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Abstract 
Many of gypsum soils have existed in arid and semi-arid lands. It is considered one of the most problematic soils because of its complicated and unpredicted behavior when exposure to moisture. Extensive researches have been conducted in Iraq to observe the behavior of such soil and to suggest safety restrictions for the collapse and set practical precautions for the structures. This study investigated the effect of gypsum content on some unsaturated engineering properties of a clayey soil. Three different proportions of gypsum (0%, 5% and 20% by weight of the parent soil) were added and tested. The samples have been subjected to swelling potential test, soil water retention curve (SWRC), vapour diffusion and shear strength parameters. It is observed that gypsum content has a significant influence on SWRC, whereas, soil that has high gypsum content made SWRC with higher variables represented by air entry values and residual state. On the other hand, an increase in gypsum content led to a reduction of swelling potential and shear strength parameters. The results of vapour diffusion indicate that gypsum content could modify the microstructure in an unsaturated state and reduce the vapour diffusion through the soil.
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1. Introduction 
Gypsum soils make a challenge problem to the geotechnical engineers due to their dangerous behavior. Any building constructed on a gypsum soil might experience unpredictable deformations which might cause damaged failure. In Iraq noticed that many buildings have exhibited various patterns of cracks and differential deformations which are primarily due to the exposure of the gypsum soils to moisture. It is recognized that gypsum soils exhibit a quite low compressibility and high bearing capacity when the dry state is dominant. On the other hand, an unexpected collapsible behavior will observed when exposed to moisture led to dissolution of various kinds of salts existed in the mass of gypsum soil will make new pores through the soil particles and release the cementitious bonds between the soil skeletons. This progression makes an unstable structure which facilitates the particles sliding into a high dense status. The rate of gypsum dissolution depends mainly on the environmental effects in water content due to the fluctuation of ground water table or surface water, climate conditions represented by permeability, flow characteristics and temperature, as well as gypsum content and its type “Al-Saoudi and Al-Khafaji [1]”.
Assessment the unsaturated engineering properties for soil in a wide range of gypsum content considered an essential matter in several geoenvironmental and geotechnical applications like embankments, pavement layers, engineering liners and covers “Vanapalli, Fredlund, Pufahl et al., [2]”. 
The engineering behavior of unsaturated soils can be better interpreted when the suction effect takes in consideration “Fredlund [3]”. Suction is playing an important role in recognizing the unsaturated properties of the soil like shear strength, unsaturated permeability and water vapour, deformation, and volume change properties. Recently, suction analysis in the situation of the previous geotechnical engineering properties has become the matter of many researchers in the branch of unsaturated soil mechanics “Sheng, Zhou, and Fredlund [4]”.
The soil water retention curve (SWRC) represents the relationship between the soil suction and the corresponding moisture content of the soil. The moisture content can be represented in different forms which are volumetric, gravimetric water content and degree of saturation “Fredlund and Rahardjo [5]; Fredlund and Rahardjo [6]”. The SWRC considered a measure of the water holding or storage capacity of the soil due to the change of moisture content when subjected to different values of suction. SWRC is a conceptual and interpretative tool enables to understand the behavior of unsaturated soils. When the soil changes from saturation to dry state (unsaturation process), the soil moisture and air phase distribution will change, however, the stress state will change. The relationships between the previous phases take on various patterns and effect on the engineering properties of unsaturated soils.
Many factors influence the SWRC like type of soil, texture, structure, mineralogy and plasticity “Nam Gutierrez, Diplas et al. [7]” compaction characteristics which represent moisture content, dry density and compaction effort “Vanapalli, Pufahl, Fredlund [8]” stress history, void ratio, heat, suction measurement processes…etc. “Vanapalli, Fredlund, Pufahl [9]”. Soil specimens which have the same texture and mineralogy, can have slight differences in SWRC shape and its variables, so, engineering behavior of each specimen will also differs.
The objective of this research article is to observe experimentally the effect of gypsum proportions added to a clayey soil on: 
· Swelling potential behavior,
· Soil water retention curve shape and variables,
· Water vapour diffusion through soil skeleton and
· Saturated and unsaturated shear strength parameters using a predicted model.
2. Materials and experimental methods
2.1 Materials
Two materials have been employed in this research for specimen preparation: silty clay soil and commercial gypsum powder. The soil specimen used in this study is a fine grained soil, which has been obtained from east of Mosul city, the axes were specified as (36°18′01.8′′N, 42°13′41.5′′E), at depth varied between (2.0–3.0) m under the ground level. Thereafter, the sample were homogenized and placed in polyethylene bags and transferred to the geotechnical laboratory. Index properties like Atterberg limits, specific gravity, hydrometer analyses and compaction characteristics tests have been carried out. Table 1 presented some of indices and engineering properties of the studied soil, using the desired tests in accordance with ASTM specifications “[10]”. Depending on Casagrande plasticity chart and the Unified Soil Classification System, the soil has been classified as clay with low to medium plasticity (CL).
Gypsum powder is a mineral salt consists of Hydrated Calcium Sulphate (CaSO42H2O). The gypsum used in this research have been obtained from the Merck KGaA company-Germany, which is a fine material and passes through 80 µm sieve, and the purity ratio not less than 99%. 

