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Abstract: The Guadalquivir blue marl is a high plasticity overconsolidated carbonate clay. This soil 16 

presents an elevated fragility and high susceptibility to moisture changes. These characteristics have caused 17 

many geotechnical accidents, such as the Aznalcollar dam failure, in Seville (Spain). A comprehensive test 18 

campaign has been conducted to determine the physical and chemical properties of the blue marl. Analysis 19 

by scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) allowed characterising 20 

its internal structure, revealing clear differences between the macro and the microstructure. A novel model 21 

for predicting the volumetric deformation (under oedometric conditions) of the Guadalquivir blue marl with 22 

suction and vertical pressure changes has been proposed. The model, based on data from shrink-swell tests, 23 

provides an acceptable estimation of the volumetric behaviour of the soil with a relatively simple set of 24 

parameters. The results were experimentally verified by suction-controlled oedometer tests and showed an 25 

acceptable agreement with the data measured. It has been specified when swelling. shrinkage or collapse 26 

occur. 27 
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Guadalquivir River.  30 

 31 

Introduction 32 

The bedrock layer of the Guadalquivir River basin consists of a plastic, carbonated and overconsolidated 33 

clay, known as Guadalquivir blue marl. For geotechnical purposes, the thickness of this layer can be 34 

considered infinite. Although the blue marl is normally found in deep strata, it emerges superficially in 35 

some areas of the provinces of Huelva, Seville, Córdoba and Jaén (Tsige 1999). 36 

This geological formation, of marine origin, was deposited in the Upper Miocene (Tortonian). The 37 

geotechnical characteristics of the blue marl include expansive behaviour, highly fragile shear strength and 38 

degradation after drying and wetting cycles, particularly in the shallowest zones (Alonso and Gens 2006a; 39 

Galera et al. 2009). These characteristics have caused significant damages to structures, pavements, dams 40 

and other constructions. Particularly remarkable are the slide at Almodóvar del Río, which damaged the 41 

Seville-Madrid high speed railway, and the Aznalcóllar dam failure, that caused one of the greatest 42 

environmental disasters in Spain’s recent  history (Alonso and Gens 2006a; Alonso and Gens 2006b; Gens 43 

and Alonso 2006; Zabala and Alonso 2011). The cost of repairing and mitigation measures associated with 44 

the problematic characteristics of the Guadalquivir blue marl (especially due to its expansive character) can 45 

be estimated at 28 million euros per year, afecting a total population of six million people (Llorente 1986). 46 

For these reasons, predicting the deformational behaviour of this soil is a research topic of particular 47 

interest. In this paper, the effect of suction changes on the volumetric behaviour of the blue marl is analysed. 48 

A one-dimensional (1-D) model to predict the deformational behaviour of this type of soil, valid for swell 49 

and shrinkage strains, is presented. 50 

Techniques for estimating the 1-D behaviour of expansive soils have been of great interest to  academics 51 

and practitioners since they provide valuable information using a simple formulation, which makes them 52 

especially useful for engineering practice applications (Vanapalli and Lu 2012).   53 

One of the first methods to estimate deformation changes with suction was proposed by Aitchison 54 

(1973) who established a linear relationship between volumetric strain and suction change in logarithmic 55 

scale, controlled by a coefficient called instability index (Ipt).  56 

εv = Ipt ·log(Ψf /Ψi)         (1) 57 
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where εv is the volumetric strain (positive for compression), and Ψf  and Ψi are the final and initial suctions. 58 

Similar expressions were presented by McKeen (1980), based on previous work by Lytton (1977), 59 

Hamberg and Nelson (1984) and Dhowian (1990), using different names for the instability index. In some 60 

cases, the instability index was obtained through the COLE (Coefficient of Linear Extensibility) test 61 

developed by the US Soil Conservation Service (Brasher et al. 1966), the core shrinkage test (Mitchell and 62 

Avalle 1984) or indirectly through physicochemical parameters, such as the activity of clay or the cation 63 

exchange capacity (Pousada 1984). 64 

Fredlund (1983) developed a model to predict the vertical displacements of the expansive soil of Regina 65 

(Canada). His formulation is also linear and relates the vertical displacements of the soil (∆H) to the 66 

difference between the final effective pressure (σ’f) and the swelling pressure (p’s) in a logarithmic scale. 67 

 68 

∆𝐻 = 𝐶𝑠 ·
𝐻

1+𝑒0
· log (

𝜎′f

𝑝′s
)        (2) 69 

 70 

where H is the thickness of the soil layer that has the potential to heave and Cs is the swelling index. 71 

