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Abstract 27 

Boom clay formation, a deposit of slightly over-consolidated marine clay that belongs to the 28 

Oligocene series in the north east of Belgium, has been selected as a possible host material of 29 

nuclear waste disposal. In this context, the long-term deformation behaviour of Boom clay is 30 

of crucial importance in the performance assessment of the whole storage system. In this 31 

study, low and high pressure oedometer tests are carried out; the e-log σ’ v (void ratio – 32 

logarithm of vertical effective stress) and e-log t (void ratio – logarithm of time) curves 33 

obtained are used to determine the compression index Cc* , swelling index Cs*  and secondary 34 

deformation coefficient Cα during both loading and unloading. The relationship between Cα 35 

and the effective stress ratio (σ’ v/σ’ c, vertical effective stress to pre-consolidation stress) is 36 

analysed, and it is observed that Cα increases linearly with log σ’ v/ σ’ c. Examination of the 37 

ratio of Cα/Cc*  for various soils shows that the secondary deformation behaviour of Boom 38 

clay is similar to that of shake and mudstone. The relation between Cα and Cc*  is linear; but 39 

the relation between Cα and Cs*  is bi-linear. The bi-linearity observed is related to two 40 

different mechanisms: the mechanically dominated rebounding and the physico-chemically 41 

dominated swelling.  42 

 43 

Keywords: Boom clay; oedometer test; secondary deformation behavior; mechanically 44 

dominated rebounding; physico-chemically dominated swelling. 45 
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1. Introduction 46 

Boom clay formation, a thick deposit of slightly over-consolidated marine clay has been 47 

selected as a possible host material of nuclear waste disposal in Belgium. In this context, its 48 

volume change behaviour, especially its secondary deformation behaviour is essential for the 49 

safety of the whole storage system, and therefore needs to be investigated in depth. 50 

The consolidation of fine-grained soils has been commonly described by the primary 51 

consolidation and the secondary consolidation. The former refers to the soil volume change 52 

due to water pressure dissipation whereas the latter refers to the soil volume change due to the 53 

evolution of soil fabric and soil-water interaction. In the past decades, many studies were 54 

conducted to correlate the secondary deformation coefficient (Cα) during loading with other 55 

soil characteristics. Walker (1969) showed that Cα varied with the ratio of vertical effective 56 

stress (σ’ v) to the pre-consolidation pressure (σ’ c), with the largest Cα at a stress slightly 57 

higher than σ’ c. This was confirmed by other studies on various soils (Brook and Mark, 2000; 58 

Yilmaz and Saglamer, 2004; You, 1999; Zhu et al., 2005; Shirako et al., 2006; Suneel et al., 59 

2008; Costa and Ioannis, 2009). Walker and Raymond (1968) found that the secondary 60 

deformation coefficient (Cα) during loading has a linear relationship with the compression 61 

index (Cc) over the full range of stress applied. This Cα-Cc relation was further investigated by 62 

many other researchers (Mesri and Castro, 1987; Mesri et al., 1997; Abdullah et al., 1997; 63 

Al-Shamrani, 1998; Brook and Mark, 2000; You, 1999; Feng et al., 2001; Tan, 2002; Mesri, 64 

2004; Zhang et al., 2005; Zhu et al., 2005; Costa and Ioannis, 2009; Feng and Zhu, 2009; 65 

Mesri and Vardhanabhuti, 2009) on various soils (intact clays, remoulded clays, clays treated 66 

with lime or cement, and sands); the results confirmed the observation by Walker and 67 

Raymond (1968). Mesri et al. (1994) defined four groups of soils according to the value of the 68 

ratio Cα/Cc (Table 1). Some other correlations were also attempted between Cα/Cc (or Cα�) and 69 

soil physical properties such as the liquid limit wL, plastic limit wP and plasticity index Ip 70 

(You, 1999; Suneel et al., 2008). 71 

Although the secondary consolidation behaviour of soils has been widely investigated, 72 

there have been few studies on the stiff Boom clay, especially on the unloading path that 73 

represents the situation of the soil in vicinity of excavated galleries. In the present work, 74 

consolidation tests are performed in both low and high pressure oedometers on Boom clay 75 

taken from the sites of Essen and Mol, Belgium. Loading and unloading are run in steps and 76 

the secondary deformation coefficient Cα is determined for each step. Furthermore, the 77 

relations between Cα, the effective stress ratio (σ’ v/σ’ c), compression and swelling indexes 78 

