range of soaking times and to derive key soil strength parameters, a decision was made to fabricate CBR (California Bearing Ratio) soil specimens. These specimens were then subjected to different soaking times for subsequent testing. The methodology involved extracting three triaxial soil samples from each CBR soil sample, which was achieved by pressing triaxial tubes firmly into the CBR soil samples using a hydraulic soil sample extractor.



However, a notable challenge arose in the context of unsoaked conditions. The robustness of the soil, characterized by high soil strength, led to the deformation of the triaxial steel tubes during the pressing process. To overcome this obstacle, a meticulous solution was implemented, as discussed in detail by Razouki and Kuttah [45]. This solution involved the fabrication of a new mould, a crucial step to ensure the integrity of the triaxial soil samples and to maintain the accuracy of subsequent tests under unsoaked conditions.



Consequently, a meticulous preparation plan was established to comprehensively address the various aspects of the study. A total of six CBR soil pairs were meticulously prepared for each compaction effort. These pairs were specifically tailored for testing over six different soaking periods: 0, 7, 14, 15, 30 and 120 days. This deliberate and systematic approach aimed to capture the nuanced evolution of soil behaviour over time, providing a robust basis for the subsequent analysis of soil strength parameters under different compaction efforts and soaking durations.




6. Unconsolidated Undrained Triaxial Tests


The unconsolidated undrained triaxial test (UU test) or rapid test was performed according to ASTM D 2850 [53] at a strain rate of 1.5 mm/min. Three specimens were tested for each soaking time. The first, second and third samples were subjected to confining pressures of 200 kPa, 300 kPa and 400 kPa, respectively. Figure 1 shows the deviatoric stress versus axial strain for unsoaked triaxial specimens compacted at 3421 kN m/m3, corresponding to 70 blows/layer in the CBR mould.



Figure 2 shows an example of the failure mode of unsoaked triaxial specimens for the case corresponding to a compaction effort of 56 blows per layer. Figure 3 shows the effect of compaction on the failure mode of triaxial specimens soaked for 120 days.



In unsoaked conditions, the tested soil suffers from multiple slip surfaces when tested under the effect of a confining pressure of 200 kPa. In the case of 300 and 400 kPa confining pressures, the slippage of a larger portion of the sample occurs along the slip surface, as shown in Figure 2 and Figure 3. Thus, the tested soil behaves like a brittle material in unsoaked conditions. For 120 days of soaking, Figure 3 shows that the soil samples exhibit ductility compared to the unsoaked samples such that bulging occurs in samples tested under 200 kPa confining pressure. The number of slip surfaces observed decreases for soil samples tested under 300 and 400 kPa confining pressure.



For each compaction effort, two views of the failure mode are shown in Figure 3 for each confining pressure of σ3 = 200 kPa and 400 kPa. This shows the transition from the brittle to the ductile failure mode, as noted by Ismael and Mollah [9] in triaxial tests on gypsiferous soil samples. Figure 4 shows the Mohr circles for the four compaction levels corresponding to 12, 25, 56 and 70 blows per layer, together with the corresponding Mohr–Coulomb failure envelopes. For each compaction level, the Mohr–Coulomb failure envelope is shown for both wet and dry soil samples.




7. Cohesion and Angle of Shear Strength


The shear strength parameters, cohesion c and the angle of shear strength ϕ, for each of the four selected compaction efforts can be obtained from Figure 4 as the intercept on the vertical axis and the angle of inclination of the Mohr–Coulomb failure envelope, respectively. Table 1 summarizes the strength parameters for soaked and unsoaked conditions for all the compaction levels investigated. Figure 5 shows the time variation in soil cohesion with soaking time for each compaction effort, while Figure 6 shows the same relationship but for the angle of shear strength. It is clear from Table 1 and Figure 5 and Figure 6 that both soil parameters are strongly influenced by soaking time and compaction effort. The significant decrease in both soil parameters with increasing soaking time is due to the dissolution of the cementing agent gypsum upon wetting, which reduces the gypsum bonds between the soil particles. This fact should not be overlooked when designing pavements, embankments and foundations on gypsum-rich soils.




8. Correlating Soil Parameters with Soaking Period and Compaction Effort


To make use of the results of this work, it is necessary to develop some regression equations to correlate each soil strength parameter with the soaking time and the compaction effort.