 72 

Fityus and Smith (1998) performed oedometric tests to a clay from Newcastle (Australia) under 73 

overburden pressure under the assumption that a given variation in soil moisture produces a unique variation 74 

of deformation ratio, and generated a model (Eq. 7) valid for expansive and collapsing behaviour. In their 75 

model, the soil deformation was calculated as a function of the moisture increment through a linearity 76 

coefficient called volume change index (Iv), that was shown to have a linear relationship with the vertical 77 

pressure applied in the test. 78 

 79 

∆𝐻 = −0.33 · 𝐻 · 𝐼𝑣 · (𝑤𝑓 − 𝑤𝑖)       (3) 80 

 81 

In this expression, wf and wi are the final and initial gravimetric moisture respectively, H is the thickness 82 

of the soil layer analysed and ∆H is the vertical displacement in response to moisture change. 83 

Vanapalli et al. (2010) proposed a model to evaluate the strain in under oedometric conditions of 84 

expansive soils after moisture changes, based on Eq. (2): 85 

 86 
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∆𝐻 = 𝐶𝑠 ·
𝐻

1+𝑒0
· log (

𝐾·𝜎′f

10
(

𝐼𝑝𝑡
𝐶𝑠

∆𝑤)
)       (4) 87 

 88 

In this equation ∆w is the moisture change, and K is a correction coefficient. The authors collected 89 

information from numerous expansive soil tests in order to correlate K, Cs and Ipt with the plasticity index 90 

(Ip). More recently, Tu and Vanapalli (2016) improved the model, including the relationship between 91 

deformation and the soil water content curves (SWCC) of expansive soils from diferent locations. 92 

Puppala et al. (2014) developed a very simple model to predict the swelling or shrinkage deformation 93 

experienced by a clayey soil in response to moisture content change. Their method, based on previous work 94 

by Kodikara and Choi (2006), established a linear relationship between the axial, radial and volumetric 95 

strains and the water content change: 96 

 97 

𝜀𝑠𝑤𝑒𝑙𝑙−𝑠ℎ𝑟𝑖𝑛𝑘 = −𝛼 · ∆𝑤        (5) 98 

 99 

where swell-shrink is the swelling or shrinkage deformation (volume, axial or radial),  is a proportionality 100 

coefficient and Δw is the gravimetric moisture change. 101 

To validate the model, Puppala et al. (2014) analysed the displacements measured at various sites in 102 

Texas (USA), comparing the results obtained using Eq. 5 with commonly used models for the prediction 103 

of deformation such as Lytton (1977) and also with a finite element (FEM) solution. The model produced 104 

similar results to the FEM simulation and both of them showed acceptable agreement with the measured 105 

deformations. 106 

Despite the wealth of available simple methods in the literature to predict the volume change of 107 

expansive soils, the majority of them cannot be used in all geotechnical situations, due to some limitations: 108 

(a) most are valid for swelling, but not for shrinkage or collapse; (b) almost all use disturbed samples, 109 

instead of undisturbed samples; and (c) most do not consider a wide range of vertical pressures. In Table 1, 110 

a synthesis of the main characteristics of the 1-D methods analysed is presented. 111 

Alonso et al. (1989) proposed a very complete 3-D formulation for unsaturated soils of low activity, the 112 

BBM method that has won wide acceptance. Later Gens and Alonso (1992) extended it to the behaviour of 113 

unsaturated expansive clays; the authors state that “it is likely that as further and more compprehensive 114 

experimental data become available more complex versions of the framework will have to be used”.   Both 115 
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methods lead to very sophisticated constitutive models based upon plenty of constants and experiments that 116 

were mostly carried out on compacted soils. They are models that should be used in very important 117 

geotechnical engineering situations, but the simplified method presented here may be used in many cases 118 

with sufficient level of accuracy. 119 

The research presented in this paper aims to develop a simplified model to predict the deformational 120 

behaviour under oedometric conditions of the Guadalquivir blue marl. The model proposed is valid for the 121 

simulation of simple swelling, shrinkage and collapse conditions. It has been derived empirically with tests 122 

on undisturbed samples, applying a wide range of vertical pressures. The method has been validated with 123 

experimental results in suction-controlled oedometer cells. 124 

These characteristics of the new model, prediction of swelling, shrinkage and collapse strains, use of 125 

undisturbed samples and application of different vertical loads, have not been considered in any of the  126 

simplified models analysed in Table 1.  127 

 128 

Soil characterisation. Physical, chemical and hydraulic properties  129 

The undisturbed samples used in this research were obtained from rotary boreholes located at different sites 130 

in the Guadalquivir river valley. The samples were collected from the zone of depth 5 to 35 m of the sites, 131 

which is the depth range of interest for engineering projects. The borehole locations are indicated in in Fig. 132 