	Table 1 Index and physical properties of soil

	Properties
	Values

	Liquid Limit (%)
	42.5

	Plastic Limit (%)
	28.1

	Plasticity Index (%)
	14.4

	pH
	7.90

	Specific Gravity
	2.65

	Sand (%)
	6

	Silt (%)
	54

	Clay (%)
	40

	Natural Gypsum Content (%)
	1.0

	Standard Compaction Characteristics
	Optimum Moisture Content (%)
	14.1

	
	Maximum Dry Unit Weight (kN/m3)
	17.40

	Saturated shear strength parameters
	Cohesion, c’ (kPa)
	35.4

	
	Friction angle, φ’ (°)
	28.8

	Soil Classification (USCS)
	Group Symbol
	CL















2.2 Specimens preparation
In order to demonstrate the effect of gypsum content on some unsaturated engineering properties of a clayey soil, the preparation of all specimens was done in the laboratory. A procedure was followed on soil specimens having different contents of gypsum (0%, 5% and 20% of dry soil weight), in order to obtain homogeny of the specimens, soil passed through #4 (4.75 mm) sieve have been used. 
The preparation of soil specimens consists of: drying the soil materials in an oven at 60°C for 2 days, then, mixed the specific amount of soil with the desired gypsum content under dry conditions. The desired water content chosen in this research represents the optimum moisture contents related to maximum dry density obtained from the standard compaction tests according to ASTM D-698 “[10]” as shown in Table 1. Proper care should be taken in consideration when mixing to obtain homogeneous mixture. The soil specimens have been stored in polyethylene bags for 24 hrs before compaction for moisture homogeneity. Thereafter, the soil specimens have been statically compacted according to maximum dry density of the studying soil. The dimensions of soil specimens used for SWRC were 50 mm in diameter and 10 mm in height. The specimens of SWRC were developed by statically compacted soil specimens, while, the specimens used for swelling potential, water vapour diffusion and shear strength tests have been retrieved by trimming from the mould of standard compaction characteristics.
2.3 Determination of free swell potential
A swelling potential test have been carried out on soil specimens having different gypsum content using standard one dimensional oedometer in accordance with ASTM D-4546 “[10]”. The soil samples have been put into the cell of the apparatus between double dried porous stones. A sensitive dial gauge was installed on top of the specimen for vertical displacement measurement. The vertical displacement measurement precision and axial strain were 0.001 mm and 0.005% respectively, in accordance with ASTM D-6026 “[10]”.
2.4 Determination of Soil water retention curve
SWRC can be computed by direct or indirect techniques which induce suction of soil. The first technique measures the negative pore water pressure directly corresponding to suction. While the second technique needs to other parameters to measure like moisture content, relative humidity, thereafter; relate the suction results during calibration. In this research, two techniques have been employed to compute the suction for the entire range (10–106) kPa, consist of: techniques of osmotic membrane and water vapour equilibrium.
SWRC for the suction range (100–1500) kPa have been computed with osmotic membrane technique. The soil specimens were installed in a semi permeable membrane, thereafter, the latest will submerged in a polyethylene glycol solution having various concentrations to impose various suction values. Proper contact is necessary between the membrane and soil specimens. Duration of 30 days is required for the equilibrium soil specimens to get.
SWRC at high suction ranges were computed with the vapour equilibrium technique, where the relative humidity (RH) at the airspace over the salt solution depends on the concentration and chemical composition of the related solution as shown in Table 2. By selecting a proper chemical solution with a specific relative humidity, soil specimens inside the desiccator will absorbs or desorbs moisture vapour from airspace until equilibrium is reached. Duration of 7 weeks is required for the equilibrium soil specimens to get, as shown in Fig. 1. The two previous techniques have been conducted at control room temperature 20°C.
Total suction can be determined using Kelvin’s equation when the relative humidity of the airspace is given as below “Aldaood, Bouasker, Al-Mukhtar [11]”: 