(Cc*  and Cs* ) are analyzed. The main objective is to study the variations of Cα during 79 

unloading and the mechanisms involved in these variations. Note that the use of high pressure 80 

oedometer in this study allows studying the variation of Cα at large stress ratio σ’ v/σ’ c, 81 

indispensable for deeply located soil as Boom clay (223 m deep in Mol and about 240 m in 82 

Essen). Moreover, the introduction of parameter Cc*  and Cs*  allows analysing the soil 83 

compression behaviour with a non-linear loading-unloading curve. Note also that, to the 84 

authors’ knowledge, there have been no studies before focusing on the variations of Cα during 85 

unloading. 86 
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2. Soil studied 87 

The soil studied was taken by coring at the sites of Essen and Mol, Belgium. The location of 88 

the two sites is shown in Figure 1 (De Craen et al., 2006). The Essen site is situated in the 89 

north east of Belgium, about 60 km far from the underground research laboratory (URL) at 90 

the Mol site. After being taken from the borehole, the cores were sealed in plastic tubes 91 

having ends closed and transported to the laboratory. Five soil cores of 1-m length and 92 

100-mm in diameter from Essen and one soil core of 0.5-m length and 100-mm in diameter 93 

from Mol were studied. The details of these cores are shown in Table 2, with the 94 

corresponding depth, member, unit mass of solids (ρs), liquid limit (wL), plastic limit (wP), 95 

plasticity index (Ip), water content (w0) and void ratio (e0). There are three cores taken from 96 

the Putte member (Mol, Ess75 and Ess83) and three cores from the Terhagen members (Ess96, 97 

Ess104 and Ess112). The geotechnical identification parameters of the cores from Essen are 98 

similar: ρs = 2.64 – 2.68; wL = 62 – 78%; wP = 25 – 33%; IP = 36 – 45. The values are also 99 

close for both water content and void ratio: w0 = 27.2 – 29.7, e0 = 0.700 – 0.785. For the core 100 

from Mol, the values of ρs, wL, wP and IP are similar to that of the cores from Essen, but the 101 

water content and void ratio are lower than the cores from Essen, showing that Boom clay 102 

from Mol is denser.  103 

3. Experimental techniques  104 

Both low pressure (0.05 - 3.2 MPa) and high pressure (0.125 - 32MPa) oedometer tests were 105 

carried out following the French standards (AFNOR 1995, 2005) on the six Boom clay cores. 106 

The tests in low pressure oedometer aim at studying the loading-unloading behavior of the 107 

soil near the excavation gallery, whereas the tests in high pressure oedometer aim at studying 108 

the compression behavior in large stress level (far from the excavation gallery). The soil 109 

samples were prepared by trimming and had 50-mm in diameter and 20-mm in height. In the 110 

following, high pressure oedometer test is named Oedo1 while low pressure test is named 111 

Oedo2. Note that the high pressure oedometer has the same principle as the standard low 112 

pressure oedometer; the main difference is that in high pressure oedometer two amplification 113 

levels were used with a ratio of 1:10 for the first level and 1:5 for the second level (see Figure 114 

2). In other words, the frame of high pressure oedometer allows multiplying the applied 115 

weight by 50, which leads to a maximum force of 12 tons. In the experiments, the minimum 116 

and maximum applied weights are 5 N and 1280 N, leading to a minimum and maximum 117 

vertical pressure of 0.125 MPa and 32 MPa respectively for a sample of 50 mm diameter. 118 

The soil specimen was installed in the cell with dry porous stones. Prior to circulation of 119 

the synthetic water which has the same chemistry as the in-situ pore water (Cui et al., 2009) 120 

in the drainage system, a confining pressure equal to the estimated in situ stress was applied. 121 

This prevents the soil swelling during re-saturation which may modify the soil microstructure 122 

and as a result the soil mechanical properties (Delage et al., 2007).  123 

The in situ stress of the soil was estimated using Eq. 1: 124 

0
'
0 uhv −= γσ                 (1) 125 

where σ’ v0 is the in situ effective vertical stress; γ is the mean unit weight of the soil above the 126 

depth considered, taken equal to 20 kN/m3 following the data of De Craen et al. (2006); h is 127 
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the depth of the soil core (see Table 2); u0 is the in situ pore pressure estimated from the 128 

ground water level that is assumed to be at the ground surface. The '
0vσ  values determined 129 

for Ess75, Ess83, Ess96, Ess104, Ess112 and Mol are 2.20, 2.27, 2.40, 2.48, 2.56 and 130 