1. 133 

The use of undisturbed samples results in a greater dispersion of the experimental data, but provides 134 

more accurate information about the real behaviour of the natural soil. Preserving the moisture content and 135 

inner structure of the blue marl samples was considered crucial in this study because the shrink and swell 136 

behaviour of this type of soil is known to depend greatly on its microstructure (Tsige 1999). 137 

The physical characterisation of the blue marl was done through the following tests: 76 natural moisture 138 

contents, 67 dry unit weights, 36 unit weights of solid particles, 33 Atterberg limits, 36 wet sieving and 10 139 

sedimentation analyses. The average results of the laboratory tests are shown in Table 2.   140 

The soil was classified as high plasticity clay with CH classification according to the Unified Soil 141 

Classification System (USCS). The average soil properties shown in Table 2 are within the range of the 142 

values obtained by other authors for undisturbed samples of blue marl (Tsige 1999; Alonso and Gens 2006a; 143 
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Galera et al. 2009). It can be observed that the dispersion of physical properties is not very high, which 144 

allows considering the Guadalquivir blue marl as a single geotechnical unit. 145 

The chemical and mineralogical composition of the soil are presented in Table 3. The samples showed 146 

a high carbonate content, with an average value of 30.6 ± 2.8%. The mineralogical composition of the 147 

samples was determined by X-ray diffraction analysis. An oriented-aggregate analysis was used to 148 

differentiate the constituent minerals of the phyllosilicates. 149 

The phyllosilicates species found in the marl samples are smectite, illite and kaolinite. The percentage 150 

of smectite (showing the highest dispersion in Table 3) is greater in areas near the soil surface and tends to 151 

diminish at higher depths, reaching a sustained value of around 2% at depths of around 35 meters. As for 152 

the rest of the phyllosilicates, their content remains approximately constant with depth.  153 

The carbonate content increases slightly with depth and shows similar values to the ones reported by 154 

Galera et al. (2009) for depths of up to 100 m. As the soil dries, the carbonate particles tend to migrate from 155 

the inside of the sample towards the surface, where they precipitate forming nodules. 156 

The content of calcite, quartz and dolomite remain constant with depth. The soil plasticity varies slightly 157 

with depth, reaching plasticity index values between 30 and 34 (Galera et al. 2009). 158 

The microstructure of the blue marl has been analysed by the scan electron microscopy technique (SEM) 159 

and by mercury intrusion porosimetry (MIP) (Vázquez-Boza et al., 2014), showing a flocculated  matrix 160 

where a macro and a microstructure can be clearly differentiated. In Fig. 2 and Fig. 3, two types of pores 161 

can be observed: intra-aggregate pores, with a size of 0.02 microns, and inter-aggregate pores, with sizes 162 

around 200 microns.  163 

The relationship between gravimetric moisture and suction was established through the soil water 164 

characteristic curve (SWCC) of the soil. The points of the SWCC were obtained experimentally, using (a) 165 

the pressure membrane method for lower suction values (<1,000 kPa) (Richards 1941; Bocking and 166 

Fredlund 1980) and (b) the dew point psychrometer for suctions greater than 1,000 kPa (Gee et al. 1992; 167 

Bullut et al. 2002; Leong et al. 2003). A single curve (Fig. 4) was obtained using samples from different 168 

sites. Then, the curve was approximated with a mathematical model. 169 

The initial suction was measured with the filter paper method, according to ASTM D5298-94 (1994). 170 

Seven different measurements, from a single site (site A) and different depths, yielded an average value of 171 

0 = 850 kPa with little scattering. The points in the SWCC curve were obtained from samples with the 172 

initial suction that were then subjected to wetting and drying paths. 173 
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Several authors have obtained mathematical expressions for modelling the SWCC of an unsaturated 174 

soil, although in some cases (e.g., Van Genuchten, 1980) the procedure to determine the parameters 175 

required has been considerably complex. By contrast, the method presented by Fredlund and Pham (2006) 176 

is simpler to implement and provides a good agreement with experimental data. For these reasons, this has 177 

been the method selected to obtain the SWCC of the Guadalquivir blue marl. 178 

 In this model, the SWCC was approximated by three straight lines that fitted the experimental data in 179 

the zones of low, medium and high suction respectively (Eq. 6).  180 

 181 

w1 () = wu – S1·log ()  1 ≤ <aev 182 

w2 () = waev – S2·log (aev) aev ≤ < r      (6) 183 

w3() = S3·log (106/)   r ≤ ≤106 kPa 184 

 185 

Where wu is the saturation moisture, waev and aev are the air entry point moisture and suction,  r is the 186 

residual suction and S1, S2, S3 are three linearity coefficients. 187 

 For the Guadalquivir blue marl, the parameters of Eq. (10) take the following values: wu = 31%, waev = 188 