Where: 
 = Total suction,
R = Universal gas constant,
T = Absolute temp.,
V = Specific volume of water at specified temp.
	Table 2 Chemical solutions used in the vapour equilibrium technique

	No
	Chemical composition
	Relative humidity (RH) %
	Average suction (kPa)

	1
	LiCl
	11
	288,570

	2
	Ca(NO3)2.4H2O
	44
	81,300

	3
	NaCl
	76
	37,350

	4
	KCl
	86
	20,500

	5
	CuSO4.5H2O
	98
	2,750
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	Fig. 1 Vapour equilibrium technique, a) Schematic diagram, b) Desiccators, “Khattab and Alzaidy [12]”


Fredlund & Xing “Fredlund and Rahardjo [6]” demonstated that the air entry value (AEV) defined as the suction where air starts to enter into the largest pores existing between soil particles. The residual moisture content (θr) is the moisture content which high suction range is required to decrease additional moisturel. SWRC parameters represented by air entry and residual state could be calculated by drawing a three tangent lines; the first one at the initial point of the curve, the second one at the inflection point of the curve, and the last one at the point where the curve seems to reduce linearly at high suction range. SWRC parameters can be concluded from the intersections of these tangent lines as exhibited in Fig. 2.
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	Fig. 2 Soil water retention curve variables, “Zhai and Rahardjo [13]”
















2.5 Determination of vapour diffusion
Measurements of vapour diffusion have been conducted with the apparatus shown in Fig. 3. It is consisted of two cells containing various relative humidity due to the saturated salt solution at each one. Soil specimens (with 63.5 mm in diameter and 19 mm in height) were placed in the middle of the apparatus between the two cells, the pans of saturated salt solutions have been weighed rapidly and installed immediately in the cell. The vapour diffusion is transferred due to the suction differences between the two cells, the left cell which has higher relative humidity to right one which has lower relative humidity. The water gain is measured with time. The right pan of the cells was weighed every 48 hrs every two weeks, thereafter, twice a week until the equilibrium reach which is approximately 8 week “Beck Al-Mukhtar, Rozenbaumb et al., [14]”. This procedure is carried out with four diffusion apparatus with various saturated salt solutions (various suction gradients).
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	Fig. 3 Vapour diffusion apparatus, a) Schematic diagram, b) Apparatus, “Khattab and Alzaidy [12]”



Vapour transfer occurs due to the suction gradient between the two cells, the coefficient of diffusion depends on the volumetric moisture content of the specimen. The transfer is conduct through the specimen thickness related to suction differences imposed at the left and right of the specimen. Hence, the general flow equation used in such problem “Beck Al-Mukhtar, Rozenbaumb et al., [14]” is:

Where:
x = Water transfer distance,
t = Required time for water transfer,
ψ = Total suction, and
D (θ) = Water vapour diffusivity.




2.6 Determination of unsaturated shear strength parameters
Mohr–Coulomb failure criterion and the effective stress concept are usually used to describe the shear strength of a saturated soil. For unsaturated soil it is defined as an extended Mohr Coulomb failure envelope, where it can be considered as an extension for the saturated shear strength equation, which is as follows “Fredlund, Morgernstern, Widger [15]”:
τff = c' + (σf – ua)f tan φ' + (ua – uw) tan φb                                                                                                              (3)
Where:
τff : Shear stress at failure,
c': Intercept of the extended Mohr Coulomb failure envelope with shear stress axis,
(σf – ua)f : Net normal stress at failure,
uaf : Pore air pressure,
φ': Internal friction angle,
(ua – uw)f : Matric suction at failure, and 
φb: Angle indicating the increasing rate in shear strength relative to matric suction.
Mohr Coulomb circles at failure criteria for unsaturated soils are drawn with three dimensional axes, as exhibited in Fig. 4. The y-axis axis is the shear stress, τ, the x-axis is (σf – ua), and the z-axis is (ua – uw) which are the stresses variables. The plane tangent to Mohr Coulomb circles at failure is described as the extended Mohr Coulomb failure envelope of unsaturated soil which describes the unsaturated shear strength of soil. The intersection line between the x-y plane and the extended Mohr Coulomb failure envelope is considered the saturated failure envelope, whereas at the intersection with x-y plane the matric suction is zero.
The unsaturated shear strength of soil can be computed with customized direct shear or triaxial tests. Researches corresponding to the computation of the unsaturated shear strength consider cost and time consuming and require extensive laboratory facilities to conduct “Gan, Fredlund, and Rahardjio [16]”. Recently, many semi empirical procedures were proposed in order to predict the unsaturated shear strength of soil “Vanapalli, Fredlund, Pufahl et al., [2]”. They are depend on SWRC variables and saturated shear strength parameters to perform.
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	Fig. 4  Extended Mohr’s Coulomb failure envelope of unsaturated soil, “Fredlund et al. [17]”



