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Contextualization

U Name origin Boom Clay is named after

the town of Boom in Belgium, where it {
naturally outcrops. foo
U Geological agelt formed during the S° P
)

Oligocene, about 30 million years ago. |

Sl Niklaas

e Antwerpen

The NETHERLANDS

BELGIUM

Border Belgium - The Netherlands

~ ] Fault

Qutcrop area of the Bilzen Formation (Rupelian)

River

Outcrop area of the Boom Formation (Rupelian) I

Subsurface occurence of the Voort Formation (Chattian)

Subsurface occurence of the Veldhoven Member
(Chattian)

Southem and westem limit of the Eigenbilzen Formation
(Rupelian)

U Historical use The clay has been Ourm, ﬁ‘-
extracted since at least the Middle Ages teime " e
. . . - rote N€
for brickmaking, floor tiles and roof - Tostonderla = L
tiles. & X O, 5° oIS
. . . BRABANT R Dt >, Hasselt RS ,/
U Industrial expansionDuring the 19th L Bllzen
. . euven . 3 A
century industrial era, numerous clay &6 Brusso ‘c,,‘g» "_,...rj:_f \‘ '~ E'ge“b"z
. . . [y 4 = /
pits and brick factories operated along | g . "‘ | 1 --
. iy e St Truiden em' ' K. $pouwen
the Rupel and Scheldt rivers. (N) Sherg .
L Tongeren " N
0 5 10 15 20 25Km §
By ¥ LIECEuniversite [N. Vandenberghet al., 2014]

&
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UL'EGF Contextualization

Boom Clay 0 Key history facts

—5,. Depthof Boom  Thickness

U Current exploitation Today, industrial 0. Clay base (TAW) .

extraction is limited to two active sites: kcron >150 m
Rumstand Kruibeke(Burchi). Boom Clay (TAW) 100-150 m
) : : 50-100
U Potential host of Deep Geological o
0-50 m

repository : Research started in 1975
with the first deep borehole in the
Campine area (Mol)

N
. Antwerpen \'\-"00
\&266/0, \\\
- ) \8

Mechelen

Until 1975 studies on Boom Clay
focused mainly on its properties for
brick production and for construction
projects (suchasthe Antwerp harboun).
With the start of deep geologicall e

repository research attention shifted 0 km 20 km
from Antwerp agglomerationsto the
Campine area, and from surface [P. Delage et al., 2008}odified after [Mertens et al., 2008
investigationsto subsurfacestudies
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!],""EGF Contextualization

Boom Clay 0 Geological/Geographical setting

2, Depth of Boom Thickness

0.
~ Clay base (TAW) -

t In the Campine area, NorBastern Outcrop >150m
part of Belgium Boom Clay (TAW) 100-150 m
50-100 m
0-50 m

U Dipof 2%towardsNorth ¢
Northeastandthickensin that
direction.

Mechelen

U Thicknesf maximum 80 m where
It outcrops, 140m max in the

subsurface of the Campine - .
0 km 20 km

g Brussel

[P. Delage et al., 2008&}odified after [Mertens et al., 200
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U"'EGF Contextualization

Boom Clay o Geological/Geographical setting

t In the Campine area, NorBastern
part of Belgium

U Dipof 2%towardsNorth ¢
Northeastandthickensin that
direction.

U Thicknesof maximum 80 m where

It outcrops, 140m max in the LEGEND

. o (pofgt:]slf?cgzks) (less pér?'rl:letgltﬁ: rocks)
subsurface of the Campine 1 Send B v
Bl Porouschalk T Silt
Bl cClay
Bl cChak

[ONDRAF/NIRAS 2013]
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UL'EGF Contextualization

Boom Clay 0 Geological setting

Main feature:a regular alternation of sHtich and sikpoor g \ i
layers. ) . TR

Due to erosion, some layers that appear in the subsurfa _ . Base Putte Member
do not appear in the outcrop. " =I==7op Terhagen Member.