29%, Ψaev = 180 kPa, wr = 4.1% and Ψr = 80 MPa. Replacing these values in Eq. (6), the linearity coefficients 189 

S1, S2 and S3 are obtained. In this way, the Fredlund and Pham (2006) formulation is particularised to the 190 

case of the Guadalquivir blue marl as follows: 191 

 192 

w1 () = 35 – 2.66·log ()  1 kPa ≤ <kPa 193 

w2 () = 29 – 9.4·log (180)  180 kPa≤80000 kPa   .     (7) 194 

w3 () = 3.74·log (106/)  80000 kPa≤≤106 kPa 195 

 196 

In Fig. 4, the experimentally measured values of water content and suction are compared with those 197 

obtained from Eq. (7).  198 

Experimental investigations and results 199 

Shrink-swell test 200 

 201 
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The shrink-swell test combines the outcomes of two tests: a core shrinkage test and a swelling under 202 

load test (Mitchell and Avalle 1984; Cameron 1989; Fityus et al. 2005).  203 

The core shrinkage test is performed on an undisturbed cylindrical sample with a diameter of 45 to 50 204 

mm and a height of 1.5-2 diameters. The test specimen is initially measured and weighed before being 205 

subjected to an air-drying process until its weight has stabilised. During this process the specimen is 206 

measured and weighed periodically. After finishing the air drying process, the sample is oven dried at a 207 

temperature between 105º and 110º. After at least 24 hours, the sample is again measured and weighed to 208 

determine the maximum volume loss and dry weight. This procedure allows obtaining the initial moisture 209 

content and the moisture content associated with each of the volume measurements taken during the 210 

process. 211 

The swelling test is also performed on an undisturbed sample, placed in an oedometric ring of 45-50 212 

mm diameter and 20 mm height. The ring is mounted in a conventional oedometer with porous plates at the 213 

top and bottom of the sample, and loaded with 25 kPa vertical pressure. Thereafter, the sample is flooded. 214 

After 24 hours, the swelling strain is measured. The moisture contents at the beginning and the end of the 215 

test are determined. 216 

The outcomes of the shrink-swell test, shown in Fig. 5, are a combination of the shrinking strains and 217 

swelling strains measured in the two respective tests. As can be observed, there is a moisture limit beyond 218 

which the shrinking deformations are stabilised at their maximum value, at the end of the core-shrinkage 219 

test. This value is called the shrink limit (wsh). Similarly, the final value of moisture content at the end of 220 

the swell test, once the swelling strains are stabilised, is called the swell limit (wsw). 221 

In this study a total of five shrink-swell tests have been performed on undisturbed samples of the 222 

Guadalquivir blue marl, extracted at depths of 6.6, 18 and 21 meters from the same site (site A). The results 223 

of these tests are shown in Table 4.  224 

In this table, wsw and wsh are the swell limit and the shrink limit, respectively, shver and shvol  are the 225 

vertical and volumetric strains obtained in the core shrinkage test and sw is the vertical strain in the swelling 226 

under load test. According to these results, the tests yielded an average value of 32.6% for the swell limit 227 

and 5.2% for the shrink limit. The average ratio between the vertical and volumetric strain in the core 228 

shrinkage test was 0.48. 229 

The results from shrink-swell tests (particularly the values of the swell and shrink limits) and also from 230 

suction-controlled oedometric tests (as shown in the next section) constitute the basis of the empirical model 231 
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proposed in this paper, which will enable predicting the deformational behaviour in response to suction 232 

change of this type of plastic soil with a high carbonate content.  233 

 234 

Suction-controlled oedometer tests 235 

 236 

The volumetric behaviour in oedometric conditions of the blue marl samples was investigated with an 237 

oedometer cell (Fig. 6) designed in the Polytechnic University of Catalonia (Hoffmann et al. 2005). This 238 

cell allows imposing suction on the soil specimen by means of the axis translation, osmosis and vapour 239 

transfer techniques. 240 

In the oedometer tests performed in this study the vapour transfer technique was chosen, using an NaCl 241 

solution for low suctions and a CaCl2 solution for high suctions. A diaphragm pump was used to force 242 

vapour recirculation in the closed-loop (Villar 2000; Tang and Cui 2005). The experimental setup is shown 243 

in Fig. 6. All tests were carried out in a chamber at a temperature of 20 ± 0.5 ºC and a controlled humidity 244 

of 70 ± 5%. 245 

Due to the low permeability of the soil, the time to achieve suction equilibrium was very long. To 246 

estimate the equilibrium time, four undisturbed marl samples were tested in a pressure membrane apparatus. 247 