Vanapalli and others “Vanapalli, Fredlund, Pufahl et al., [2]” were proposed a general nonlinear equation for the unsaturated shear strength prediction with full suction range of SWRC (0-1,000,000) kPa, and the saturated shear strength variables as shown:
τff = [c' + (σf - ua) tanφ' ] + [(ua - uw) Θ tanφ']                                                                                                          (4)
Where: Θ: Normalized water content, 
The shear strength contribution due to suction consists on the second term of the equation: τus= [(ua - uw) Θ tanφ']. Equation (4) can be also expressed in forms of gravimetric moisture content or degree of saturation, giving similar results.





3. Results and discussion
3.1 Swelling potential test
The effect of gypsum content on swelling potential of clayey soil samples are plotted in Fig. 5. It is noticed that with an increase in gypsum content, there is a notable decrease in swell potential and the variation curve showed a distinct reduce initially. The swelling potential values are given in Table 3. The value is reduced from 2.65% at 0% gypsum content (Natural soil) to be 1.9% at 5% gypsum content, thereafter, swelling potential values reduced in a gentle slope to reach 0.8% at 20% gypsum content. This drop in the swelling potential value is due to the role of gypsum content which is play as a cementitious material that binds the adjacent soil particles each other.

	

	Fig. 5 Effect of gypsum content on swelling potential value













	Table 3 Swelling potential and shear strength parameters

	No.
	Gypsum content 
(%)
	Swelling potential
 (%)
	Saturated shear strength parameters

	
	
	
	Cohesion (kPa)
	Internal friction Angle (°)

	1
	0
	2.65
	35.4
	28.8

	2
	5
	1.90
	25.1
	25.8

	3
	20
	0.80
	20.0
	23.8


3.2 Soil water retention curve
SWRC of soil specimens compacted at standard compactive effort is plotted in Fig. 6 in term of volumetric water content with soil suction. It can be seen that the increasing in gypsum content led to increase in water content. The water storage behavior can be divided into three parts due to the suction value:
· At higher suction values (more than 100,000 kPa) the moisture contents obtained for different gypsum content are practically equivalent.
· At suction values (2700-100,000) kPa, a little higher moisture content can be noticed for specimens having higher gypsum content
· At suction values less than 2700 kPa, the variations of moisture content seems to begin with high to lower variation and continues until saturation occurs. The variation in the moisture contents of specimens having various gypsum contents seems to be a steady for suctions under 200 kPa.

	

	Fig. 6 Effect of gypsum content on SWRC 












Table 4 exhibits the SWRC variables consisted of (Air entry and residual states and their suctions) for 0%, 5% and 20% gypsum content, the 0% gypsum content has high interconnected pores and exhibits a trend to vary in volumetric moisture content with a relative high rate due to increase in suction, whereas the variety is decreased with increasing gypsum content. It seems that the air entry and the saturation residual state trend to be high for soil having high gypsum content.
	Table 4 Soil water retention curve variables