Key marker layerssuch as théouble BandPink Band
and S50, S60, S8Wnake it possible to correlate the Vs
surface outcrop stratigraphy with the subsurface relativeg e
easily A5

Subdividedinto 4 members:
U BoeretangMember
U Putte Member

i TerhagerMember [Vandenberghe and Wouters, 24

U BelseleWaasMember
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Boom Clay 0 Geological setting - - 5
. . - . : : | £ )
Main feature:a regular alternation of sHtich and sikpoor ‘2 S
layers. — g
Due to erosion, some layers that appear in the subsurface ) ) E
do not appear in the outcrop. 2’
Key marker layerssuch as théouble BandPink Band ) g]w :
and S50, S60, S8Wnake it possible to correlate the , Bre= |
surface outcrop stratigraphy with the subsurface relatively _ -
easily B 2
Subdividedinto 4 members: 3
U BoeretangMember B O"T_OI\/I:'~_’-fj;;'~f{.-'= AN
i Putte Member ) gg
2’
U TerhagerMember g
U BelselewaasMember [Vandenberghe et al., 2014]
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Boom Clay 0 Geological setting
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Boom Clay 0 Geological setting

The septarian carbonate concretiorisom the Boom Clay
(Belgium) consist mainly of authigenic minerals such as
micrite (< 70% bulk volume) and pyrite (~ 3%).
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:l,""EGF Contextualization

Boom Clay 0 Geological setting

U Overconsolidatecbecauseat ashallowerdepththat it was
once (29 Mago.

U Reasonable to assume thawellinghas occurred.
U All layersabove S8have beereroded

Depth Burial History Kruibeke Ages ago
(ml°| 36 35 34 33 3259 o8 29 28 27 262624 2322212019181716 161413121110 9 8 7 6 6 4 3 2 1 0
1) '_;‘.7::-:.: acooco 7 B _;‘-
10 (N (P 7/
20 20
30 30
40 40
50 50
60 60
70
80
90
100
110 [ Voort Sands
:;: [ Eigenbilzen Sands Bl Holocene Sands
140 [E5] Septaria horizon S80 [ Lillo Formation
::z [=] Pink layer (21) [-] Kattendijk Sands
170 [ Boom Clay B8 Berchem Sands
180

[J. Mertens et al., 2003]
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U Shouldbe normally consolidatedbecausenever
burried deeper

u It

iIsnot the cas OCR=2.54 Likelydue to

aging secondaryconsolidation/chemicalbounding).

Depth
(m)
0

Burial History Mol Ages ago

10|
20
30
40
50
60
70
80
20
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280

0
38353433353??029282728252423222120191817181514131211 10 9 8 7 6 5 4 3 2 1

Bl Voort Sands

[1 Eigenbilzen Sands [ Mol Sands

[E=] Septaria horizon S80 Kasterlee Sands

[=] Pink layer (21) 1 Dessel/Diest Sands
[1] Boom Clay Bl Berchem Sands
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UL'EGF Contextualization

HADES : Underground Research Laboratory, Mol, Belgium

U Almost50yearsof studieson Boom Clay.

U More than40yearsof studyon Boom Clay at 225m i
d e pth : First shaft

URL

Second shaft

i Mechanicalchemica) thermal,hydraulic Comnecting gallry eI | sperimenca
. . . / | shaft and gallery
characterizatiorof Boom Clay atariousscales |

!‘i e
PRACLAY gallery

,. i
S A T

www.hadeslab.be
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:l,' L'EGF State of the Art

Key challenges associated with Boom Clay testing

U Highcapacity triaxial equipment requiredstandard so#lmechanics triaxial cell is not sufficient)
U Highly swelling materia{challenging saturation process)

U Very low permeability(drained triaxial tests become extremely long)

U Anisotropic behavior

U Need for synthetic pore water
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U Results from various studies do not always show the same outcomes.

State of the Art

U Itis believed that these differences partially come from variations in experimental protocols.

. ¥ LIEGE université

&

5

v <) 0 c oo 6N

Sultan et al., 2010
Dao, 2015

De Bruyn and Thimus, 1996
Yu et al., 2018

Yu et al., 2012

Oelker, 2019
Horseman et al., 1987
Timodaz, 2011
Schuck et al., 2020
Lima, 2011

Baldi, 1991

Coll, 2005

L&, 2008

Barnichon et al., 2000
¢'=18°, c'=0.3 MPa
¢'=25°, ¢'=0.015 MPa

- ¢'=13°, c'=0.6 MPa
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State of the Art

U Two main differences in the protocol :
U Drainage conditions
U Loading direction relative to the bedding plane.

