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ABSTRACT 
 
Title: The Effects of Fluid Composition on the One-Dimensional Consolidation 

Behaviour of Clay-Based Sealing Materials 
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D.A. Dixon1 
Company: 1Atomic Energy of Canada Limited, 2University of Manitoba, 3Royal Military 

College of Canada 
Date: November 2008 
 
Abstract 
Groundwaters at proposed repository depths of 500 to 1000 m can contain significant 
quantities of soluble salts.  These salts have the potential to affect the hydraulic-mechanical 
behaviour of clay-based sealing materials installed in a Deep Geologic Repository (DGR).  As a 
result of the potential influence of salinity on material behaviour, one of the design decisions for 
the engineering of a sealing system is whether to prepare the sealing materials with fresh or 
saline fluid and to determine if this will affect the performance of the barrier materials.  One-
dimensional (1D) consolidation tests can be used as a tool in characterizing the hydraulic-
mechanical behaviour of clay-based sealing materials.  
 
This report summarizes the results of the 1D consolidation tests of three clay-based sealing 
materials: Highly Compacted Bentonite (HCB), Dense Backfill (DBF), and Light Backfill (LBF) 
that have been completed to the end of 2008.  The testing program includes the use of three 
types of fluid either as the reservoir fluid or in specimen preparation: Distilled Water (DW), 
CaCl2 and NaCl solutions having salinity as high as 250 g/L.  In order to examine the effect of 
the boundary condition during initial saturation on the material performance, two different 
boundary conditions were applied during initial saturation: constant volume (CV) or constant 
vertical stress (CS).  
 
Mechanical parameters including 1D-Modulus, Compression Index (Cc), and Swelling Index 
(Cs) have been interpreted from the results of these tests.  Cc and Cs are found to decrease 
with an increase in concentration of solution in pore fluid, independent of the type of salt 
solution (i.e., CaCl2 or NaCl).  This report presents the relationship of Cc and Cs to the pore 
fluid concentration for use in defining the mechanical behaviour of clay-based sealing materials 
in THM numerical modelling.   
 
Hydraulic conductivities (k) have also been interpreted from the results of these tests.  Within 
each individual test, k decreases with increasing density.  However, when all tests are 
combined, this trend is not clearly apparent indicating the difficulty in making accurate 
determination of k from 1D consolidation tests data.  
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1. INTRODUCTION  

 
Several sealing-system components are proposed for use in a placement-room sealing system 
(e.g., RWE NUKEM’s in-floor borehole placement method shown in Figure 1) in a Canadian 
Deep Geologic Repository (DGR).  Figure 2 shows the DGR of generic used fuel container 
placement designs for vertical in-floor borehole and horizontal in-room.  For the clay-based 
portions of the repository sealing system, four sealing-system components are being 
considered.  
 

1. Highly Compacted Bentonite (HCB) – 100% bentonite clay either installed at high dry 
density by in-situ compaction or prefabricated as blocks (shown in Figure 1 as 
“bentonite buffer blocks” and “bentonite buffer rings”). 

2. Dense Backfill (DBF) – a mixture of lake clay, crushed host rock and bentonite clay, 
either installed at high dry density by in-situ compaction or prefabrication as blocks.  

3. Light Backfill (LBF) – a mixture of bentonite clay and silica sand, likely installed in the 
form of dense pellets and installed at low-to-medium dry density.  

4. Gapfill (GF) – either bentonite clay, possibly fabricated in the form of dense pellets, 
silica sand or some combination of the two, which are likely to be installed at low-to-
medium average dry density (shown in Figure 1 as “buffer pellets”). 

 
Some suggested compositions and fundamental physical characteristics of these candidate 
sealing-system components are presented in Table 1. 
 

 Table 1: Physical Characteristics of Engineering Barriers System Components 
(after Russell and Simmons 2003) 

 

Property HCB GF DBF LBF 

Composition 
(dry mass %) 

100% 
bentonite 

100% 
bentonite 

5% bentonite 
25% glacial lake clay 
70% crushed granite 

50% bentonite
50% sand 

Initial Gravimetric 
Water Content (%) 

17 2 8.5 15 

As-Placed 
Saturation (%) 

65 6 80 33 

Dry Density (Mg/m3) 1.61 1.40 2.12 1.24 

EMDD (Mg/m3)* 1.50 1.25 0.8 0.66 

* Effective Montmorillonite Dry Density - assumes that all bentonites have a minimum 75% 
montmorillonite content 
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 Figure 1: RWE NUKEM’s In-floor Borehole Placement Method Design (NUKEM 2003) 

 

 

 Figure 2: Deep Geological Repository – Generic Used Fuel Container Placement 
Designs for Vertical In-floor Borehole and Horizontal In-room (NUKEM 2003) 
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1.1 BACKGROUND 

 
The chemistry of the pore fluid strongly affects the swelling potential and hydraulic conductivity 
of bentonite clay.  Groundwaters at proposed repository depths of 500 to 1000 m can contain 
significant quantities of dissolved salts and an increase in salinity is known to decrease the 
swelling potential and increase the hydraulic conductivity (Dixon 2000) of barrier materials 
containing a swelling clay mineral component. 
 
Gascoyne et al. (1987) and Mazurek (2004) have collated data from the crystalline rock of the 
Canadian Shield and the sedimentary rock in southern Ontario, respectively, and very high 
concentrations of dissolved salts can exist at depth.  Salt concentrations also typically vary with 
depth, tending to be low near the surface and increasing with depth.  Salt concentrations also 
vary considerably throughout the Canadian Shield.  Salinities, in terms of Total Dissolved Solids 
(TDS) at proposed repository depths, can vary from 8 to >100 g/L in the Canadian Shield and 
can be greater than 200 g/L in Ordovician-age sediments.  Salt speciation is often Na-Ca-Cl at 
shallow depth trending to Ca-Na-Cl at greater depth. 
 