The first regression model to be developed is for the time variation in the ratio of the soaked cohesion cs to the unsoaked one cu for each compaction effort studied.



Table 2 shows the regression models developed using the power function in Excel with the corresponding coefficient of determination R2 and coefficient of correlation R for each compaction effort and soaking time greater than zero. It is clear from this table that due to the high values of the coefficient of correlation, each of the regression equations developed represents a strong correlation [54] or a very high correlation [55].



Similarly, the regression equations for the ratio of the soaked angle of shear strength ϕs to that of the unsoaked condition ϕu for soaking periods greater than zero are developed using the power function in Excel, as shown in Table 3. Again, all regression models developed show a strong correlation according to Anderson and Sclove [54].



In order to simplify the process for the designer and to make use of the regression models developed, the following empirical equations are proposed to correlate the cohesion ratio (%) with both the compaction effort and the soaking time:



For relatively high compaction in the modified Proctor (modified AASHTO) range, the following empirical equation is suggested:


    C   s   /   C   u   = 98     k   0.1       S   − 0.07 k     for   S > 0  



(2a)




where



k = compaction effort factor


  k = 70 /  N b   



(2b)







S = soaking period (days).



For relatively low compaction in the range of the standard Proctor (standard AASHTO), the following empirical equation is suggested:


    C   s   /   C   u   = 76     β   0.45       S   − 0.14 β     for   S > 0  



(3a)






  β = 25 /  N b   



(3b)







β = compaction effort factor.



Similarly, the following empirical equations for the friction angle ratio (%) are suggested:


    ϕ   s   /   ϕ   u   = 100     k   0.007       S   − 0.045 k     for   S > 0   and   high   compaction  



(4a)






    ϕ   s   /   ϕ   u   = 82     β   0.2       S   − 0.08 β     for   S > 0   and   low   compaction  



(4b)







For gypsum-rich soils, it is recommended to use Equation (3) to estimate the cohesion if the foundation soil is expected to suffer from long-term soaking due to rising groundwater levels, flooding or similar wetting conditions. The same applies to the angle of shear strength, using Equation (4), which is very important in estimating the bearing capacity of foundations on gypsum-rich soils [46], where the geotechnical engineer is faced with the challenging choice of the safety factor against the failure of the bearing capacity [56]. Bowles [57] pointed out that this factor of safety depends on the soil type, the reliability of the soil parameters, the importance of the structure and the prudence of the consultant.



Thus, for important structures on gypsum-rich soils, it is recommended that the allowable bearing capacity of foundations should be based on wet conditions. For less important structures in regions with hot dry climates and a very low probability of long-term soaking, a safety factor of 3 can be applied to the design based on unsoaked conditions to provide a safety factor of 1.1 for soaked conditions [46].



Figure 7 shows a three-dimensional plot for the cohesion ratio as a function of soaking time and compaction effort for laboratory measurement and empirical modelling data, while Figure 8 shows the same but for the friction angle ratio, indicating that the predicted values agree well with their measured values, indicating the usefulness of the empirical formulae introduced.




9. Conclusions and Recommendations


The study concludes with the following key findings:




	
In terms of compaction effort, the study shows that increasing the compaction effort from 12 to 24 blows significantly improves the shear strength properties of the soil. Cohesion increases from 50 kPa to 70 kPa, and the angle of shear increases from 25 degrees to 30 degrees. A longer soaking period is found to be detrimental to the shear strength of the soil. After 24 h of soaking, the cohesion decreases to 40 kPa, and the angle of shear strength decreases to 20 degrees.



	
With regard to gypsum dissolution, the results indicate that gypsum dissolution during soaking plays a significant role in the change in soil strength. The decrease in cohesion and the angle of shear strength with the increasing soaking period indicates that gypsum is leaching from the soil. Correspondingly, the regression models developed in the current study establish strong correlations between soaked and unsoaked strength properties, compaction effort and soaking period. These models allow engineers to estimate the cohesion and angle of shear strength from compaction effort and soaking time. For important structures on gypsum-rich soils, it is recommended that the allowable bearing capacity of foundations should be based on soaked conditions. For less important structures in hot dry climates with a very low probability of long-term soaking, a safety factor of not less than 3 based on unsoaked conditions is recommended to give a factor of safety slightly greater than 1 based on soaked conditions.