Two samples were wetted from the initial suction to a suction of 400 kPa, while the other two were dried 248 

from the initial suction to a suction of 1000 kPa. During the process, the samples were weighed periodically 249 

(every two days) until a steady value of the weight indicated that the suction equilibrium had been reached. 250 

The average equilibrium time for both the wetting and the drying paths was found to be 13 days. 251 

Nevertheless, a minimum duration of 15 days was established for the suction-controlled oedometric tests 252 

in order to guarantee that the suction equilibrium is indeed achieved. 253 

The experimental programme carried out in the suction-controlled oedometer, including the applied 254 

suctions and pressure values, is shown in Table 5. The suction was applied at the beginning of each test and 255 

maintained during the test when the pressure changes were imposed. All the tests were performed on 256 

different samples of blue marl extracted from the same borehole, at a depth of 18 m.  257 

The test results are shown in Fig. 7. It can be observed that the material becomes stiffer when the suction 258 

is increased, while for suctions lower than the initial suction the soil shows a clear expansive behaviour 259 

(tests EDO-SUC-1, EDO-SUC-2 y EDO-SUC-3). 260 
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For suctions under the initial suction the samples experienced swelling strains when the pressure applied 261 

was lower than 100 kPa. This value of the vertical pressure is very close to the swelling pressure of the 262 

material (75 kPa) that was determined through an oedemeter test according to UNE 103602:1996. 263 

Model for 1D volumetric deformation 264 

From the results of the suction-controlled oedometer tests a correlation can be established between the 265 

volumetric deformation (under oedometric conditions) and the suction change (in a logarithmic scale) for 266 

the different values of vertical pressure applied in the tests. 267 

Fig. 8 plots the evolution of the volumetric strain against the logarithm of the normalised suction 268 

(Ψf0), where Ψf and Ψ0 are the final and initial suctions respectively for each vertical pressure applied. 269 

The data have been obtained from Fig. 7 and Table 5. This figure shows the idealized trajectories 270 

corresponding to the two vertical pressures of 50 and 400 kPa (that can be extrapolated to the rest of the 271 

vertical pressures), corresponding to the patterns of behaviour described in the following paragraphs. 272 

It can be observed that for suctions under a certain limit, the strain remains constant. This limit coincides 273 

with the point called the swell limit (wsw) in the shrink-swell test. For the Guadalquivir blue marl this point 274 

represents an average water content of 32.6%, which corresponds to a suction of sw ~10 kPa according to 275 

the SWCC (Fig. 4). 276 

In the high suction range, all the tested samples have experienced shrinking strains, that stabilise after 277 

a certain limit value of the suction. The soil water content corresponding to the final shrinking strain 278 

coincides with the shrink limit (wsh) calculated in the shrink-swell test. The average value of wsh in the soil 279 

specimens tested was 5.2%, which corresponds to a suction of sh ~ 80 MPa (Fig. 4). 280 

In the intermediate range of suctions between the swell and the shrink limit the soil strain is 281 

approximately proportional to the logarithm of suction, following a linear relationship that can be fitted 282 

with Eq. (1). The slope of this relationship corresponds to the instability index (Ipt) in the Aitchison model. 283 

The values of Ipt obtained empirically for the different pressures applied in the oedometer tests are listed in 284 