	Variable
	Values

	
	0% gypsum
	5% gypsum
	20% gypsum

	Air entry value (AEV), ψb (kPa)
	850
	1000
	1050

	Saturated volumetric water content, θs  
	15.2
	16.5
	19.0

	Residual suction, ψr (kPa)
	2550
	2700
	2800

	Residual volumetric water content, θr
	6.2
	7.6
	8.4


3.3 Water vapour diffusion results
The effect of gypsum content on the vapour diffusion with time at different suction gradient values (Different relative humidity at the two sides of the soil specimens) is plotted in Fig. 7. Also, Table 5 exhibited the maximum vapour diffusion weight gains at right cell through the soil specimen. It is observed from figure that the vapour diffusion values increased non linearly for all specimens, and this increasing is decreased with time until equilibrium is reached. This increasing is relative with the suction gradient, whereas, the values of vapour weight gain are increased with increasing suction gradient. This behavior can be attributed to the quick transfer and accessibility of the water vapour through the porous phase due to the large difference in the relative humidity existing at the two sides of the soil specimen. It is noticed that gypsum content has a significant influence on vapour diffusivity, whereas, the values is decreased with increasing gypsum content, and this relative differences is more evident at low suction gradient than that at high suction gradient. This is can be attributed to the role of gypsum particles which are very fine materials led to clog the pore spaces existing between soil particles and formation of cementitious minerals causing reduce the water vapour diffusion through the porous phase.
	Table 5 Maximum vapour diffusion weight gains

	No.
	Gypsum content 
(%)
	Relative humidity for the two cells (%)

	
	
	11-44
	44-76
	76-86
	86-98

	1
	0
	9.5
	8.6
	3.7
	3.3

	2
	5
	8.6
	8.0
	3.3
	2.9

	3
	20
	7.6
	6.7
	2.5
	2.0



	
	

	
	

	Fig. 7 Vapour diffusion versus time of soil specimens with different gypsum content and suction gradients 


3.4 Shear strength parameters
3.4.1. Shear strength envelopes of saturated soil
Direct shear test was carried out according to ASTM specifications “[10]”, to compute the shear strength parameters (c', φ') of the clayey soil having different percentages of gypsum content. A consolidated undrained conditions (cu-test) were conducted on specimens with dimensions (60×60×20) mm, the rate of strain is 0.02 mm/min, the normal pressures were (100, 200 and 300) kPa. The influence of gypsum content on the saturated shear strength parameters is given in Table 3 and illustrated in Fig. 8. It is obvious that the c' and φ' parameters decreased with increasing gypsum content in the clayey soil, whereas, the effective cohesion values were (35.4, 25.1 and 20.0) kPa, whereas, the internal friction angle values were (28.8°, 25.8° and 23.8°) for 0%, 5% and 20% of gypsum content respectively. This reduction in the shear strength parameters can be attributed to the reduction in the cementing action between soil particles due to the dissolved of gypsum material when the soil specimen is fully saturated. These results agree with numerous researches such as “Ahmad, Said, Najah [18]”. 
	

	Fig. 8 Mohr Coulomb failure envelopes for the saturated soil

















3.4.2. Prediction of shear strength envelopes of unsaturated soil
To investigate the effect of gypsum content on the unsaturated shear strength of a clayey soil, SWRC variables exhibited in Table 4, and the saturated shear strength parameters acquired from direct shear test (exhibited in Table 1) have been used. Vanapalli’s equation (equ. 4) was employed for this purpose. Fig. 9 exhibits the behavior of unsaturated shear strength with normal stress (σn =100) kPa. It is obvious that with increasing of soil suction, the c' and φ' parameters are increased with a non linear behavior for the various gypsum contents, which are gradually reduced for a limited soil suction (0-1000) kPa, this means that the value of unsaturated shear resistance (φb) is gradually reduced with increasing suction, it is generally not to exceed the effective internal friction angle (φ'). Also it can be seen that the unsaturated shear strength values decreased with increasing gypsum content in the clayey soil, where the values were (331, 283 and 270) kPa for 0%, 5% and 20% gypsum content respectively. This drop can be attributed to the reduction in cementing action between soil particles due to the dissolved of gypsum material when the soil specimen is partially saturated.
	

	Fig. 9 Unsaturated shear strength at normal pressure (100) kPa, with matric soil suction
















4. Conclusions
From the accomplished laboratory tests, and the predicted equations used in the research, the following observations may be concluded:
· The swelling potential decreased with increasing gypsum content, and the curve showed a distinct reduce variation initially, then, the curve decreased with a gentle slope.
· The storage capacity of water increased with increasing of gypsum content. This behavior is specified in the SWRC by increasing its variables representing by air entry and the residual moisture content.
· The saturated and unsaturated shear strength envelopes have decreased with increasing gypsum content in the clayey soil which is due to the reduction in cementing action through soil particles as a result of dissolve of gypsum material when the soil specimen is partially or fully saturated.
· The results of vapour diffusion indicate that the gypsum content could modify the microstructure in an unsaturated state and reduce the vapour diffusion of the soil. This is related to the role of gypsum particles which are very fine materials led to clog the pore spaces and formation of cementitious minerals.
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Weight (gm)