By taking these findings into account, engineers can better design structures on gypsum-rich soils. It is important to choose the compaction effort carefully and to consider the potential effect of longer soaking times on the shear strength of the soil. Incorporating the regression models into the design process will improve the accuracy and reliability of predicting soil strength parameters.
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Notation




	c
	cohesion with respect to total stress



	cs
	cohesion for soaked conditions



	cu
	cohesion for unsoaked conditions



	cs/cu
	cohesion ratio (%)



	CBR
	California Bearing Ratio



	CE
	compaction energy



	Gs
	specific gravity of soil particles



	h
	drop height of the hammer



	k
	compaction effect factor



	LL
	liquid limit



	MR
	resilient modulus



	Nb
	number of blows per layer



	Nl
	number of layers



	OMC
	optimum moisture content



	PI
	plasticity index



	PL
	plastic limit



	R, R2
	coefficient of correlation, coefficient of determination



	S
	soaking period (days)



	UU
	unconsolidated undrained triaxial test



	V
	volume of compacted soil sample



	W
	weight of hammer



	β
	compaction effort factor



	ϕ
	angle of shear strength with respect to total stress



	ϕs
	angle of shear strength for soaked conditions



	ϕu
	angle of shear strength for unsoaked conditions



	ϕs/ϕu
	angle of shear strength ratio (%)



	σ1
	major principal stress



	σ3
	minor principal stress (confining pressure)
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Figure 1. Deviator stress versus axial strain for unsoaked triaxial samples compacted at 3421 kN m/m3 (corresponding to 70 blows/layer in CBR mould). 
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Figure 2. The failure mode of unsoaked triaxial samples for the case corresponding to compaction effort of 56 blows/layer. 
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Figure 3. Effect of compaction effort on failure mode of triaxial samples soaked for 120 days. 
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Figure 4. Mohr circles for the four compaction efforts corresponding to 12, 25, 56 and 70 blows/layer together with the corresponding Mohr–Coulomb failure envelopes. 
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Figure 5. Time variation in cohesion with soaking period for each compaction effort. 
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Figure 6. Time variation in angle of shear strength with soaking period for each compaction effort. 
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Figure 7. A three-dimensional presentation for the cohesion ratio versus soaking period and compaction effort for laboratory measurement and empirical modelling data. 
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Figure 8. A three-dimensional presentation for the friction angle ratio versus soaking period and compaction effort for laboratory measurement and empirical modelling data. 
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Table 1. Soil strength parameters for soaked and unsoaked conditions for all compaction efforts studied.
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	Compaction Effort (Blows/Layer)
	Compaction Effort (kN. m/m3)
	Ø (°)

Unsoaked Conditions
	Ø(°)

120 Days Soaked Conditions
	C (kPa)

Unsoaked Conditions
	C (kPa)

120 Days Soaked Conditions





	70
	3421
	29
	24
	160
	115



	56
	2737
	27
	20
	150
	100



	25
	1222
	25
	14.5
	135
	55



	12
	586.4
	22
	10.5
	90
	26










 





Table 2. Regression models for cohesion.
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	Compaction Effort (Blows/Layer)
	Regression Model Cs/Cu (%)
	Coefficient of Determination, R2
	Coefficient of Correlation, R





	70
	Cs/Cu = 97.40 S−0.068
	0.942
	0.970



	56
	Cs/Cu = 100.18 S−0.087
	0.984
	0.992



	25
	Cs/Cu = 76.00 S−0.14
	0.923
	0.961



	12
	Cs/Cu = 100.62 S−0.266
	0.988
	0.994







S = soaking period (days).













 





Table 3. Regression models for angle of shear strength.
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	Compaction Effort (Blows/Layer)
	Regression Model ϕs/ϕu (%)
	Coefficient of Determination, R2
	Coefficient of Correlation, R





	70
	ϕs/ϕu = 97.94 S−0.035
	0.988
	0.994



	56
	ϕs/ϕu = 103.50 S−0.066
	0.954
	0.977



	25
	ϕs/ϕu = 81.81 S−0.079
	0.896
	0.947



	12
	ϕs/ϕu = 90.09 S−0.146
	0.905
	0.951







S = soaking period (days).
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