5
B Undrainedperpendicular
I,,
4 { | Drainedperpendicular Rt
@) o ,/"’a”
[ Undrainedparallel o o 8 eTrmRa x
. 3_ o 83?,’*’/,a «
& | [ Drainedparallel . _,-3% < +
E g"v(, (& +
o2 P ¢
] /,, A + ’
1-"a®
1 ,¢” A
v &
vvi.l’
0+ . .
0 1 2 3 4 5
. ¥ LIEGE université pI(MPa)

&

* w A 4P 00 c e 30O ON

Sultan et al., 2010
Dao, 2015

Dao, 2015

De Bruyn and Thimus, 1996
Yu et al., 2018

Yu et al., 2012

Oelker, 2019

Oelker, 2019
Horseman et al., 1987
Timodaz, 2011
Timodaz, 2011
Schuck et al., 2020
Lima, 2011

Baldi, 1991

Coll, 2005

L&, 2008

Barnichon et al., 2000
¢'=18°, ¢'=0.3 MPa
¢'=25°, ¢'=0.015 MPa

- ¢'=13°, ¢'=0.6 MPa

Y T T T ST T g T T T T T T T T s T
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:l,' LIEGE  State of the Art
Results of triaxial tests in the literature

<> Dao, 2015 — ¢'=15.1°, c'=0.289 MPa m Sultan et al., 2010 * L&, 2008
-—- ¢'=18°, c'=0.3 MPa ¢ Dao, 2015 -=- ¢'=18° c'=0.3 MPa

< Baldi, 1991 — ¢'=17.3°, ¢'=0.132 MPa
» Coll, 2005

p'(MPa) p'(MPa)

[ ] Drainedparallel I Drainedperpendicular

,Q T°Mpodm

. Q T°MT Do
oQ T

Hyd 1t1FO0Q I MoH (1t
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De Bruyn and Thimus, 1996 O Timodaz, 2011
Yu et al., 2018
Qelker, 2019

< 8

# Yuetal, 2012 a Schuck et al., 2020
-=- ¢'=18°, c'=0.3 MPa ¢ Oelker, 2019 ¥ Llima, 2011

— ¢'=15.9°, ¢'=0.510 MPa Horseman et al., 1987 -=- ¢'=18° ¢'=0.3 MPa
® Timodaz, 2011 — ¢'=17.6°, c'=0.239 MPa

5

p'(MPa) p'(MPa)

[ ] Undrainedparallel B Undrainedperpendicular

Q T°mMpod .Q T°mMT ®cC
0Q I pmnan (tk O0Q I Hod {1t
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Results of triaxial tests in the literature

U Shearing rate also has an influence.

—— > 10 ym / min
— ) 30 ym / min
4- 1.00 pm/ min
: |
s (0.25 pm / min P
| X ,-’.
”
— 2 | X -7
g3
= « z’, >
— . ", by
S 2 7
° ,/’ A
e =
1 ,/’, A
" 4
'l g
0 1 2 3 4

X Yuetal., 2018 (20 um/min) CU ||

Horseman et al., 1987 (15 um/min) CU L

De Bruyn and Thimus, 1996 (10 um/min) CU ||
Sultan et al., 2010 (2.3 um/min) CD L

Baldi, 1991 (1.0 um/min) CD L

L&, 2008 (1.0 um/min) CD L

» Coll, 2005 (0.25 um/min) CD L

Schuck et al., 2020 (0.25 um/min) CU L

-- ¢'=18°, c'=0.3 MPa (ref Boom Clay)

Isotropically consolidated to 9 MPa



U L'EGF Materials

Sample origin MOL¢ 2D
(350m)
RUMST
(Surface)

Dip of 2%
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Sample origin MOL¢ 2D
(350m)

RUMST
(Surface)

U Mechanicallyoverconsolidated
U Not thesamelayer as HADES (225m)

¢ LIEGE université
Sciences Appliquees B. Francoig ULiége; Comportemengéomécaniquelef Q! NeBbdmSPagel9



U LIEGE \15terials

Sample origin MOL¢ 2D
(350m)
RUMST
(Surface)

U Overconsolidatedlue toagingsecondary
consolidationthemicalbounding
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Sample origin

MOL¢ 2D

RUMST
(Surface)

U Overconsolidatedlue toagingsecondary
consolidationthemicalbounding

U Samplesaretaken(in theory) from the samelayer as HADES.
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n URF Base Fm Eigenbilzen

.,' L'EGF Materials

Sample origin

oom

163

161

Top Fm B

Boom Clay

153

mol S 200
151

Térhagen Member

Boeretang Member

Belsele Waas Member

mol S 185
mol S 180

w 135

face
hple

1 symbols RES geoph. logs
fig-3)

(fig.
11 layer code
Abels et al. (2007)
11T layer code
Mertens & Wouters (2003)
Vandenberghe (1978) between 10-59
Van Simaeys (2004) between 122-10
1V layer code
Vandenberghe (1978)
¥ Van Simaeys (2004)

