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GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS(Hoek and Marinos, 2000)
From the lithology, structure and surface

dition of the di inuiti N

Area of Interest\
o u S00m

the average value of GSL Do not try to be
too precise. Quoting a range from 33 to
37 is more realistic than stating that
GSI=35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an f: i i
with resp to the ion face, these
will dominate the rock mass behaviour.
The shere strength of surface in rocks that
are prone to deterioration as a result of
hang in i will be
reduced is water is present. When working
with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis.

STRUCTURE

SURFACE CONDITIONS

RY GOOD

Very rough, fresh unweathered surfaces

=

Rough, slightly weathered, iron stained surfaces

GOOD

FAIR

Slickensided, highly weathered surfaces with soft clay

coatings or fillings

Smooth, moderately weathered and altered surfaces
POOR

Slickensided, highly weathered surfaces with compact
coatings or fillings or angular fragments

VERY POOR

@

Qu.

INTACT OR MASSIVE - intact
rock specimens or massive in
situ rock with few widely spaced
gi tinuiti

1

BLOCKY - well interlocked

undisturbed rock mass consisting

of cubical blocks formed by three
ing di s t

v

VERY BLOCKY - interlocked,
partially disturbed mass with
multi-faceted angular blocks
formed by 4 or more joint sets

N/A

= BLOCKY/DISTURBED/SEAMY

<Z—= DECRESING INTERLOCKING OF ROCK PIECES

7% - folded with angular blocks
formed by many intersecting
saso g hishes of
C=\Felsic Metavolcanics _ W Metabasite =3 Pb - Zn Mineralization DISINTEGRATED - poorty
1 T Metatuffite 1 B Early- / Late - Orogenic Granites [ Pyrrhotite Mineralization mﬁm@x;osfmuuum
1 @ Quartzites | @8 Post -Or _i_c______‘ El iron Oxide Ore
'--—---'------'-—- m ;MBM| S Fau" ?) LAM!_NATED/SHEARED-EA:I:O!
Metasediments [ Pb-2Zn Ore (=] Shaft L m'?::..‘;‘f:;.,“:::.‘:.m"'
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Stand-off distance

(a) Mine induced ground displacement (b) Mine induced stress

—3.20 720E el

. 0.20 0.30 0.40 . 0.62 -3 123
Total displacement (m) 01 (MPa) .Caverns
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Model geometry

Zinkgruvan
orebody
\
240 m ﬁﬂ
f —
Caverns
(a) (b)

Schematic | not to scale

Modelled excavation sequence

Mine excavation

Initial state and backfilling Detector cavern excavation

— —

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9

Unexcavated Excavate + Excavate +
backfill backfill

[l Excavated in this step [] Previously excavated [ Backfill [C] Unexcavated material
2026-10-06 Cavern stages follow mine backfilling; no installed support or groundwater pressure. 9
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(a) Total displacement

Mine excavation
and backfill

(b) Yielded zones

Plane XZ

Maximum yielding depth
Roof = 10 m

Walls =7 m

Floor = 24 m
(estimated)

ol x

Plane YZ 9.56 m

Maximum yielding depth
Roof = 10 m z

Walls =12 m o
Floor = 24 m X y

(estimated) -

S i cavern
1

Plane XY

Cavern 2
Maximum yielding depth
around tunnel barrel

=9-15m
Total displacement (mm) Cavern 1

T || ‘ ] T

0 40 80 120 160 200 240 280 320
Yielded elements (%) [ . I |

0 20 40 60 80 100
) ) relative displacement across the zone  0.15
average deformation gradient ~ : = = 0.01 = 1%. Rock b_urSt
zone thickness 15 potential

WP2 - Far Detector Civil Engineering




Cavern Stability -

OF TECHNOLOGY

Co-funded by
the European Union

Deterministic Discrete Fracture Network (DFN)

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS(Hoek and Marinos, 2000)
From the lithology, structure and surface
condition of the di: inuiti i

T = y/ ] n V'/ ] n I the average value of GSL Do not try to be
esting the “bloc o “very block” rock mass o gk Sy T T
L 37 is more realistic than stating that
GSI=35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
e bl . :
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shere strength of surface in rocks that
are prone to deterioration as a result of
h in i will be
reduced is water is present. When working
with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis.

