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ason for the paper

e Inputs obtained using HB-GSI criteria did not capture well
the failure behaviour observed in brittle hard rock mass

(Saiang & Nordlund, 2007)

e Hence, question..”Could we use PFC to obtain input values
for the rock mass?”
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e Two Itasca codes were used, PFC and FLAC

e The rockmass around the tunnel is divided into 2 notable
regions: (i) Damaged - DRMS and (ii) Undamaged - URMS

URMS

DRMS
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PFC sampling procedure

Extraction of tensile test specimen

Extraction of compression test specimen
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mass parameters

arameters Value

Intact compressive strength, o 180 MPa

Geological strength index, GSI 60

Hoek-Brown constant, m, 33

Calculated target parameters (for PFC) o /: 0 D= 0\'75

Parameters / Value \
URMS DRMS

Rockmass modulus, E,, 18 GPa 12 GPa

ompressive strength, o, o
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Rock mass parameters: o, GSI, m;

!

Target values for £,, and o, (by HB-GSI
empirical method)

<—— e.g.Diederichs (1999) and

(Initial micro-parameters (by charts and
Huang et al (1999)

empirical relations)

Uniaxial compression test (by PFC) using initial
micro-parameters as inputs

ave the target values for £,, and o, beem NO Fine tune micromechanical
achieved? j parameters

lYES

C? inal micromechanical properties achieved. Sample is ready ) ( Cut out Brazilian test sample>

for biaxial compression and Brazilian tests




C calibrated synthetic rockmass mechanical parameters

Parameters Value

URMS DRMS
Normal stiffness, k, 58 GN/m 40 GN/m
Shear stiffness, k, 23 GN/m 15 GN/m
Normal bond, n, 2 MN 1 MN
Shear bond, s, 10 MN 6 MN
Friction coefficient 1.0 1.0
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Deviatoric stress (MPa)
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— Volumetric strain - axial strain

Peak strain

Yield strain

Slope relating to dilation angle
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ength envelopes

Mohr-Coulomb Strength Envelope for URMS Mohr-Coulomb Strength Envelope for DRMS
/ 10.0- / ,
T _ 31.62° o = 30.66
T
10.0+ : 1250M1\£I)Pa 2.0 MPa
1.0M A 1.5 MPa
7 : 1.0 MPa
/. 501 SRa 7 0.5M
C=58 MXM\ ey 0.1 MPa D\
Uniaxial
/\\/n \ | b‘!{(fﬂ( \| \
-2.50 107.11.2.00 10.0 19.£20.822.223.725.1927.10 ] }1.30 0.0.41.(1.2.00 9.80¢11.04 12511366 15.27 17.01
o apaf | 7 _MPa)




ength envelopes

Mohr-Coulomb Residual Strength Envelope for URMS

5.0

T

4.0+

3.0
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2.0 MPa

| | |
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: © (MPa)

Mohr-Coulomb Residual Strength Envelope for DRMS

2.0 MPa
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Strength parameters

Peak Residual
URMS DRMS URMS DRMS
Cohesion, c (MPa) |5.8 3.1 0.6 0.4
Friction angle, ¢ 32° 31° 35° 38°
Tension, o; (MPa) 2.5 1.3 0 0
Dilation angle, v 9o 7° - -

Volumetric strains at yield, peak and residual

URMS

DRMS

0.05

0.04

Yield strain (%)

0.06

0.05
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Cohesion and Tension (MPa)
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Constitutive models

e Mohr-Coulomb (MC)
e Mohr-Coulomb Strain-Softening (MC-SS)
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Strength parameters

Parameter Peak — PFC Residual — PFC Hoek-Brown
URMS |DRMS |URMS |[DRMS URMS |DRMS
Cohesion, c (MPa) |5.8 3.1 0.6 0.4 2.6 1.4
Friction angle, ¢ 32° 31° 35° 38° 68° 64°
Tension, o, (MPa) |2.5 1.3 0 0 0.4 0.2
Dilation angle, y 9o 7° - - - -