LEE X HE¥E283 £ 83588 8

URF underground research facility at SCK-Mol

@ LIEGE université [Vandenberghe et al., 2014]
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3.5 C1B3S3 - 2.25MPa
o | C2B4S4 - 2.25MPa
Triaxial tests 3.0 e C1B4S2 - 4.0 MPa
i . - —— (C2B3S2- 1.0 MPa
U Tests orsampledrom 225 mdepth (HADES £, _ C2BAS2 - 4.0 MPa
U Reproducibldor the sameconfinement. 2 —— (C2B3S1-0.5 MPa
T 1.5 — —— (C2B354 - 1.0 MPa
1.0
0.5
0.0— . - : . . ‘ |
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
&1 (-)
—0.04
—0.021
__ 0.00
3
0.021
0.04

' 0.06-— : : ‘ | . | .
o 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
iversit E] (_)
es App es B. Francoig ULiége; Comportemengéomécaniquelef Q! MEBbdmMSPage23
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W HESE Results

Triaxial tests

U Tests orsampledrom 225 mdepth (HADES)

U Reproducibldor the sameconfinement

U Tests orsampledrom the surfacelevel
(RUMST)

U Esurf < I%ZSm

U More plasticbehaviour

iversit%
es App es

C1B3S3 - 2.25MPa
C2B4S4 - 2.25MPa
C1lB4S2 - 4.0 MPa
C2B3S2 - 1.0 MPa
C2B4S2 - 4.0 MPa
C2B3S1 - 0.5 MPa
C2B354 - 1.0 MPa
SurfS1 - 0.5 MPa

SurfS2 - 1.0 MPa

SurfS4 - 0.5 MPa

000 002 004 006 008 010 012 0.14

000 0.02 004 006 008 010 0.12 0.14

&1 (-)
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:v’ Results
Triaxial tests

U Tests orsampledrom 225 mdepth (HADES)
U Reproducibldor the sameconfinement.

U Tests orsampledrom the surfacdevel
(RUMST)

u Esurf < EZSm

U More plasticbehaviour

U Test onsamplefrom 350 mdepth (MOL-2D)
u E350mF 22§n

U More plasticbehaviour

iversit%
es App es

ey (-)

C1B3S3 - 2.25MPa
C2B4S4 - 2.25MPa
C1B4S2 - 4.0 MPa
C2B3S2 - 1.0 MPa
C2B4S2 - 4.0 MPa
C55B3S1 - 4.0 MPa
C2B3S1 - 0.5 MPa
C2B35S4 - 1.0 MPa
SurfS1 - 0.5 MPa
SurfS2 - 1.0 MPa

SurfS4 - 0.5 MPa

0.10 0.12 0.14

000 0.02 004 006 008 010 0.12 0.14

&1 (-)
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Triaxial tests : comparison with literature

Comparing Strain rate

m— K M/ i
e M T T E ~Mmninp|i mn
4. p T M E S Aminm|{i ™M N
s MOU/ MM .
’,D :
3 e
(o R
- (&
o ”f
o2 ol
)
1' ’,—’®A
" <
>
0 1 2 3 4

k. §¥ LIEGE université
Sciences Appliquées

« Horseman et al., 1987 (9.5-10">/min) CU L
Sultan et al., 2010 (3-10~>/min) CD 1
Baldi, 1991 (1.3-10"°/min) CD 1
L&, 2008 (1.3-10>/min) CD 1

» Coll, 2005 (6.25-107%/min) CD 1

.+ Schuck et al., 2020 (3.15-10"%/min) CU 1

@ This Study 225m (3.3-10%min) CD 1

-=- ¢'=18°, c'=0.3 MPa (ref Boom Clay)

] Isotropicallyconsolidatecto 9 MPa
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W, W P
UCS = P
Surface 58 % 29 % 30
350 m 69 % 34 % 35
2.0
1.8 225 m
1.6 —Surface - S5
350 m
14 . —Surface - 57
— —Surface - S8
< 1.2
% —225m - B3S1
2 = —225m - B251
% 0.8 —225m - B2S3
0.6 = —350m - B1P3S3
0.4 —350m - B1P3S2
0.2 R e DUl face ~—350m - B1P3S1
0.0
0.00 0.02 0.04 0.06 0.08 0.10
Axial Strain (-)
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W HESE Results