STRUCTURE

Slickensided, highly weathered surfaces with soft clay

coatings o fillings

Slickensided, highly weathered surfaces with compact
coatings or fillings or angular fragments

VERY POOR

Very rough, fresh unweathered surfaces
Rough, slightly weathered, iron stained surfaces
Smooth, moderately weathered and altered surfaces

SURFACE CONDITIONS
VERY GOOD

600D

FAIR

POOR

DECREASIN

(7]

SURFACE QUAI

:
@

/ INTACT OR MASSIVE - intact
rock specimens or massive in
situ rock with few widely spaced
discontinuities

N/A N/A

| BLOCKY - well interlocked
undisturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

. VERY BLOCKY - interlocked,
. partially disturbed mass with
multi-faceted angular blocks
-7 formed by 4 or more joint sets

BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting
discontinuity set. Persistence of
bedding planes or schistosity

DISINTEGRATED - poorly
interlocked, heavily broken rock
mass with mixture of angular and
r. rounded rock pieces

<Z—=DECRESING INTERLOCKING OF ROCK PIECES

LAMINATED/SHEARED - Lack of 20;
blocl

kiness due to close spacing of N/A N/A /

S

2\
=

weak schistosity or shear planes

*."I 7
I
(49

.
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Determenstic Joint Network (RS3 Parallel Network)

&

. - L0
200,_”\(}) . e 'LQQ
Three sets of 20 m x 20 m planes Network kept within 60 m of the
at constant spacing half-cavern

Sensitivity Cases keep constant
Spacing 40, 30, 15,10 m P =0.50; reference orientation
Persistence 0.25, 0.50, 0.75 SREENE y 1S - SAIEES
orientation
Orientation 0°, 45°, 90° Spacing =15 m; P =0.50

2026-10-06

DEFN modelling cases

UNIVERSITY
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Joint Inputs

Input Value adopted
J145°/90°, J2 45°/270°, J3 90°/0° (dip/dip
Joint sets direction): two conjugate sets and one vertical
cross set
Joint Plane 20 m x 20 m quadrilaterals, about a quarter of
Size the span; parallel planes at constant spacing

Joint length divided by total length along the
plane. Baseline P = 0.50: 20 m joint plane size,
20 m rock bridge

Mohr—Coulomb: ¢; = 0, @; = 28°, no dilation, no
tensile strength, residual = peak

60 m around the cavern, about three joint lengths
(Oda 1988); equivalent continuum outside

Fixed seed point and constant values: no
random variables, deterministic

Persistence

Joint
strength

Explicit zone

Placement

WP2 - Far Detector Civil Engineering 12
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(a_) Dusplac_:ement (b) D_|splacement (c)_ DlspI?cement Massive Moderately Highly fractured
Joint spacing Persistence Orientation fractured
c 160 430 40 € 160 - 140 0 € 160 140 GSl > 75 50 < GSI| < 75 GSl < 50
(S (S £
— 120+ o0 100 ~ 120_19V.\. — 120- 110 100 o
o o o ol w]
& s0d. T & 804 & o804 5 ) .
© 72 mm © 72 mm © 72 mm 5 S o
< 407 % 401 < 40+ 29 - o
0w o o,
g [ R — . . g 01— . . g 01—+ . . ¢ B | Linear elastic response. | Falling or sliding of iy
10 15 30 40 0.25 0.50 0.75 0 45 90 ; 5 blocks and wedges. gfr?;gge excavation B
Joint spacing (m) Persistence, P Orientation (°) S
LN N B B N B _§N
. . . @ [
(d) Yielded extent (e) Yielded extent (f) Joint shear g < o [ B }\ i
Joint spacing Persistence Orientation £ D [ f\\j> I A S
£ 30749 23.1 £ 3925 23.0 € 1207100 920 28 I - i D
5 20 5 20 - .\./‘_‘. — 80 60 g v | Brittle failure adjacent L Localized brittle failure I Localized brittle failure g ==
% % o E 1n | to the excavation of intact rock and | of intact rock and = A
R 0/\'/. S ./.\. - @ — | boundary. I movement of blocks. unravelling along o
- 10 3 > 15.5 > 10+ 15.5 14.3 . 40 A £ o i | discontinuities.
o = 9.1 11.4 [ 111 © -
> 0 I T T > 0 T T T = 0 T T T 0 Failure P I
10 15 30 40 0.25 0.50 0.75 0 45 90 4 zone i i o
0 . 0 n 0 ] o
Joint spacing (m) Persistence, P Orientation (°) h I i v
—=— Floor ~ —e— Crown 3 < I y -
2 A > i i
0n v I —
C . : .7 ; c % Brittle failure around Brittle failure of intact Squeezing and swelling I+
Cont'.nuum' 72 mm dISpllacement (dqtted), 7-15 m yield depth (greer.])' . ; o [ the excavation. | rock around the : rocks. Elastic/plastic g
Spacing: P = 0.50; persistence: spacing = 15 m; both at reference orientation. o [ excavation and flow. -
Orientation: spacing = 15 m, P = 0.50; 0° = oH-parallel. T movement of blocks. |