Table 6. If Ipt is drawn as a function of the the applied vertical pressure, a clear correlation can be observed, 285 

which can be modeled as a linear regression (Fig. 9a). From this figure,  the swelling pressure ps=149 kPa 286 

is the vertical pressure corresponding to a zero instability index, and so to no volume change under suction 287 

changes. In Figure 9b, the value of the instability index has been drawn in a more compact form as indicated 288 

in eq. (8): 289 
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 290 

𝐼𝑝𝑡(𝜎vf) = 𝐶 log (
𝑝𝑠

𝜎𝑣f
)         (8) 291 

where C is a constant. For this particular soil C =0.023 and ps=149 kPa. 292 

The volumetric deformation under oedometric conditions can be expressed as: 293 

 294 

𝜀𝑣(∆𝜎v, ∆Ψ) = 𝜀v(∆𝜎𝑣 , Ψ0) + 𝜀𝑣(𝜎𝑣f, ΔΨ)         (9) 295 

 296 

where 𝜀𝑣(∆𝜎𝑣 , ∆𝛹) is the deformation corresponding to a simultaneous increment of vertical pressure (∆𝜎𝑣) 297 

and suction (∆𝛹); 𝜀v(∆σv, Ψ0) is the deformation caused by an increment of vertical pressure while keeping 298 

the suction constant (0); and 𝜀𝑣(σvf, ΔΨ) is the deformation experienced when an increment of suction is 299 

applied at constant vertical pressure (𝜎𝑣f). 300 

The value of 𝜀𝑣(∆𝜎𝑣 , 𝛹0) is normally obtained from suction-controlled oedometer tests. However, as a 301 

first approximation, it can be estimated from a conventional eodometer test, maintaining the water content 302 

of the sample constant to avoid drying as much as possible. 303 

    According to Eq. (1), εv(𝜎𝑣𝑓 , 𝛥𝛹), can be calculated as follows: 304 

 305 

𝜀𝑣(𝜎𝑣𝑓 , ΔΨ) =  𝐼𝑝𝑡(𝜎𝑣𝑓) · log (
𝛹f

𝛹0
)       (10) 306 

The volumetric strain will be swelling when Ipt > 0 and Ψf < Ψ0 307 

There will be shrinkage when Ipt > 0 and Ψf > Ψ0 308 

The volumetric strain will be collapse when Ipt < 0 and Ψf < Ψ0 309 

 310 

    Substituting Eq. (8) into this expression, we obtain: 311 

 312 

𝜀𝑣(𝜎𝑣𝑓 , ΔΨ) =  𝐶 log (
𝑝𝑠

𝜎vf
) · log (

𝛹f

𝛹0
)       (11) 313 

 314 

Thus, the expression to calculate the volumetric deformation (under oedometric conditions) of the 315 

Guadalquivir blue marl in the range of suctions between the swelling (sw) and the shrinking limit (sh) is 316 

obtained substituting Eq. (11) into Eq. (9): 317 

 318 
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𝜀𝑣(∆𝜎𝑣 , ∆Ψ) = 𝜀𝑣(∆𝜎𝑣, Ψ0) + 𝐶 log (
𝑝𝑠

𝜎vf
) · log (

𝛹f

𝛹0
)    (12) 319 

 320 

For suctions above sh, the deformation is obtained substituting in Eq. (12) the value of suction 321 

corresponding to the shrink limit:  322 

 323 

𝜀𝑣(∆𝜎𝑣 , ∆Ψ) = 𝜀𝑣(∆𝜎𝑣, Ψ0) + 𝐶 log (
𝑝𝑠

𝜎vf
) · log (

Ψ𝑠ℎ

Ψ0
)    (13) 324 

 325 

And, similarly, for suctions under sw: 326 

 327 

𝜀𝑣(∆𝜎𝑣 , ∆Ψ) = 𝜀𝑣(∆𝜎𝑣, Ψ0) + 𝐶 log (
𝑝𝑠

𝜎vf
) · log (

Ψ𝑠𝑤

Ψ0
)    (14) 328 

 329 

The practical application of this method to the case of the Guadalquivir blue marl requires as the input 330 

the initial and final values of the suction and vertical pressures (v, vf, , Ψf). The output provides the 331 

vertical deformation of the soil. In order to extend the model to other types of soils it would be necessary 332 

to estimate the instability index and the suctions corresponding to the swell and shrink limits (Ipt(vf), sw, 333 

sh) with the method described in this paper or a similar method.  334 

For validation purposes, the deformations from the suction-controlled oedometer tests have been 335 

compared with the values calculated with the proposed model. The results of the comparison are displayed 336 

graphically in Fig. 10 for two reference pressures (50 kPa and 400 kPa). 337 

As can be seen, the volumetric deformation calculated with the proposed model approximates the 338 

experimental results from suction-controlled oedometer tests with an acceptable acccuracy. Furthermore, 339 

its simplicity makes it very appropriate for use in geotechnical engineering applications. 340 