The presence of CaCl2 and NaCl in groundwater makes testing of clay-based sealing materials 
with CaCl2 and NaCl solutions of importance to confirm their behaviour.  One-dimensional (1D) 
consolidation tests were completed for specimens using CaCl2 solution at salinities up to 
250 g/L (Baumgartner et al. 2008; Priyanto et al. 2008).   
 
Baumgartner et al. (2008) completed 1D-consolidation tests using CaCl2 solutions at salinities 
up to 100 g/L in order to start the process of increasing the behavioural database for sealing 
materials.  Baumgartner et al. (2008) observed that specimen preparation affected the 
behaviour of the clay-based sealing materials.  One of the design decisions for the engineering 
of a repository placement-room sealing system will be the choice for preparing the sealing 
materials with either fresh or saline water.   
 
With identification of high salinity conditions (TDS > 200 g/L) in the crystalline rock of the 
Canadian Shield and the sedimentary rock in southern Ontario (Gascoyne et al. 1987; Mazurek 
2004) the range of fluid concentrations examined by Baumgartner et al. (2008) needed to be 
extended.  Priyanto et al. (2008) investigated the effect of salinities up to 250 g/L CaCl2 on the 
behaviour of HCB, DBF and LBF using 1D consolidation tests.  In response to potential effects 
of different methods of specimen preparation (mixing with saline solution (i.e., 250 g/L CaCl2 
solution) and mixing with Distilled Water (DW)), sample preparation with both fluids was 
examined. 
 
The presence of NaCl solution in pore fluid of clay-based sealing materials may result in 
different 1D-consolidation behaviour.  The observation of the role of NaCl solutions in the pore 
fluid of clay-based sealing material was only limited using constant-volume load cells (Dixon 
2000).  Several mechanical parameters cannot be interpreted from constant-volume load cells; 
consequently the 1D-consolidation tests using NaCl solutions are important.   
 
This report discusses the results of 1D-consolidation tests of clay based sealing materials 
completed in 2006 to 2008.  These tests include investigation of the effects of different type of 
salt solutions (NaCl versus CaCl2) on the results of 1D-consolidation tests.  The relationships of 
compression and swelling indices (Cc and Cs) from 1D-consolidation tests and the 
concentration of pore fluid for HCB, DBF, and LBF can be used to include the effect of pore 
fluid salinity on the mechanical behaviour of these materials using THM numerical models of 
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the DGR systems.  The hydraulic conductivities (k) of these three materials with various pore 
fluids compositions have been determined from the results of 1D-consolidation tests and 
compared to investigate the effect of pore fluid compositions on the hydraulic behaviour of 
these materials. 
 

2. OBJECTIVES AND SCOPE 

 
The main objective of performing 1D-consolidation tests on potential sealing materials is to 
determine mechanical and hydraulic parameters for use in numerical modelling.  A secondary 
objective is to assess the effect of pore fluid composition on these derived parameters. 
 

2.1 PREVIOUS WORK (2006 TO 2007) 

 
The results of the previous testing completed in 2006 and 2007 were presented in Baumgartner 
et al. (2008) and Priyanto et al. (2008), respectively.  This document presents the results of 1D-
consolidation tests completed in 2008.  Tables 2, 3, and 4 show the 1D-consolidation tests of 
HCB, DBF, and LBF completed in 2006 to 2008. 
 
The scope of the work in 2006 (Baumgartner et al. 2008) was to investigate the effect of pore 
fluid salinity on the results of 1D-consolidation behaviour of the HCB, DBF, and LBF specimens.  
The testing program included 1D-consolidation tests using distilled water and Calcium Chloride 
(CaCl2) solution up to 100 g/L CaCl2 for the LBF and DBF specimens and 75 g/L CaCl2 solution 
for the HCB specimens.  Except for the LBF specimens, the fluid used in specimen preparation 
was similar to that in the reservoir.  Baumgartner et al. (2008) observed that specimen 
preparation affected the behaviour of the clay-based sealing materials for similar reservoir fluid.  
One of the design decisions for the engineering of a sealing system is the choice for preparing 
the sealing materials with either fresh or saline water.  Consequently, specimens prepared with 
distilled water and salt solutions were included in the 1D-consolidation tests after 2006. 
 
With identification of high salinity conditions (TDS > 200 g/L) in the crystalline rock of the 
Canadian Shield and the sedimentary rock in southern Ontario, the scope of the work in 2007 
included the effects of higher pore fluid salinity (up to 250 g/L CaCl2) and the effects of different 
mixing fluids used in specimen preparation and boundary conditions during initial saturation for 
HCB, DBF, and LBF specimens (Priyanto et al. 2008).  The testing program included CaCl2 
solution with higher salinity (up to 250 g/L), two different specimen preparations: mixing with 
distilled water (DW) or 250 g/L CaCl2 solution; and two different boundary conditions during 
initial saturation: Constant Volume (CV) and Constant vertical Stress (CS). 
 