2026-10-06 WP2 - Far Detector Civil Engineering 13
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CASE SUMMARY

g‘
Q
X

Case Rotation : Joint shear

disp
RO 0°/o, 0.14m 0.10 m
R45 45° 0.11m 0.09 m
RO 90°/o0, 0.10m 0.06 m

Phyton code

“Key Block Finder — Reinforcement Assistant “

2026-10-06 WP?2 - Far Dg

0.0069

0.03
(a) DFN aligned

with o1 0.06

0.09
0.1036

0.0046

0.02
(b) DFN aligned

with o2 0.04

0.06
0.0685

0.005

0.025
(c) DFN rotated

a5° 0.05

0.075
0.09

L
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(b) Rock support chart
(a) Q-system assessment

ROCK MASS QUALITY AND ROCK SUPPORT
GSI Jw SRF Q ?e) Ff;art tati E sp?I nall Ex'rr: el \.@E D C B A
m interpretation xceptionally mely ry .
o ooor poor poor Poor | Fair | Good Very good
wn 0  — — i — 15 25 m 1 20
65 1.0 50 0.21 78  Category 9: i @003 O | (& 1 i |
Special evaluation :50 1 Q= 0.05 J [ 13m il Tl 17 w
c "“mﬁ W Tx <)
65 1.0 200 0.05 78  Category 9: = m . d | T
Special evaluation = m il a
.%20 G _D—« - 4+ 5 =
65 1.0 400 0.03 78 Category O: < /v’ j 5
Special evaluation 510 i apm 3 3
y TN o
[ i &) _# =
© 1 i 1 B
GSI = Geological Strength Index & 8 bm o) -
Jw = Joint water reduction factor 3 1.4m . =4
. 9 L Fd ra A1 pad | |
SRF = Stress reduction factor o2 > T i Y y __.«:r‘ ‘v[ | 1.5
i \r [ -’ }’ -] |
Q = Q rating : fg,?-" *45)1?;*;$ 1> \ |
—_ H I I
D = Span or height (m) / ESR 0001 0004001 004 01 04 1 4 10 4 100 400
ESR = Excavation Support Ratio Rock mass quality, Q
Fora 78 m span, De = 78 m ESSvSB: all three cases at De = 78 m plot in
assumes ESR = 1. Support Category 9: “Special evaluation”.

NGI chart note: dashed-line areas have no empirical data.
2026-10-0 No bolt spacing or shotcrete thickness is assigned. 15
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(a) Reinforcement versus roof span

40 A
Yebatan Baihetan
\‘n e Hyper-Kamickande J P
30 I T LCECL | R S T 125_30 1
. :/Wudongde ________
20 A = Super-Kamiokande
I I a2 Gjevik 0 16-17
e N {13 Tm
10 o e e L ]
[ 3 e e -7
__‘L'_'!L}‘lf"" ‘- o 16-8 m
L] ¢ ]
1 1 1 1 1 1 1
20 30 40 50 60 70 0
Roof span, W (m)
Cai rockbolts: 0.125-0.33W; 0.10-0.33H ESSnuSB

Cai anchors: 0.33-0.75W; 0.25-0.50H
= = Historical bolts: L = 2 + 0.15W (or H)
----- Historical cables: L = 0.40W; L = 0.35H
® Systematic rockbolt / rebar

* Cable and prestressed-anchor lengths grouped for comparison only.

(b) Reinforcement versus cavern height

Reinforcement length, L (m)

Jinping Il
a

italian high-wali case
(maximum only)

Baihetan
Yebatan
Waldeck Il I
/ ‘,.-‘u
N J2s30m
I\dLUHOng\\ Jlnplrlg‘l‘ 1 lI
. \ \ Wudongde
At
o 16-17 m_ _
Gjgvik (10 m wall)s .47 (] E n % ———
/ | | ""‘ .I _———f—.——olsrrm
¥ o,—r‘i ——————— oe I 00
___! —————— ‘o . oo/: I6-8 M o
| H » » Hyper-Kamiokande
| 1 1 1 1
10 30 50 70 90

Cavern / sidewall height, H (m)

B Systematic cable / prestressed anchor* ES5nuSB

A Local / supplementary reinforcement
= ESSVYSB proposed ranges

<& ESSvSB indicative bolt lengths

< Abstract-level candidate / maximum




Co-funded by
the European Union

EA
\ ITY -
OF TECHNOLOGY

Ground Reaction Curves (GRC) and Support Reaction Curves (SRC) - in cyclic disturbance