Oedometer tests Depth Cc Cs (unload) | U ,(MPa)
T T T T T T T Om 0.196 0.111 0.7
| 1. Loadsampleto in-situ | 223 m 0.360 0.121 49
stress : : :
: l 350 m 0.314 | 0.122 7.1
| 2. After 1h, saturation of the:
0.70 — !
| sample | ———— b N \ Surfacealteration
l |
| 3. Unloadsampleto 250 kPa | 0.60 +
| (or 10 kPa for surface I
| samplg 1 < 050 + Convergence
| I 2 at high stress ——0-m
.. © % level
|_4. Reloadto in-situ stress _ E 040 + —e-273-m
5. Loadto 32 MPastepby 0.30 \ ——350-m
ste i )
P ——350-m
6. Unloadto 250 kPastep by 0.20 L AR
step. 1 10 100 1000 10 000 100 000

Vertical stress (kPa)

W, ¥ LIEGEuniversitt
Sciences Appliquées B. Francoig ULiégec Comportemengéomécaniquelef Q! NéBbdmSPage28



:l,' LIEGE pagylts

Oedometer tests

1. Loadsampleto in-situ
stress

2. After 1h, saturation of the
sample

3. Unloadsampleto 250 kPa
(or 10 kPa for surface
samplg

4. Reloadto in-situ stress

5. Loadto 32 MPastephby
step

6. Unloadto 250 kPastep by
step.

¢ LIEGE université
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Void ratio (-)

0.70

0.60

0.50

0.40

0.30

0.20

Depth Cc Cs (unload) | U ,(MPa)
Om 0.196 | 0.111 0.7
223 m 0.360 | 0.121 4.9
350 m 0.314 | 0.122 7.1

Overconsolidatiordue toaging secondary

conslolidation/chemicalbounding

Convergence

at high stress#—0-m
eyl —-223-m
——350-m
——350-m

--REC-223m

10

100 1000 10 000
Vertical stress (kPa)

B. Francoig ULiége; Comportemengéomécaniqualef Q! NEBbdmSPage29
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Oedometer tests 223 m : Comparison with literature

0.7
0.6
——DAQ2017
0.5 —e—NGUYEN BM101
opy —e—MAY AWARKEH HP1-3
v —— MAY AWARKEH HP15-2
0.3 —o—MAY AWARKEH HP15-1
—4— This Study
0.2
0.1 I 1 1 1 I T | I 1 1 I T T T I | : 1 1 1 L1111 I
100 1000 10 000 100 000
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Mercury intrusion porosimetry

U Pore size distributiobefore and after

-dV/d(logd)

R | ]
esults N
Z 050 T
.g ——0-m
2 oa0 L --223-m
2 ~—-350-m
. . . . 0.30 + ——350-m
oedometricloadingfor the 4kindsof specimen o REC293m
020 T} — T — T — T T
1 10 100 1000 10 000 100 000
Vertical stress (kPa)
0.25 I
)25 m - Intact
\ ===225m - Loaded
0.20 =350 m - Intact ]
= = =350 m - Loaded
0.15 Surface - Intact |-
\ \ /\ === Surface - Loaded
. Reconst. - Intact
0.10 A i
"" Al \ m / = = = Reconst. - Loaded
[ ,-ﬁ" \
0.05 4 .\3\\\\ ,’X
W
\_}\zh-
0.00 .
0.001 0.01 0.1 1000
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Sciences Appliquées

Pore diameter (um)
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Mercury intrusion porosimetry s T ~om
S o040 1 --223-m
U Beforeloading(intact specimer > 350-m
0.30 + ——350-m
—e-REC-223m
0.20 — — T — — T T
1 10 100 1000 10 000 100 000
Vertical stress (kPa)
0.25 I
=725 m - Intact
0.20 T
\\ Surfacealteration and ——350 m - Intact
| decansolidation
— A ||
-QOD 0.15 o \\ = Surface - Intact
g 0.10 _m / \ Reconst. - Intact |-
?
0.05 ’\w / ;
] \
0.00 . .

0.001 0.01 0.1 1 10 100 1000

Pore diameter (um)
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W HESE Results
Mercury intrusion porosimetry

U After loading

¢ LIEGE université
Sciences Appliquées

0.70

0.60

0.50

0.40

Void ratio (-)

0.30

0.20

—4—0-m

—-223-m
——350-m
——350-m

--REC-223m

10 100 1000 10 000 100 000
Vertical stress (kPa)

The pore size distributions

tend to merge

Appearenceof two peaks
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