2.2 WORK IN 2008 

 
Gascoyne et al. (1987) and Mazurek (2004) observed that salt speciation was often Na-Ca-Cl 
at shallow depth trending to Ca-Na-Cl at greater depth of the crystalline rock of the Canadian 
Shield and the sedimentary rock in southern Ontario.  Thus, it was necessary to examine the 
effects of different type of salt (NaCl versus CaCl2) on the 1D-consolidation behaviours of clay-
based sealing materials.  The current testing program (2008) presented in this document 
included NaCl solution with concentrations up to 250 g/L.   
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Table 2: 1D-Consolidation Tests of Highly Compacted Bentonite (HCB) (2006-2008) 
 

Test No. Sample No. 
Mixing 
Fluid 

Reservoir 
Fluid 

Mixing 
Fluid TDS 

(g/L) 

Reservoir 
Fluid TDS 

(g/L) 

Boundary 
Condition 

During 
Saturation 

Test 
Location 

Reference

1 HCB1(06) DW DW 0 0 CS AECL 

Baumgartner 
et al. 2008 

 

2 HCB2(06) DW DW 0 0 CS AECL 

3 HCB3(06) CaCl2 CaCl2 75 75 CS AECL 

4 HCB4(06) CaCl2 CaCl2 75 75 CS AECL 

5 HCB5(06) DW DW 0 0 CS AECL 

6 HCB6(06) CaCl2 CaCl2 75 75 CS AECL 

7 HCB7 (07) DW CaCl2 0 250 CS AECL Priyanto et 
al. 2008 

 
8 HCB8 (07) CaCl2 CaCl2 250 250 CS AECL 

9 HCB9 (07) DW DW 0 0 CV AECL 

10 HCB10 (07) CaCl2 CaCl2 250 250 CV AECL 

11 HCB11 (07) DW CaCl2 0 150 CS AECL 

12 HCB12(08) NaCl NaCl 250 250 CV AECL This 
document 

 
13 HCB13(08) NaCl NaCl 250 250 CS AECL 

14 HCB14(08) DW NaCl 0 250 CV AECL 

15 HCB14A (08) DW NaCl 0 250 CV AECL 

16 HCB15 (08) DW NaCl 0 250 CS AECL 
Note: CV: Constant Volume; CS: Constant Vertical Stress; DW: Distilled Water 
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Table 3: 1D-Consolidation Tests of Dense Backfill (DBF) (2006-2008) 

 

Test No. Sample No. 
Mixing 
Fluid 

Reservoir 
Fluid 

Mixing 
Fluid TDS 

(g/L) 

Reservoir 
Fluid TDS 

(g/L) 

Boundary 
Condition 

During 
Saturation 

Test 
Location 

Reference 

1 DBF1(06) DW DW 0 0 CS UM 

Baumgartner 
et al. 2008 

 

2 DBF2(06) DW DW 0 0 CV UM 

3 DBF3(06) CaCl2 CaCl2 100 100 CS UM 

4 DBF4(06) CaCl2 CaCl2 100 100 CV UM 

5 DBF5(06) DW DW 0 0 CS UM 

6 DBF6(06) CaCl2 CaCl2 100 100 CS UM 

7 DBF1(08) CaCl2 CaCl2 250 250 CS UM 

This 
Document 

8 DBF2(08) DW CaCl2 0 250 CS UM 

9 DBF3(08) CaCl2 CaCl2 250 250 CV UM 

10 DBF4(08) DW CaCl2 0 250 CV UM 

11 DBF5(08) NaCl NaCl 250 250 CV UM 

12 DBF6(08) DW NaCl 0 250 CV UM 

13 DBFS1(08) DW NaCl 0 250 CS AECL 
 

14 DBFS2(08) NaCl NaCl 0 250 CS AECL 

Note: CV: Constant Volume; CS: Constant Vertical Stress; DW: Distilled Water; UM: University of 
Manitoba 
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Table 4: 1D-Consolidation Tests of Light Backfill (LBF) (2006-2008) 

 

Test No. Sample No. 
Mixing 
Fluid 

Reservoir 
Fluid 

Mixing 
Fluid TDS 

(g/L) 

Reservoir 
Fluid TDS 

(g/L) 

Boundary 
Condition 

During 
Saturation 

Test 
Location 

Reference 

1 HB2(06) DW DW 0 0 CV LHU Baumgartner 
et al. 2008 

 
2 HB3(06) DW DW 0 0 CS LHU 
3 HB4(06) DW DW 0 0 CV LHU 

4 HB6(06) DW DW 0 0 CS LHU 
5 HB7(06) DW DW 0 0 CV LHU 
6 HB8(06) DW DW 0 0 CS LHU 

7 HB9(06) DW DW 0 0 CV LHU 

8 HB11(06) DW CaCl2 0 100 CS LHU 

9 HB12(06) DW CaCl2 0 100 CS LHU 

10 HB13(06) CaCl2 CaCl2 100 100 CS LHU 

11 HB14(06) DW CaCl2 0 100 CV LHU 

12 HB15(06) CaCl2 CaCl2 100 100 CS LHU 

13 HB16(06) DW CaCl2 0 200 CS LHU 

14 HB19(06) DW CaCl2 0 100 CS LHU 

15 LBF_1(07) CaCl2 CaCl2 227 227 CS RMC Priyanto et al. 
2008 16 LBF_2(07) DW CaCl2 0 227 CS RMC 

17 LBF_3(07) CaCl2 CaCl2 227 227 CV RMC 

18 LBF_4(07) DW CaCl2 0 227 CV RMC 

19 LBF_5B(07) CaCl2 CaCl2 91 91 CS RMC 

20 LBF_6(07) DW CaCl2 0 91 CV RMC 

21 LBF_1(08) NaCl NaCl 250 250 CV RMC This 
Document 22 LBF_2(08) DW NaCl 0 250 CV RMC 

23 LBF_3(08) DW NaCl 0 100 CV RMC 

24 LBF_4(08) NaCl NaCl 100 100 CV RMC 

25 LBF_5(08) DW NaCl 0 50 CV RMC 

26 LBF_6(08) NaCl NaCl 50 50 CV RMC 
Note: CV: Constant Volume; CS: Constant Vertical Stress; DW: Distilled Water; LHU: Lakehead 
University; RMC: Royal Military College of Canada 
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2.3 TESTING LOCATIONS 

