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KEY HIGHLIGHTS

e An unusually very weak (ISRM, 1981) brittle analog
sandstone is developed.

e Brittle analog sandstone specimens are prepared,
conforming to mortar mixing terminology.

e Base mix constituents used are Type I/Il Portland
cement, F-75 Ottawa sand, and distilled water.

e The developed sedimentary rock s
homogenous, and densely compacted.

Isotropic,

e Engineering treatments to the mixture were found to
improve the brittleness.

MOTIVATION

e Brittle instabilities pose a safety hazard during
tunneling operations, and often cause violent and
uncontrolled failure (i.e., spalling, rockburst). This has
also occurred in sedimentary rocks lithology (Naji et al.
2019; Rivieres and Goodman, 2023).

e Further physical modelling to a scaled-down tunneling
operation by drilling and loading a cubical specimen

(300 x 300 x 300 mm?3) using a miniature TBM and a
true-triaxial cell, respectively (Wibisono et al. 2023a).

e Analog rock development allows controlled range of
flexible properties to capture brittle instability
(Johnston and Choi, 1986; Wibisono et al. 2023b).

RESEARCH OBJECTIVES

e Develop an analog rock design with very weak uniaxial
compressive strength (UCS) with brittle characteristics.

e Improve the brittle failure understanding through
laboratory characterization of the analog rock.

DEVELOPMENT PROCESS

e General mixing method:

o Pre-mixing of solids.

o Adding water and mixing for at least four minutes (40
RPM).

o Casting the sample in three layers, with a tamping for
compaction and ~10 mm disturbance to facilitate
Interconnection.

o Curing the sample properly following ASTM C192
(ASTM 2021).

e Effect of cement content, poorly-graded fine

aggregate, curing time, thermal, and air-
entrainment agent (AEA)
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Fig. 1. Development process summary with engineering treatment
applied and stress-strain curves record as follows: (a) cement content
variation, (b) thermal exposure, and (c) air-entraining admixture (AEA)
usage. For (b) and (c), tested specimens contain 4% cement content.
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e Effect of water-saturation and frost exposure.
Mix O Mix A

O
C
8\-
<
@)

Or-\
Oo

ONe!
O

Yy )
G O 52 4 > /.

OOL)U'
O
) O
Q0 ¥
OO
(D,—'—

O 00 O
@
OO
O

Dk-" () OO 51 in \_J A
O

-0
b
@)

000 ©
O
- O_\
'D{" (

00
DL_J
O OF
. D O
J(:)
50

9
3 OG" N
D0 O

—

e O {:.}‘\._J

™y \, ~ {
60009 O

O ole
OOO
Q,:) ®

Q0

SeXele)
e
O
O Oo”

’ ( | 1 r
I\. d,r' - —
o o
.\..- ____;'
—
(o]
o
AN

S T

’
™ ) . \- B
a 49 1 L) uO 00 QUOO 91 ON (Y0
) 2 » ~
~ ~
/

VaTa s = A~ ()
d 80y N A o l@ < e
d ~YO O 00 OV O
~ - SN\ 7N /! N\ -/

2‘3 2‘4 2‘5 215 zl',r 23 24 25 2|6 27 2’3 214 215 2l6 2'7
Fig. 2. Visual representation of perceived alterations in the entrained
micropores, as affected by the application of different engineering

treatments.

RESULTS AND DISCUSSIONS

e Mix Properties
Table 1. Summary of mix treatment and laboratory test results.

Properties Mix O Mix A Mix B
12d curing, 12d, AEA, sat-
Treatment remarks 28 days curing
AEA, therm frost, therm
Cement content, C 8% 4% 1%
Porosity, n 11.51% 29.71% 30.59%
o. (MPa) 3.07 1.82 1.68
E-, (GPa) 0.94 0.81 0.76
o (MPa) 0.45 0.22 0.19
Hoek-Brown constant, m; 4.89 19.93 20.58

e Brittleness assessment

Table 2. Summary of analog rock mix with rock bursting criteria. Note for
burst-prone range, H and M denotes high and moderate proneness,
respectively.

Brittleness Burst-prone : . :
Source P MixO MixA MixB
assessment range
Strength
. . Huck
brittleness index, ucka ana <14.5 (H) 7.36 8.27 8.84
Das (1974)
B, = o./0¢
Brittleness index
modified, G?fsgrg?” 12 : 1; EK'A)) 118 138 111
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Burst energy .
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Fig. 3. Brittleness assessment using stress-strain curve from UCT,
(a) brittleness index modified BIM and (b) burst energy coefficient R.
Shown plots are for Mix B.

e Sample failure morphology

SR

ANV NSNS 7777777711ttt R

Fig. 4. The specimens of both Mix A and B after unconfined compression
tests: (a) UCT and (b) UCT-AE-Ext. Mix B specimens exhibited failure
characterized by more sub-vertical fractures, parallel to major principal
stress extensional fractures, in contrast to Mix A.

e Brittle-ductile (B-D) transition

o Mix B with the largest Hoek-Brown constant m;
(Table 1) expected to have higher threshold of B-D
transition (Rahjoo, 2019) as follows:
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Fig. 5. Full stress-strain (upper) and volumetric strain curves (lower)
associated with compression tests for a) Mix A—only saturation and
thermal exposure, and b) Mix B—with additional frost exposure.

e Comparisons to literature and natural sandstone
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Fig. 6. Comparative plot depicting the elastic modulus and UCS of very
weak analog sedimentary rocks developed in this study, alongside data
collected from previous studies on sandstone and rock-like materials.

CONCLUSIONS

i. An analog sandstone with brittle characteristics was
developed using mortar terminology.

ii. The post-peak behavior of strain softening was
improved during the development process, indicating
a more brittle failure.

iii. The entrained and enlargened micropores treatment

allowed faster crack propagation.

iv. The brittle-ductile transition was expanded to a larger
range, as confirmed by the triaxial test.

v. The developed analog sandstone can be used for
further experiments to gain a deeper understanding of
brittle failure in underground excavations.
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