 341 

Discussion 342 

The model simulates swell,   shrink and collapse behaviour of undisturbed samples at different conditions 343 

of vertical deformation and suction change under oedometric conditions.  344 

For the range of suctions between the swell limit and the shrink limit, the relationship between 345 

volumetric strain and suction is linear. This is the trend deduced from the suction controlled tests carried 346 

out by Escario and Sáez (1973), Kassif et al. (1973), Justo et al. (1984), Richards (1984), Mitchell and 347 
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Avalle (1984), Delgado (1986) and McKeen (1992). According to Pile and McInnes (1984), based on 348 

volume change it might be expected that Ipt for the wetting-up  test in the oedometer will be three times that 349 

for the drying test in samples without lateral restrain. In practice it has been found that the ratio is less than 350 

2, and apparently depends on the extent of small fissures in the fiels samples, which close up during 351 

oedometer testing. 352 

 For suctions outside of this range the soil deformations are nearly constant. This trend for low suctions 353 

and expansive soil is glimpsed in the paper by McKeen (1992), and for collapsing soils in the paper by 354 

Vázquez et al. (2013). 355 

For a particular site (site A), the same equations have acceptably fitted the results corresponding to 356 

depths ranging from 6.6 to 21 m (Table 4). This is because, at this site, the scattering of the initial suction 357 

Ψ0 was small and an average value of 850 kPa could be used without a loss of accuracy. The same assertion 358 

is true for the  swell limit. When there are important differences in these and other parameters, it will be 359 

better to consider different layers in the calculation.  360 

In this paper, the trends hinted in several papers have been collected in a single model. As can be seen 361 

in Figure 10, the volumetric deformation calculated with the proposed model approximates the 362 

experimental results from suction-controlled oedometer tests with an acceptable acccuracy.  363 

 364 

Conclusions 365 

In this paper we analysed the volumetric behaviour under oedometric conditions of a high plasticity  366 

carbonate clay: the Guadalquivir blue marl. In relation to previous studies, this work contributes to a deeper 367 

understanding of the characteristics of this type of soil, especially of its deformational behaviour under 368 

suction and vertical pressure changes.  369 

The blue marl forms the bedrock layer of the Guadalquivir river valley (Spain) and has been responsible 370 

for many accidents and much damage due to its high fragility, its expansive character and its vulnerability 371 

against moisture changes. 372 

A comprehensive test campaign has been conducted to determine the physical and chemical properties 373 

of the blue marl, that was classified as a high plasticity clay (CH) with a carbonate content above 25% and 374 

a high percentage of phyllosilicates, mainly illite and smectite. Analysis by scanning electron microscopy 375 

(SEM) and mercury intrusion porosimetry (MIP) allowed the characterising of its internal structure, 376 
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revealing clear differences between its macro and microstructure. The SWCC was obtained using a dew 377 

point psychrometer for suctions greater than 1 MPa and a pressure membrane apparatus for lower suctions. 378 

To predict the deformational behaviour of this material, an empirical 1-D model has been proposed. 379 

The model simulates both the swell, shrink or collapse behaviour of undisturbed samples under different 380 

conditions of vertical loading and suction change. Currently, no simple model exists to predict the 381 

deformational behaviour of expansive soils that considers the range of strain, suction and vertical loading 382 

or the type of samples included in this paper. 383 

The model is based on data from shrink-swell tests to characterise the relationship between deformation 384 

and suction change (in a logarithmic scale). It was found that for the range of suctions between the swell 385 

limit and the shrink limit this relationship is linear and the correlation ratio corresponds to the instability 386 

index (Ipt), that has been related to the applied vertical pressure through a logarithmic expression (derived 387 

by the authors).  388 

For suctions outside of this range the soil deformations remain nearly constant. 389 

From the results of shrink-swell tests conducted on undisturbed samples, the average value of the shrink 390 

limit was found to be 5%, while the swell limit was 30%. These values did not depend on the depth of 391 

sample collection. 392 

The proposed unidimensional model was compared with experimental data from suction-controlled 393 

oedometer tests performed on undisturbed samples. The results obtained with the proposed model showed 394 

an acceptable agreement with the measured data. 395 
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1 

Table 1. Most widely known uni-dimensional models. 1 

Model 
Volumetric 

behaviour 

Type of 

sample 

Vertical 

pressures range 

(kPa) 

Suction range 

Fredlund (1983) Swelling Disturbed 7 to ps (1) 
0

(4) to 

saturation 

Hamberg and 

Nelson (1984) 

Swelling 

Shrinkage 

Disturbed 

Undisturbed 
Not applied wS to wP

(3) 

Dhowian (1990) Swelling Undisturbed 0 to ps 
0 to 

saturation 

Fityus and Smith 

(1998) 
Swelling Disturbed p’f(2) 

0 to 

saturation 

Vanapalli et al. 