 
The work done during 2006 consisted of a series of laboratory 1D consolidation tests on three 
clay-based sealing materials (i.e., HCB, DBF and LBF).  Testing was divided between Atomic 
Energy of Canada Limited (AECL) geotechnical laboratory at the Underground Research 
Laboratory (URL), the Department of Civil Engineering at the University of Manitoba (U of M), 
and Department of Civil Engineering at Lakehead University (LHU).  Each group was assigned 
a material-type to test.  AECL tested the HCB, U of M tested the DBF, and LHU tested the LBF.   
 
During 2007, AECL continued testing of HCB specimens and the U of M continued testing of 
DBF specimens.  Due to resourcing issues at LHU in 2007, testing of LBF specimens was 
shifted to the Department of Civil Engineering at the Royal Military College of Canada (RMC).  
 
In 2008, AECL continued testing of HCB specimens, the U of M continued testing of DBF 
specimens and the RMC continued testing of LBF specimens.  AECL provided the material (i.e., 
DBF and LBF) and the specification of initial conditions, including target initial dry density, fluid 
used in specimen preparation and fluid added to the tests.  Two (2) tests on DBF using smaller 
scale specimens were added to evaluate the behaviour of DBF under lower stress and to 
assess the effect of sample size.  These tests were completed at AECL. 
 

3. MATERIALS 

 
The following three sealing-system components were tested in the series of consolidation tests. 
 

 HCB, composed of 100% (by weight) Wyoming MX80 bentonite (montmorillonite content 
~75%).  

 LBF, composed of 50% (by weight) Avonlea (Saskatchewan) bentonite (montmorillonite 
content ~80%) and 50% (by weight) silica sand. 

 DBF, composed of 75% (by weight) crushed granite, 18.75% crushed illite clay 
(Sealbond) and 6.25% (by weight) Avonlea bentonite (montmorillonite content ~80%).   

 
This DBF composition differed from that provided in Table 1.  This DBF composition using the 
Sealbond and Avonlea bentonite was a good representation of the DBF in Table 1 and a more 
consistent material than one prepared with glacial lake clay.  
 

4. EQUIPMENT  

 
Four different sizes of consolidation cells were required since each material had very different 
swelling and mechanical properties. 
   

1. Conventional 50-mm-diameter consolidation cells that allowed 19-mm-thick specimens 
were used to test the LBF.   

2. Larger 101-mm-diameter consolidation cells that allowed 101-mm-thick specimens were 
used to test the DBF to accommodate the large size of the aggregate (i.e., up to 35-mm 
granite chips).  



- 9 - 

3. Two 50-mm-diameter consolidation cells that allowed 40-mm-thick specimens were 
added to test the DBF in 2008.   

4. Small 28.1-mm-diameter consolidation cells that allowed 10-mm-thick specimens were 
used to test the HCB.  These cells permitted application of high stress (i.e., maximum 
16 MPa).   

 
All parts of the cells that had direct contact to salt solution were fabricated from non-corrosive 
material.  
 
In cells 1 and 2, conventional dead-weight-type oedometers were used to test the LBF and DBF 
and data were collected by manually monitoring the deformation of these two materials using 
strain gauges.  
 
In cells 3, prior to the compaction of the specimens, similar DBF material used in cells 2 was 
oven dried and crushed using a small rock-crusher to accommodate testing using smaller 
consolidation cells.  Grinding the DBF mixture resulted in different grain size distribution, but it 
did not change the material composition.  As this process did not affect the proportion of very 
fine (clay-sized) material present, it was not likely to cause a substantial change in the 1D-
consolidation behaviour of the mixture.  Conventional dead-weight-type oedometers were used 
in cells 3 to test the DBF.  The displacement of the specimen was measured using a LVDT that 
was connected to a data logger.   
 
The objectives of using smaller specimens to test the DBF were to: investigate scale effects, 
reduce the consolidation time, and investigate the DBF consolidation behaviour under lower 
stress.  Using a conventional dead-weight-type oedometer, the minimum stress that could be 
achieved was equal to the weight of the top-cap consolidation cell.  Since the top-cap weight of 
cells 3 was less than that of cells 2, so that lower minimum stress could be achieved using 
smaller cell (i.e., cell 3). 
 
Small-diameter, thick-walled consolidation cells (i.e., cells 4) were used to test the HCB to 
accommodate the very high swelling capacity and associated high swelling pressure of the 
HCB.  These cells used two different compression frames. 
 

1. A loading frame using hydraulic rams that were actuated by high-pressure nitrogen-gas 
cylinders acting on a gas-over-oil accumulators had been used to test the HCB since the 
beginning of testing program in 2006. 

2. A loading frame using a servo-hydraulic testing system manufactured by the MTS 
(Materials Testing Services) was added in 2007 to test the HCB.  This additional 
equipment enabled the application of different boundary conditions in the tests (i.e., 
constant volume or constant pressure). 

 
LVDTs and a load cells, connected to a data logger, were used to monitor the displacement and 
vertical pressure of the HCB specimens in these loading frames.   
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5. SUMMARY OF THE RESULTS 

5.1 CALCULATION OF VOID RATIO (e), DRY DENSITY AND EFFECTIVE  
 MONTMORILLONITE DRY DENSITY (EMDD) 

5.1.1 Correction Due to Salt Content 

 
The measured dry density of a specimen mixed with salt solution is affected by the amount of 
salt remaining during the oven drying process (ASTM D2216-05, ASTM 2005).  Dry density that 
is greater than actual dry density or void ratio that is lower than actual void ratio would be 
calculated without applying a correction factor.   
 