R.H.= 44-76%
0% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	1.173999999999978	1.9800000000000157	2.6369999999999938	3.1819999999999959	3.9330000000000007	4.3999999999999995	4.9999999999999991	5.5999999999999988	5.9889999999999972	6.5869999999999962	7.1890000000000063	7.6260000000000048	8.0590000000000028	8.3500000000000068	8.5100000000000033	8.6	5% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	0.70000000000000062	1.4	2.0730000000000013	2.6709999999999972	3.3559999999999977	3.9659999999999997	4.5529999999999875	5.1010000000000044	5.49	6.0129999999999955	6.5	6.9750000000000094	7.5000000000000044	7.6750000000000052	7.9000000000000039	8.0000000000000053	20% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	0.33800000000000491	0.75700000000000822	1.2730000000000012	1.7190000000000016	2.5180000000000007	3.0870000000000042	3.6330000000000009	4.1679999999999655	4.5360000000000023	4.8829999999999965	5.3770000000000016	5.7149999999999945	6.1330000000000009	6.3999999999999995	6.6000000000000005	6.6999999999999975	Time (day)

Weight (gm)



R.H.= 76-86%
0% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	0.32500000000000689	0.60900000000000964	0.88400000000000034	1.2	1.4800000000000069	1.673000000000008	2.0370000000000115	2.275000000000011	2.6130000000000075	2.8590000000000027	3.0999999999999988	3.2480000000000202	3.4850000000000088	3.5310000000000068	3.5999999999999988	3.6500000000000004	5% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	0.14500000000000021	0.40600000000000186	0.69399999999999862	0.9049999999999998	1.2790000000000017	1.4639999999999727	1.6929999999999978	1.9799999999999958	2.2710000000000008	2.4509999999999987	2.6609999999999951	2.8379999999999987	3.1019999999999994	3.093999999999995	3.2289999999999992	3.2379999999999942	20% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	0.2	0.30000000000000032	0.51699999999999613	0.66700000000000692	1.0379999999999781	1.2909999999999848	1.4839999999999693	1.5999999999999792	1.7519999999999702	1.9000000000000001	2.1	2.1999999999999997	2.3969999999999927	2.4609999999999932	2.4999999999999978	2.5299999999999994	Time (day)

Weight (gm)



R.H.= 86-98%
0% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	0.60000000000000064	0.89999999999999991	1.221000000000001	1.4	1.6950000000000081	1.905000000000002	2.0930000000000035	2.2069999999999972	2.4809999999999972	2.6449999999999991	2.8	2.9370000000000087	3.0690000000000022	3.1059999999999972	3.1999999999999993	3.2999999999999989	5% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	0.32900000000001184	0.65000000000001379	1	1.1270000000000095	1.3440000000000083	1.5	1.756000000000006	1.8220000000000083	1.9999999999999998	2.1	2.2999999999999998	2.4699999999999998	2.6480000000000072	2.7600000000000051	2.8869999999999978	2.9630000000000081	20% Gypsum	0	3	6	10	13	17	20	24	27	30	33	37	40	44	47	51	55	0	0.2730000000000018	0.47300000000000481	0.72300000000000464	0.9	1.0490000000000066	1.2330000000000039	1.3679999999999817	1.4620000000000091	1.4889999999999819	1.5290000000000017	1.6560000000000081	1.6890000000000061	1.7659999999999734	1.7999999999999772	1.8999999999999828	1.9999999999999978	Time (day)

Weight (gm)



20% Gypsum	-0.1	100	200	300	19.7	62	106	152	5% Gypsum	-0.1	100	200	300	25.1	72	122	170	0% Gypsum	-0.1	100	200	300	35.4	90	146	200	Effective normal pressure (kPa)

Shear strength τf  (kPa)


σn=100 (kPa)
0% Gypsum	1000	500	100	20	1	330.50112195375266	267.50063418869843	135.1141441041041	100.33445622667931	90.875470202217258	5% Gypsum	1000	500	100	20	1	283.03017132885969	220.83574499315353	113.80943515076248	82.383145774089158	73.894770994422359	20% Gypsum	1000	500	100	20	1	270	199.63987382327412	99.493207372612574	72.394423655359745	65.020720715853358	Suction (kPa)

Shear strength (kPa)
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