(2010) 
Swelling Disturbed p’f 

0 to 

saturation 

Puppala et al. 

(2013) 

Swelling 

Shrinkage 
Disturbed Not applied 

r
(4) to 

saturation 

 2 

 (1) ps: Swelling pressure. 3 

(2) p’f: Effective pressure. 4 

(3) wS/wP: Shrinkage and plastic limit. 5 

(4) 0, r: Initial and residual suction. 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 
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2 

Table 2. Average results of the laboratory tests: γs – unit weight of solid particles-, γd – dry unit weight-1 

, w – water content-, wL –liquid limit and Ip–plasticity index-. 2 

ASTM 

T200 (%) 
Activity

s 

(kN/m3) 

d 

(kN/m3) 

w 

(%) 

wL 

 

Ip 

 

98.2 ±1.9 0.47 26.9 ± 0.5 15.9 ± 0.5 25.6 ± 1.8 58.2 ± 6.5 33.1 ± 3.7 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 
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 25 

 26 

 27 

 28 

 29 
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 32 

 33 
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3 

Table 3. Average mineralogical composition of the Guadalquivir blue marls. 1 

Phyllosilicates 

Calcite (%) Quartz (%) Dolomite (%) 
Smectite (%) Illite (%) Kaolinite (%) 

16.4 ± 14.7 18.4 ± 3.6 13.4 ± 4.3 32.8 ± 3.2 15.6 ± 4.3 3.4 ± 0.5 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 



4 

Table 4. Experimental results for Shrink-Swell Test. 1 

Depth of 

the sample 

(m) 

wsw  

(%) 

wsh 

(%) 

sw 

(%) 

shver  

(%) 
shver / shvol 

6.6 34.1 6.23 1.20 3.29 0.47 

6.6 34.0 7.53 1.04 4.19 0.61 

18 33.0 4.05 9.20 4.19 0.47 

21 32.3 4.21 3.10 4.59 0.45 

21 29.8 4.20 7.00 3.10 0.42 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 
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 19 
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 23 
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 25 
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 27 
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 Table 5. Empirical oedometer tests. 1 

Test 
Suction 

(kPa) 
Saline solution  

Vertical pressures 

Load/Unload (kPa) 

EDO-SUC- 1 0 Saturation 10-50-100-200-400-800-1000-400-10 

EDO-SUC- 2 100 NaCl 10-50-100-200-400-800-1000-400-10 

EDO-SUC- 3 450 NaCl 10-50-100-200-400-800-1000-400-10 

EDO-SUC- 4 850 NaCl 10-50-100-200-400-800-1000-400-10 

EDO-SUC- 5 10000 NaCl 10-50-100-200-400-800-1000 400-10 

EDO-SUC- 6 33100 NaCl 10-50-100-200-400-800-1000 400-10 

EDO-SUC- 7 94200 CaCl2 10-50-100-200-400-800-1000 400-10 

 2 

 3 
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 5 
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 8 

 9 
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 13 

 14 

 15 

 16 

 17 

 18 
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 24 
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 27 

 28 

 29 

 30 

 31 



6 

Table 6. Ipt variation with the vertical pressure (v) 1 

Vertical pressure v (kPa) Ipt 

10 0.021 

50 0.014 

100 0.007 

400 -0.013 

800 -0.024 

1000 -0.021 

 2 

 3 
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1 

Fig. 1. Samples location. 1 

 2 

Fig. 2. SEM picture.x150 zoom (Vázquez-Boza et al., 2014) 3 

 4 

Fig. 3. MIP. Pore-size distribution before the suction-controlled tests were done (Vázquez-Boza et al., 5 

2014). 6 

 7 

Fig.4. SWCC of the Guadalquivir blue marl. 8 

 9 

Fig. 5 Shrink-Swell test results. Depth of the sample 21 m. 10 

 11 

Fig.6 Suction-controlled oedometer cell (Vázquez-Boza et al., 2014). 12 

 13 

Fig. 7. Oedometer tests results. 14 

 15 

Fig. 8 Volumetric deformation vs. suction for two vertical reference pressures (50 and 400 kPa). 16 

 17 

Fig. 9. Correlations of Ipt 18 

a) Ipt as a function of σvf 19 

b) Ipt as a function of ps/σvf 20 

 21 

Fig. 10 Volumetric deformation vs. Suction for two vertical reference pressures. 22 
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