The correction due to salt solution was applied in the calculation of the void ratio (e) and dry 
density in this report.  The equations used for this correction are presented as follows.   
 
The water content (w, %) measured in the laboratory is calculated as:  
 

%100
M

MM
w

dry

dry 


  (1) 

 
where M is the mass of wet soil.  Mdry is mass of the soil after the oven-drying process 
according to ASTM D2216-05 (ASTM 2005), which is  
 

saltsdry MMM   (2) 

 
where Ms is the mass of soil solids; and Msalt is the mass of salt remained after oven-drying 
process.  
 
The fluid content (wl) is the ratio of fluid mass (Ml) to the mass of soil solids (Ms).  The 
relationship of the water content (w) to the fluid content (wl) is as follows.  
 

 w1r1

w
%100

M

M
w

s

l
l 

  (3) 

 
where r is salinity expressed as the ratio of mass of salt (Msalt) to the mass of salt solution (Ml).   
 
The salinity (r) can be calculated as: 
 

1000)m/Mg(

)L/g(TDS

M

M
r

3
ll

salt


  (4) 

 
where: TDS is total dissolved solid of the solution (g/L); and l is the density of the solution or 
fluid phase (Mg/m3). 
 
Bulk density ( ) is calculated as: 
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V
M

  (5) 

 
where V is the total volume. 
 
The dry density ( dry ) can be calculated as:  

 

l

dry w1


  (6) 

 
Finally void ratio (e) is calculated from:  
 

1
G

e
dry

ws 



  (7) 

 
where Gs is the specific gravity of soil solid and w  is the water density. 
 
These equations are similar as equations in ASTM D 4542-07 (ASTM 2007), but different 
notations were used with respect to different salt solutions in this document.  
 

5.1.2 Calculation of Effective Montmorillonite Dry Density (EMDD) 

 
The smectite minerals dominate the behaviour of the clay fraction in the bentonites and the 
smectite content in bentonite varies from different global sources.  The term ‘effective 
montmorillonite dry density’ (EMDD) was derived (Baumgartner and Snider 2002; JNC 2000) to 
single out the role of montmorillonite in soil behaviour and is expressed as follows:  
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where Mm = mass of montmorillonite component (kg); 
 Vm = volume occupied by montmorillonite component (m3); 
 Vv = volume of void (m3); 
 fm = mass fraction of montmorillonite in clay fraction fc (e.g., > 75% in MX80);  
 fc = mass fraction of clay in dry solids (e.g., ~100% in bentonite clay); 
 Ga = specific gravity of aggregate solid (e.g., quartz sand = 2.65);  
 Gn = specific gravity of non-montmorillonite component in clay (e.g., 2.645); 
 w = density of water (kg/m3); and  
 d = dry density of soil (kg/m3). 
 
The material compositions of three clay-based sealing materials (i.e., HCB, DBF, and LBF) are 
shown in Table 5.  Table 6 shows the mass fractions and relative densities in Equation (7) 
determined from the material compositions in Table 5.  These values are used in the calculation 
of the EMDD. 
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 Table 5: Clay-Based Sealing Material Composition 
 

Highly Compacted Bentonite (HCB)  
AGGREGATE  

Crushed granite = 0% 
CLAY  

Sodium Bentonite (MX-80): 100% 
  
 100% 

 
Dense Backfill (DBF)   

AGGREGATE   
Crushed granite = 75%  

CLAY  75% 
Na-Bentonite (Avonlea) = 6.25%  

Georgia Bay (Dundas) Shale ("Sealbond") = 18.75%  
  25% 
  100% 

 
Light Backfill (LBF)  

AGGREGATE  
Quartz (sand) 50% 

CLAY  
Na-Bentonite (Avonlea) 50% 

  
 100% 

 
 

 Table 6: Coefficients to Calculate EMDD 
 

  HCB DBF LBF 

Specific gravity of solid Gs = 2.745 2.643 2.702 

Specific gravity of aggregate components Ga =  1 2.620 2.650 

Specific gravity of non-montmorillonite 
component in clay Gn =  2.645 2.637 2.660 

Mass fraction of clay in dry solids fc =  100% 25% 50% 

Mass fraction of montmorillonite in clay fraction fm = 75% 19.75% 79% 

Density of water (Mg/m3) w = 1 1 1 

 
 

5.2 MECHANICAL CONSTITUTIVE MODEL PARAMETERS 

 
Mechanical constitutive model parameters for the HCB, DBF and LBF are interpreted from the 
Log-linear relationships of the results of 1D consolidation tests.  The parameters Cc and Cs are 
the slope in loading and reloading, respectively, obtained from the void ratio (e) versus vertical 
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stress (v) (in log scale) plot as illustrated in Figure 3.  Points A and B in Figure 3 can be used 
as a reference point to draw pre-consolidation line (Line A-B).  Point A shows the 
pre-consolidation stress (c) and void ratio corresponding to the pre-consolidation stress (e(c)).  
Point B shows the stress before unloading (u), and its corresponding void ratio (e(u)). 
 
Figure 5, Figure 6, and Figure 7 show the void ratio (e) versus vertical stress (v) of the HCB, 
DBF and LBF, respectively.  The configuration of the tests in Figures 5, 6, and 7 are shown in 
Tables 2, 3, and 4, respectively.  Currently, a total of fifty-six (56) 1D consolidation tests have 
been completed: 16 tests on the HCB; 14 tests on the DBF; and 26 tests on the LBF.  Figure 8 
shows the comparison of the void ratio versus vertical stress of the HCB, DBF and LBF 
specimens.   
 