2.23 MPa, respectively. For a reason of convenience, σ’ v0 in both low pressure and high 131 

pressure oedometers was set at 2.40 MPa for all tests. 132 

4. Experimental results 133 

4.1. Compressibility behavior 134 

Figure 3 presents the loading-unloading-reloading stages and the corresponding changes in 135 

vertical displacement in test Ess75Oedo1. Before the re-saturation phase, a loading from 136 

0.125 to 2.4 MPa was applied to reach the in situ stress state. The soil sample was then 137 

re-saturated using synthetic water. The subsequent unloading-reloading stages were as follows: 138 

unloading from point A (2.4 MPa) to B (0.125 MPa); loading to C (16 MPa); unloading to D 139 

(0.125 MPa); loading to E (32 MPa) and unloading to F (0.125 MPa). Common results were 140 

obtained in terms of vertical displacements, i.e. compression upon loading and rebounding 141 

upon unloading. Note that the French standards – AFNOR (1995, 2005) were applied as 142 

regards the deformation stabilization for all odometer tests: stabilization is achieved when the 143 

displacement rate is lower than 0.01mm/h. 144 

Figure 4 presents the compression curve (void ratio versus logσ’ v) of test Ess75Oedo1, 145 

together with the compression curve of test Ess75Oedo2 in low pressure odometer. In test 146 

Ess75Oedo2, after the re-saturation using synthetic water under 2.4 MPa stress, unloading 147 

was performed from point I (2.4 MPa) to point II (0.05 MPa), then loading to point III 148 

(3.2 MPa) and finally unloading to point IV (0.05 MPa). 149 

The low pressure oedometer test Ess75Oedo2 shows a quasi elastic behavior with narrow 150 

unloading-loading loops. A deeper examination shows, however, that the reloading curve from 151 

II to III is not linear in the plane e-log σ’ v. This non-linearity can be also observed on the 152 

curve of test Ess75Oedo1 on the reloading paths from B to C and from D to E. Note that the 153 

results from the tests on other cores are similar to that shown in Figure 4. Obviously, it is 154 

difficult to determine the pre-yield stress σ’ y using the Casagrande method on these curves. In 155 

addition, this pre-yield stress, if any, does not correspond to the pre-consolidation pressure σ’ c 156 

(σ’ y is much lower than σ’ c): σ’ c is equal to 2.4 MPa at point A, but when reloading from B to 157 

C, σ’ y seems to be much lower, about 1 MPa. For this reason, in the following analysis only 158 

σ’ c is used and its determination is based on the stress history: σ’ c is the maximum stress 159 

applied in the oedometer tests. For instance, σ’ c = 16 MPa for the paths C->D and D->E; σ’ c 160 

= 32 MPa for the path E->F; σ’ c = 3.2 MPa for the path III->IV is 3.2 MPa.  161 

Since the e-log σ’ v curves of Boom clay are not linear during unloading and unloading, 162 

especially for the low pressure oedometer tests, it is difficult to use an unique compression 163 

index (Cc) and swell index (Cs) to describe the compression and swelling behavior. Hence the 164 

above two indexes are determined stage by stage, and renamed Cc*  and Cs* , respectively. It 165 

should be pointed out that if the e-log σ’ v curves for the three stages (i.e. before pre-yielding, 166 

after pre-yielding and unloading) are linear, the Cc*  becomes the same as Cc and Cs* becomes 167 

the same as Cs. 168 

For the determination of secondary deformation coefficient Cα, standard method is used 169 
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based on the e - ∆log t plot. The determination of Cc* , Cs*  and Cα is illustrated in Figure 5. 170 

Note that Cα =∆e/∆log t is negative when loading and positive when unloading. 171 

 172 

4.2. Relation between Cα α α α     and σσσσ’ v/σσσσ’ c 173 

Figure 6 shows the variation of Cα versus the stress ratio σ’ v/σ’ c for all the six cores, 174 

identified by both low pressure and high pressure oedometer tests. It appears that during 175 

loading stage Cα ranges mostly from 0 to 0.01 especially when the vertical effective stress is 176 

lower than the pre-consolidation stress. Some points beyond 0.01 can be observed when the 177 

stress ratio is greater than 2. For core Ess112, Cα is very small and close to zero when the 178 

stress ratio is less than 1. For the unloading stages, Cα ranges mostly from 0 to -0.01 for all 179 

tests when the stress ratio is greater than 0.1. On the contrary, when the stress ratio is less than 180 