(a) GRC under staged excavations

Elastic Yielding /
deformation |plastic flow|

Deep plastic flow
(instability zone)

Stability zonfe
(support effective)

Instability zone
(support yielding)

w
o

repeated mining disturbances

., Plastic zone expansion and stiffness
-7 reduction

@ Increase of residual deformation and

N
Ul

convergence rate

: After 4th influence
_Preq = 20-22 MPa

: After 3rd influence
" Preq = 16-17 MPa

; After 2nd influence
T Preg = 12-13 MPa

: ___Aifter 1st influence

Support resistance, P (MPa)

: Preq = 8-9 MPa
{ Initial GRC
$ ™ Pyeq = 6-7 MPa
5 4
Ue Uy Uy
04— B . :
0 100 200

Convergence, u (mm)

O Intersection point (support—ground equilibrium)
Y% Failure point (excessive deformation)

@ Strength degradation of rock mass due to

(b) SRC under staged excavations
Dashed vertical lines: zone limits as in (a).

Case 1: Energy-absorbing support Case 2: Pre-stressed support

304, :

© S H

o2 N :

29 N

20 Feg
0+ T r 0+— T —
0 100 200 0 100 200

Convergence, u (mm) Convergence, u (mm)

o Intersection in elastic zone
(high stiffness, low
deformation)

Y% Stable in deep plastic flow
zone (high energy absorption)

o Intersection in yielding zone
(higher resistance, moderate
stiffness)

¥ Failure in deep plastic flow
zone (pre-tension loss)

Case 3: Rigid support Case 4: Arch support

307 =309, i
© AN ' « N i
% 20 P % 20 b
101 0 Ttealg 101 sl
Q H rof - Q ~~o
04 . . : 7”'\*’ o4 ./.o*
0 100 200 0 100 200

Convergence, u (mm) Convergence, u (mm)
o Intersection near yielding limit o Intersection in deep plastic flow
(controlled deformation) zone (accommodating
¥ Failure in deep plastic flow deformation)
zone (large deformation) Y% Failure in deep plastic flow
zone (contorted failure)

(c) Interpretation of GRC evolution

1. GRC evolution

With each mining disturbance cycle, the bearing capacity
and stiffness of the surrounding rock mass degrade
significantly, resulting in an upward and rightward shift of
the GRC and an expansion of the deep plastic flow zone.

2. SRC interaction

The intersection point between the support characteristic
curve and the GRC represents the working state of the
support system.

3. Failure mechanism

When the intersection point shifts into the deep plastic
flow zone, the support system enters a state of excessive
deformation, leading to instability and failure.

Key quantitative indicators

* Elastic limit (ug): ~30 mm

* Yielding limit (uy): ~100 mm

¢ Residual stability limit (u,): ~200 mm

< Residual strength reduction: ~65—70%

» Convergence at failure (Type A): >120 mm

 Convergence at failure (Type D): >200 mm (but stable in
deep plastic flow zone)
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Plane XZ

Maximum yielding depth
Roof = 10 m

Walls =7 m

Floor = 24 m
(estimated)

.

HELER 4 9.56 m

Maximum yielding depth
Roof = 10 m z
Walls =12 m
Floor = 24 m
(estimated)

=il Cavern
< 1

L8
X ViR

10.76 m

Plane XY 1085 m

Maximum yielding depth
around tunnel barrel
=9-15m

10.50 m
9.36 m

14.89 m

Yielded elements (%)

2026-10-06

Cavern 2

Cavern 1

80

100

90 bolts, equally spaced
around roof and walls

= 10 m bolts (x 40)
17 m bolts (x 30)
= 28 m bolts (x 20)

10 m floor pipes

=== 30 m floor pipes (x 2)

=== 30 m floor cables (x 3)

Grouting pipes
(30 m, 20° from vertical)

Shallow grouting ring
(10 m bolts)

28 m bolts

Deep grouting ring
(17 m bolts)

Steel fibre-reinforced
shotcrete

Floor combined grouting
inverse-arched zone

Grouting cables (30 m)

. . /

WP2 - Far Detector C

Type A Type B
Roof-reinforced Roof-and-rib-
yielding support reinforced

yielding support

upport classe

g
Type C
Basic yielding
support

Type D
Energy-absorbing
support
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Finding: Far Detector

It is crucial to understand the long-term deformation of the rock for the Far Detector. These deformations can have a
big impact on the design/costs of the underground cavern. Agree

Recommendations:

The IAP recommends obtaining historical deformation data from the mine as a matter of urgency to feed into these
simulations.