Cc and Cs are interpreted from the results of 1D consolidation tests.  The parameters Cc and 
Cs for the HCB, DBF and LBF are presented in Appendix D.  The results of current testing 
program for the HCB, DBF and LBF are presented in Appendices A, B and C respectively.  
 
Combined with the results of triaxial tests that define the behaviour of soil during shearing and 
the failure criteria, these parameters can be used to evaluate soil behaviour using a critical 
state model (e.g., modified cam-clay (MCC) (Roscoe and Burland 1968)).   
 
Assuming the materials are elastic for small stress-strain increment, the 1D-modulus, which is 
sometimes called the constrained modulus, can be calculated from the slope of vertical stress-
strain relationship.  From the void ratio – log vertical stress relationship, the 1D-Modulus can be 
calculated as: 
 

   121

2v1v

e1/ee
ModulusD1




  (9) 

 
where: v1 and  v2 are vertical stresses at points 1 and 2 respectively; e1 and e2 are void ratio at 
points 1 and 2 respectively (see Figure 4).  The 1D-Modulus for each load increments of 
specimens HCB, DBF and LBF are calculated and summarized in Appendix D.  
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 Figure 3: Definition of Parameters Cc and Cs 
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 Figure 4: Definition of 1D-Modulus 
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 Figure 5: Vertical Stress versus Void Ratio of HCB (See Table 2 for Configuration of 
Each Test) 

 
 



- 16 - 

DBF

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

1 10 100 1000 10000

Vertical Stress (kPa)

V
oi

d 
R

at
io

, 
e

DBF1(06) DBF2(06) DBF3(06) DBF4(06) DBF5(06)

DBF6(06) DBF1(08) DBF2(08) DBF3(08) DBF4(08)

DBF5(08) DBF6(08) DBFS1(08) DBFS2(08)
 

 Figure 6: Vertical Stress versus Void Ratio of DBF (See Table 3 for Configuration of 
Each Test) 
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 Figure 7: Vertical Stress versus Void Ratio of LBF (See Table 4 for Configuration of 
Each Test) 
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 Figure 8: Vertical Stress versus Void Ratio of HCB, DBF, and LBF 

 
 

5.3 HYDRAULIC CONSTITUTIVE MODELS 

 
The coefficient of consolidation (cv) for each load increment can be interpreted from the results 
of 1D-consolidation.  The cv is a parameter that couples hydraulic and mechanical behaviour of 
the soil.  Assuming soil has linear-elastic behaviour for each load increment, the hydraulic 
conductivity (k) can be calculated from cv using the relationships developed by Terzhagi (1943): 
 

  ModulusD1
c

e1
e

ck wv

o

wv 






  (10) 

 
 
Although the material is non-linear (Figure 4), it is a reasonable assumption that within a single 
load increment (i.e. pt 1 to pt 2) that the relationship is approximately linear. 
 
The cv and k of HCB, DBF and LBF materials tested in this study have been interpreted from 
the 1D-consolidation test results.  The data associated with these analyses are provided in 
Appendix D.  Both square-root-time and log-time methods based on the ASTM 2435-04 (ASTM 
2004) were used to determine the cv.  The cv presented in this document is the average of cv 
determined using these two methods.   
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The existing of secondary compression (e.g., in the HCB) that could add considerable 
uncertainty to the determination of t50 or t90 and, hence, to the determination of cv and k.  In this 
document, only primary compression portion were used to determine the cv and k to reduce this 
uncertainty.  A curve-fitting formulation based on the consolidation equations was also created 
using MS-Excel to improve consistency in determining the cv and k.     
 
It is recognized that the k determined from 1D-consolidation tests is not as reliable as the k 
from constant head permeability tests (e.g., Dixon et al. 1999; Dixon 2000), thus the actual k 
value should be obtained from the results of permeability tests (e.g., Dixon et al. 1999; Dixon 
2000).  Dixon and Gray (1985) observed that k determined using 1D-consolidation and constant 
head permeability tests were comparable (i.e., within one order of magnitude).   
 

6. DISCUSSION 

6.1 EMDD, HYDRAULIC CONDUCTIVITY AND 1D-MODULUS 

 
The term ‘effective montmorillonite dry density’ (EMDD) was derived to single out the role of 
montmorillonite in soil behaviour (Baumgartner and Snider 2002; JNC 2000).  The EMDD 
removed the mass and volume of the non-swelling components from the density calculation in 
order to better interpret the swelling and hydraulic behaviour that was mostly controlled by the 
montmorillonite.   
 
Figure 9 and Figure 10 show the hydraulic conductivities (k) of HCB, DBF and LBF materials 
versus dry density and EMDD respectively.  Without considering the types of fluid and loading 
paths of the specimens, the hydraulic conductivity of the HCB is the lowest (as compared to 
DBF and LBF).  The hydraulic conductivity of the HCB ranges between 1×10-15 and 1×10-11 m/s 
for the dry density of 1.2 to 1.9 Mg/m3 and EMDD of 1.1 to 1.7 Mg/m3.  The k of LBF is 1×10-13 
to 5×10-9 m/s for the dry density range of 1.2 to 1.9 Mg/m3 (EMDD of 1.1 to 1.7 Mg/m3).  The 
DBF has a k ranging from 5×10-15 to 5×10-10 m/s for the dry density of 2.0 to 2.5 Mg/m3 and 
EMDD of 0.3 to 1.0 Mg/m3.   
 