0.1, Cα is less than -0.01. These observations lead to conclude that more significant secondary 181 

consolidation takes place at higher stress ratios (σ’ v/σ’ c > 1) upon loading and more 182 

significant secondary swelling takes place at lower stress ratios (σ’ v/σ’ c < 0.1). 183 

Except the results of core Ess112 during loading, all other results show that Cα increases 184 

almost linearly with the stress ratio in the semi-logarithmic plane, for both loading and 185 

unloading stages. This is different from the results reported by other authors (Walker, 1969; 186 

Brook and Mark, 2000; Yilmaz and Saglamer, 2007; You, 1999; Zhu et al., 2005; Shriako et 187 

al., 2006; Suneel et al., 2008; Costa and Ioannis, 2009) who observed that the relation 188 

between Cα and log σ’ v/σ’ c during loading is rather convex. 189 

 190 

4.3. Relation between Cc* or Cs* and Cαααα    191 

Figure 7 shows the variations of Cα with Cc*  and Cs*  for all the cores. It appears that Cα 192 

increases linearly with Cc* , with a slope ranging from 0.019 to 0.029. Moreover, this linear 193 

relation is independent of the state of consolidation: for a given core, all the points below and 194 

beyond σ’ c are on the same line. 195 

Mesri et al. (1994) analyzed the secondary consolidation behaviour of many soils, and 196 

gave the correlation between the secondary consolidation coefficient (Cα) and the 197 

compression index Cc as shown in Table 1. From the results obtained on Boom clay, it 198 

appears that the ratio Cα/Cc*  falls in a narrow range from 0.019 to 0.029. In order to have a 199 

mean value, all the results during loading are gathered in Figure 8, in terms of variations of 200 

Cα versus Cc* . A value of 0.024 is identified for the ratio Cα/Cc* . Based on the classification 201 

criterion in Table 1, one can conclude that Boom clay falls in the zone of shake and mudstone 202 

whose Cα/Cc*  value ranges from 0.02 to 0.04. 203 

Figure 7 also shows that during unloading, a bi-linear relation between Cα and Cs*  can be 204 

observed: the turning point at a Cs* value around 0.1. This turning point can be considered as 205 

an indicator of changes from mechanical dominance to physical-chemical dominance in terms 206 

of volume changes: when Cs*  is less than the value at the turning point, the clay shows a 207 

mechanically dominated rebounding; by contrast, when Cs*  is larger than the value at the 208 

turning point, the clay shows a physico-chemically dominated swelling. This particular 209 

behaviour during unloading was also observed in other works: Delage et al. (2007) and Le et 210 

al. (2011) conducted compression tests on unsaturated Boom clay with suction monitoring, 211 

and observed that during unloading the soil suction increased slowly in the beginning and 212 

then rapidly when the vertical stress decreased down to a threshold value; Cui et al. (2002) 213 
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observed that the microstructure of a compacted bentonite/sand mixture started to change 214 

much more drastically when the suction was lower than 1 MPa; Cui et al. (2008) and Ye et al. 215 

(2009) observed that the unsaturated hydraulic behaviour of compacted bentonite-based 216 

materials under confined conditions changed drastically when the suction was lower than a 217 

threshold value.  218 

All the data of Cα versus Cs*  are gathered in Figure 9. In spite of the significant scatter, a 219 

bilinear relation can be still identified, with -0.024 and -0.26 as slopes. It is interesting to note 220 

that the absolute value of the slope of the first part (where the volume change behavior is 221 

supposed to be governed by the mechanical effect) is equal to the value of Cα/Cc*  during 222 

loading (0.024). This observation confirms that the first part of unloading (Cs*  < 0.1) gives 223 

rise to a mechanically dominated rebounding, because the volume change behavior during 224 

loading can be regarded as governed by the mechanical effects. The larger slope of the second 225 

part (0.26, when Cs*  > 0.1) indicates a significant secondary swelling behavior compared to 226 

the mechanical secondary consolidation behavior. 227 

 228 

5. Conclusion 229 

Both low pressure and high pressure oedometer tests were carried out with loading and 230 

unloading on Boom clay samples taken by coring from Essen and Mol sites. The e-log σ’ v and 231 

e-log t curves were plotted to determine the compression index Cc* , swell index Cs*  and 232 

secondary deformation coefficient Cα. Note that Cα was determined for either loading stages 233 