Zinkgruvan Boliden is not a member of the ESSnuSB+ consortium and therefore cannot disclose mine data without a
Non-Disclosure Agreement (NDA). LTU has therefore relied heavily on its many years of experience working with
Boliden mines through joint research collaborations.

LTU’s observations from the conceptual geotechnical studies of the caverns are consistent with its experience at
Zinkgruvan.

2026-10-06 WP2 - Far Detector Civil Engineering
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IAP — Finding #2

General Remark: Far Detector
1. Have the safety regulations to be adopted for the Far Detector facility design been clarified?

2. Would the facility be covered under the mining or civil engineering regulations?

This decision can obviously have a major impact on the overall design of the facility (e.g.
ventilation, safety systems) and should be clarified. Agree

2026-10-07 WP2 - Far Detector Civil Engineering 20



@33})@{% Legal and Environmental constraints RSA /

OF TECHNOLOGY
Co-funded by

the European Union

IAP — Finding #2

General Remark: Far Detector
1. Have the safety regulations to be adopted for the Far Detector facility design been clarified?

* Sweden does not regulate mine safety through a separate Mine Safety Act, like Australia or Canada for instance.
Occupational safety in Swedish mines is governed by the Work Environment Act which applies generally to
construction activities.

* My visit to SnoLAB in 2023 in Sudbury, Canada, was specifically aimed at understanding the safety considerations.
The state of Ontario has made concesions in the safety act to allow SnolLab to operate within the mine. However,
SnolLAB maintaines an insurance policy to compensate Creighton mine in the event where the safety mine is
placed at risk and the mining operations must be must suspended.

* Zinkgruvan has been very explicit that, any design study involving the mine must be supported by a detailed site
investigation, including: (i) diamond drilling into the area of interest for geological investigation and (ii) Dedicated
environmental assessment — Key part of Infra-Dev application submitted in June 2026.

* Furthermore, Zinkgruvan has explicity stated that all chemical elements that ESSnuSB wants to handle, including
cadoliunium for water purification, must be discussed with Zinkgruvan in advance.
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2. Would the facility be covered under the mining or civil engineering regulations?

e Zinkgruvan currently operates under the Dalby K No. 1, Klara and Zinkgruvan exploitation concessions,
together with environmental and water permits covering mining, mineral processing, tailings management
and associated infrastructure. These approvals were granted for mineral extraction and should not be
assumed to cover the construction and operation of a scientific facility. Under Swedish legislation, an
exploitation concession establishes the right to extract concession minerals; it does not automatically
authorise an unrelated use of the underground space.

e USSnuSB detector will be located within Zinkgruvan’s current exploitation concession
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Swedish authorities can mediate while considering:

. The national and international scientific value of the ESSnuSB Far Detector;
. The economic value of the mineral resource;

. The strategic importance of the mining operation; and

. Long-term land-use considerations.

A realistic assessment of potential conflicts requires detailed information on:
. The detector location and depth;

. The concession boundaries;

. Current mine plans;

. Long-term resource and reserve models;

« Planned mining horizons and future expansion areas; and

. Geotechnical exclusion zones associated with the detector.
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The ESSnuSB Far Detector itself would not be covered by mineral concession rights. Instead, it would most
likely be regulated under the legal framework applicable to major research infrastructures, similar to ESS and
MAX IV in Lund. The principal permitting and regulatory requirements are expected to include:

. Land access and property rights;

. Environmental permits;

. Building and construction permits;

. Workplace health and safety regulations;

. Radiation regulations, where applicable; and

. Governance and recognition as a national or international research infrastructure
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« Excavated rock deposition - a site 2.5 million cubic meters of excavated rock (this is equivalent to the
amount of rock Zinkgruvan takes out in 4 years!)

 Disturbance to water table — eventhough Zinkgruvan mine, for environmental permitting this must
verified or confirmed.

* Recyling of water — ESSnuSB huge amount of water, it must demonstrate how it will be recycle

water
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* A preliminary excavation rate of €600—-800/m® was adopted based on mining experience.
ESSnuSB will handle rough 1.2 — 1.5 million m® of excavated rock.

Construction component Estimated volume
Two detector caverns 960,000 m?
Access tunnels and additional chambers 240,000 m3

Fully-equipped material handling shaft (7 m |40,400 m?

dia. 1.05 km)

Allowance up to the rounded planning 39,600 m?
volume

Total 1,200,000 m?
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* For the current study we have achieved our goal defined in the project milestone and
deliverables. The final deliverable D2.3 will be submitted before October 30, 2026.

» Future work will focus detailed design study and will rely on detailed site investigation. An
Infra-Dev application has been submitted in June 2026 for this purpose.
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