In most cases, the increase in EMDD results in an decrease in k for the HCB, DBF and the LBF 
materials.  Figures 9 and 10 do not show any clear relationship (increasing or decreasing) 
between k and density for a given material.  It probably speaks to the uncertainty of determining 
k from consolidation data since these relationships have been clearly defined from permeability 
measurements. 
 
Figure 11, Figure 12 and Figure 13 show the 1D-modulus versus void ratio, dry density and 
EMDD, respectively.  Figures 12 and 13 show that 1D-modulus are only dependent upon 
material type (i.e. the modulus of LBF is less than the other two materials, and that there is no 
dependency on either EMDD or dry density).  It is observed that the modulus of LBF (which 
contains 50% of sand) is consistently less than the modulus of HCB (which contains no sand) at 
the same void ratio.  It can be related to the specimen preparation or the lateral response of 
these materials, where further investigations are still required. 
 
 
Figure 14, Figure 15 and Figure 16 show the hydraulic conductivity (k) versus EMDD for the 
HCB, DBF and LBF, respectively.  Figures 14a, 15a and 16a are classified based on the 
specimen name.  The configurations of the specimens HCB, DBF, and LBF in these figures are 
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shown in Tables 2, 3, and 4, respectively.  The data related to these figures are shown in 
Appendix D.   
 
Figures 14b, 15b and 16b are classified based on the type of fluids used in the tests.  Notation 
“(DW)” in the legends in Figures 14b, 15b and 16b indicates that the distilled water (DW) was 
used as the mixing fluid during specimen preparation.  Notation “(s)” in the legend in Figure 14b 
indicates the smaller specimen used in the test.    
 
The hydraulic conductivity of tests using distilled water for the LBF specimens (Figure 16b) is 
consistently less than those tests that used saline pore fluids at similar densities, but it is not the 
case for the HCB and DBF specimens.  The hydraulic conductivity of tests using distilled water 
for the HCB and DBF specimens (Figure 14b and Figure 15b) is not clearly higher or lower than 
tests using saline pore fluids at similar densities.  It is notable that within each individual test 
that k decreases with increasing density, although globally (all tests combined) that trend is not 
apparent.  This trend for each individual test concurs with the permeability tests by Dixon 
(2000).   
 
Comparison of specimens having similar salt solution in the reservoir with different type of fluid 
in specimen preparation shows that specimens prepared with distilled water (DW) has lower 
hydraulic conductivity than specimens prepared with salt solutions (Figure 14b).  For similar 
EMDD’s, the HCB specimens using 250 g/L NaCl have higher hydraulic conductivity than 
specimens using 250 g/L CaCl2 (Figure 14b).  A similar relationship is also observed for the 
DBF and LBF specimens (Figure 15b and Figure 16b). 
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 Figure 9: Dry Density versus Hydraulic Conductivity of HCB, DBF and LBF 
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 Figure 10: EMDD versus Hydraulic Conductivity of HCB, DBF and LBF 
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 Figure 11: 1D-Modulus versus Void Ratio 
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 Figure 12: 1D-Modulus versus Dry Density 
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 Figure 13: 1D-Modulus versus EMDD 
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 Figure 15: EMDD versus Hydraulic Conductivity of DBF 
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 Figure 16: EMDD versus Hydraulic Conductivity of LBF 
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6.2 COMPRESSION AND SWELLING INDICES 

 
Priyanto et al. (2008) showed that the compression and swelling indices (Cc and Cs) of HCB, 
DBF and LBF specimens decrease with the presence of CaCl2 in the pore fluid at 
concentrations > 75 g/L.  The results of current testing programs compared to the previous 
tests (Baumgartner et al. 2008; Priyanto et al. 2008) allow comparison of the effects of CaCl2 
and NaCl solutions on the compression indices of the specimens.   
 
Figure 17, Figure 18 and Figure 19 plot Cc and Cs versus the concentrations of CaCl2 and NaCl 
solutions in the HCB, DBF and LBF specimens, respectively.  The compression indices (Cc and 
Cs) are not obviously affected by whether the saline pore fluid solution contains NaCl or CaCl2.   
 
Figure 19 shows the relationships between Cc and Cs and salt concentration for LBF.  There is 
more Cs and Cc data available from tests on LBF than for either HCB or DBF, particularly at 
NaCL concentrations less than 130 g/L.  There are no obvious differences between the 
magnitudes of the indices for the two types of salt solutions (NaCl and CaCl2) examined.  
Figure 19 also shows that the Cc of LBF decreases with increasing pore fluid salinity, up to TDS 
of 50 g/L, and beyond that concentration is relatively constant.  The Cs of the LBF decreases 
with increasing TDS when the TDS is less than 100 g/L and is relatively constant for TDS 
greater than 100 g/L.  Based on this observation, the Cc and Cs for the LBF are dependent on 
the pore fluid concentration up to about 100 g/L, but they are independent on the type of salt 
solution.  Although the compression indices of DBF and HCB are less for saline pore fluid than 
for fresh water, they do not change with changes in solution concentration (Figures 17 and 18).  
However, this interpretation would benefit from additional tests in the range of 0 to 100 g/L 
concentration.  
 
The relationship of Cc and Cs to the salt solution concentration (in TDS) was plotted in Figure 
20 by assuming that the compression and swelling indices of HCB and DBF similarly decreased 
with increasing salt concentration up to 100 g/L.  The Cc of the LBF is the greatest followed by 
the HCB and DBF.  Considering that the HCB has the highest montmorillonite content and 
therefore the greatest content of highly swelling material, it is logical that the Cs of the HCB is 
the greatest, followed by the LBF and DBF (Figure 20).   
 