(secondary consolidation) or unloading stages (secondary swelling). Different relations such 234 

as Cα − σ’ v/σ’ c, Cα − Cc* , and Cα − Cs*  were analyzed. The following conclusions can be 235 

drawn: 236 

(i) Cα increases almost linearly with the stress ratio σ’ v/σ’ c in the semi-logarithmic plane, for 237 

both loading and unloading stages. This linear relation during loading was different from 238 

that observed by other researchers who concluded rather a convex relation for other soils. 239 

(ii) Cα increases linearly with Cc* , with a slope of 0.024. In addition, this linear relation is 240 

independent of the state of consolidation. During unloading, a bi-linear relation between 241 

Cα and Cs*  was identified, with the turning point at a Cs*  value around 0.1 and the values 242 

of slopes of -0.024 and -0.26, respectively. 243 

(iii) The two slopes of the Cα - Cs*  curve relate to two different mechanisms: the first part 244 

(Cs*  < 0.1) relates to a mechanically dominated rebounding whilst the second part (Cs*  > 245 

0.1) relates to a physico-chemically dominated swelling. This observation was confirmed 246 

by the equality of the slopes for the first unloading part and the loading part (0.024), 247 

because the volume change behavior during loading can be regarded as governed by the 248 

mechanical effects. 249 

(iv) According to the classification criterion defined by Mesri et al. (1994), Boom clay falls in 250 

the zone of shake or mudstone whose Cα/Cc*  value ranges from 0.02 to 0.04. 251 
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 340 

Table 1. Soil classification according to the values Cα/Cc (Mesri et al., 1994) 341 

Material Cα/Cc 

Granular soils including rockfill Cα/Cc = 0.02 ± 0.01 

Shake and mudstone Cα/Cc = 0.03 ± 0.01 

Inorganic clays and silts Cα/Cc = 0.04 ± 0.01 

Organic clays and silts Cα/Cc = 0.05 ± 0.01 

Peat and muskeg Cα/Cc = 0.06 ± 0.01 

 342 
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 343 

Table 2. Geotechnical properties of the soil cores studied 344 

Core  
Depth 
 (m) 

Member 
ρs 

(Mg/m3) 
wL 

(%) 
wp 

(%) 
Ip 

(%) 
w0 
(%) 

e0 

Ess75 218.91-219.91 Putte 2.65 78 33 45 29.7 0.785 
Ess83 226.65-227.65 Putte 2.64 70 33 37 27.2 0.730 
Ess96 239.62-240.62 Terhagen 2.68 69 33 36 26.5 0.715 
Ess104 247.90-248.91 Terhagen 2.68 68 29 39 27.7 0.700 
Ess112 255.92-256.93 Terhagen 2.67 62 25 37 27.3 0.755 
Mol 223 Putte 2.67 68 26 42 23.6 0.625 
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 345 

Figure 1. Locations of the sampling sites (De Craen et al., 2006) 346 



 15 

 347 

 348 

Figure 2  Sketch of high pressure oedometer 349 

 350 
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Figure 3. Vertical effective stress and displacement versus elapsed time (Ess75Oedo1) 353 
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Figure 4. Compression curves from oedometer tests (Ess75Oedo1 and Ess75Oedo2) 356 



 18 

 357 

Cc*=-∆e/∆log σ’vCs*=-∆e/∆log σ’v

Cα=∆e/∆logt

0.01 0.10 1.00 10.00

σ’
v (MPa)

e 
(-

)

0.1 1 10 100 1000 10000

Elapsed time (min)
e 

( 
-

)

100.00

Cc*=-∆e/∆log σ’vCs*=-∆e/∆log σ’v

Cα=∆e/∆logt

0.01 0.10 1.00 10.00

σ’
v (MPa)

e 
(-

)

0.1 1 10 100 1000 10000

Elapsed time (min)
e 

( 
-

)

100.00

 358 
Figure 5. Determination of parameters Cc*, Cs* and Cα 359 
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Figure 6. Cα versus stress ratio σ’ v/σ’ c. (a) Core Ess75; (b) Core Ess83; (c) Core Ess96; (d) Core Ess104; (e) Core 112; (f) Core Mol 366 
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(e)                                         (f) 373 

Figure 7. Cα versus Cc*  and Cs*. (a) Core Ess75; (b) Core Ess83; (c) Core Ess96; (d) Core Ess104; (e) Core 112; (f) Core Mol 374 
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Figure 8. Cα versus Cc*  378 
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Figure 9. Cα  versus Cs*   381 