This relationship of the Cc and Cs to the TDS for the HCB, DBF and LBF specimens can be 
used to include the effect of pore fluid salinity on the mechanical behaviour of the clay-based 
sealing materials using THM numerical models of the DGR system.  
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 Figure 17: The Effect of CaCl2 and NaCl Solution to the Compression Index (Cc) and 
Swelling Index (Cs) of HCB 
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 Figure 18: The Effect of CaCl2 and NaCl Solution to the Compression Index (Cc) and 
Swelling Index (Cs) of DBF 
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 Figure 19: The Effect of CaCl2 and NaCl Solution to the Compression Index (Cc) and 
Swelling Index (Cs) of LBF 
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 Figure 20: Relationship of Compression Index (Cc) and Swelling Index (Cs) and TDS 
of Solution 

 
 

6.3 SWELLING PRESSURE UNDER CONSTANT VOLUME (CV) OF HCB 

 
Under constant volume boundary conditions during initial saturation, the vertical stress 
increases until the pressure required maintaining constant volume has been reached.  Figure 
21 and Figure 22 show the swelling pressures for specimens HCB9, HCB10, HCB12 and 
HCB14A.  Table 7 summarizes the swelling pressure and fluid used in the tests.  The breaks 
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appeared in swelling pressure of specimens HCB9 (Figure 21) and HCB14A (Figure 22b) were 
due to power disruption that occurred during the tests.   
 
Specimen HCB9 having distilled water as mixing and reservoir fluid had the largest swelling 
pressure at 5 MPa compared to three similarly prepared specimens having 250 g/L NaCL or 
CaCl2 reservoir fluids.  For similar salt concentrations (250 g/L), specimen HCB10 prepared 
using CaCl2 solution has significantly greater swelling pressure (approximately 2.5 MPa) than 
specimen HCB12 prepared with NaCl solution (swelling pressure was approximately 0.1 MPa).  
For systems having similar reservoir fluids (250 g/L NaCl solution), specimen HCB14A that was 
prepared with distilled water has a higher swelling pressure (approximately 0.3 to 1 MPa) than 
specimen HCB12 (approximately 0.1 MPa).  Using distilled water in specimen preparation 
initially reduces the concentration of salt solution in the pore fluid, and consequently a higher 
swelling pressure develops.   
 
 

 Table 7: Swelling Stress of HCB Specimens During Initial Saturation 

 
Specimen Mixing Fluid Reservoir Fluid Swelling Stress 

(MPa) 
HCB9 Distilled Water (DW) Distilled Water (DW) 5.0 

HCB10 250 g/L CaCl2 250 g/L CaCl2 2.5 
HCB12 250 g/L NaCl 250 g/L NaCl 0.1 

HCB14A Distilled Water (DW) 250 g/L NaCl 0.3 to 1.0 
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 Figure 21: Swelling Stress for Specimens HCB9 and HCB10 
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 Figure 22: Swelling Stress for Specimens HCB12 and HCB14A 
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7. CONCLUDING REMARKS AND RECOMMENDATIONS 

 

7.1 CONCLUDING REMARKS 

Based on the results of the 1D-consolidation tests of the three clay-based sealing materials, the 
following conclusions can be made. 
 

 The compression indices (Cc) and swelling indices (Cs) decrease with the presence of 
either NaCl or CaCl2 in the pore fluid for HCB, DBF and LBF.  A decrease in the Cc 
indicates that the materials become stiffer and less compressible, while a decrease of 
the Cs indicates a reduction of the ability of the material to swell.  

 The Cc and Cs for the LBF material are dependent on the pore fluid concentration up to 
about 100 g/L, but they are independent on the type of salt solution (i.e., NaCl or CaCl2).  
This relationship may also be applicable for the HCB and DBF materials.  Above salt 
solution concentrations of 100 g/L the magnitude of Cs and Cc is independent of the 
concentration. 

 Higher salt solution concentrations in the pore fluid of HCB, DBF and LBF specimens 
reduce the swelling stress. 

 For a similar salt concentration of 250 g/L, the NaCl solution reduces swelling pressure 
of the HCB specimen more than the CaCl2 solution.  

 
The determination hydraulic conductivity (k) has been completed for this test.  The data show 
that within each individual test that k decreases with increasing density, although globally (all 
tests combined) that trend is not apparent.  These data indicate the difficulty in making accurate 
determination of k from consolidation data.  The permeability tests (e.g., Dixon et al. 1999; 
Dixon 2000) should give more reliable results to determine k.   
 

7.2 RECOMMENDATIONS 

The tests described in this report are limited in number and so cannot be considered to be 
conclusive.  They do however provide valuable insight into the effects of the environment (i.e., 
groundwater salinity) and the mode of material preparation (mixing water used) on the hydraulic 
and mechanical properties of three materials being considered for use as repository sealing 
system components.   
 
Other tests are needed to clarify the relationships of consolidation indices (i.e., Cc and Cs) and 
pore fluid salinity provided in this document.  The results of the tests in this document suggest 
that there is a greater need to test the materials with pore fluid concentration in the range of 0 
to 100 g/L, where the Cc and Cs vary the most and only limited number of tests in this range 
have been completed.  The Cc and Cs do not vary in the tests with pore fluid concentration 
above 100 g/L, so that fewer new tests at high concentrations are warranted. 
 
Considering application of test results to design or numerically model the DGR, it is 
recommended 1D-Consolidation tests be done with an artificial groundwater similar to the 
groundwater composition observed by Gascoyne et al. (1987) and Mazurek (2004) (e.g., 
mixture of NaCl and CaCl2 solution).   
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