Volumetric strains at yield, peak and residual

URMS

DRMS

Yield strain (%)

0.05

0.04

0.06

0.0
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us variation

A |

Deformation Modulus Deformation Modulus
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In-situ stress regime
(Stephansson, 1993)

o, = pgz
o, =6.7+0.044z
o, =0.8+0.034z
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With damaged zone

MC with inputs from
HB-GSI method

MC with inputs from PFC
models

MC-SS with inputs from
PFC models

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Max. shear strain increment
Contour interval= 1.00E-04
0.00E+00
5.00E-04

Minimum:
Maximum:

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Max. shear strain increment
Contour interval= 1.00E-04
0.00E+00
5.00E-04

Minimum:

Maximum:

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Max. shear strain increment
Contour interval= 1.00E-04
0.00E+00
5.00E-04

Minimum:
Maximum:
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Without damaged zone

MC with inputs from
HB-GSI method

MC with inputs from PFC
models

MC-SS with inputs from
PFC models

Ground surface

Plasticity Indicator
* at yield in shear or vol.
X elastic, at yield in past

o at yield in tension

Max. shear strain increment
Contour interval= 1.00E-04
Minimum: 0.00E+00

5.00E-04

Maximum:

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Max. shear strain increment
Contour interval= 1.00E-04
0.00E+00
5.00E-04

Minimum:
Maximum:

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Max. shear strain increment

Contour interval= 1.00E-04
Minimum:  0.00E+00
Maximum: 5.00E-04
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C models

MC-SS with inputs from
PFC models

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Max. shear strain increment
Contour interval= 1.00E-04
Minimum:  0.00E+00
Maximum:  5.00E-04

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Max. shear strain increment
Contour interval= 1.00E-04
Minimum:  0.00E+00
Maximum:  5.00E-04

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Max. shear strain increment
Contour interval= 1.00E-04
Minimum:  0.00E+00
Maximum:  5.00E-04

Without damaged rock mass

MC with inputs from
HB-GSI method

MC with inputs from
PFC models

MC-SS with inputs from
PFC models

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Ground surface

Plasticity Indicator

* at yield in shear or vol.
X elastic, at yield in past
o at yield in tension

Ground surface

Plasticity Indicator
* at yield in shear o
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me results from current work ....
FLAC-PFC coupled simulations
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results from current work ....

FLAC - volumetric yield contour

Ground surface

s

TR

SRR
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PRI SR

BRI BRI

00K s

s s
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R SR et
oo SRR
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s S
s

s

BRI

SRR

o

RIS

e

Plasticity Indicator

* at yield in shear or vol.

X elasti

Max. shear strain increment

Minimum:

Maximum:

¢, at yield in past
o at yield in tension

Contour interval=

LULEA
UNIVERSITY
OF TECHNOLOGY




PFC-FLAC coupled model

Depth of failed zone
e Roof: 12 c

Depth of failed zone

Roof: 7 cm
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Section 39/289 Section 39/31/
‘ |

Section 39/324

e Fallout in the sidewalls is upto 50 cm
e Fallout in the roof is less than 10 cm

LULEA
UNIVERSITY

OF TECHNOLOGY



LULEA
UNIVERSITY

OF TECHNOLOGY




ion Outline

e Reason for the paper

e Model development

e PFC simulation and results
e FLAC simulation and results
e Conclusion

LULEA
UNIVERSITY

OF TECHNOLOGY




e Itis possible to use PFC to determine the inputs for
continuum model.

e Inputs obtained via PFC model yield results that were consistent
with observations

e PFC models also showed a cohesion weakening - friction
hardening phenomenon.

e MC-SS model was sensitive to the presence of damaged rock mass,
due to strain-softening characteristics of this zone.

e Volumetric yield in FLAC models conforms well with critical
volumetric strains observed in the PFC models. These results are
also consistent with field observations (as well as the coupled

-PFC model)

OF TECHNOLOGY




Strength parameters

Peak Residual
URMS DRMS URMS DRMS
Cohesion, c (MPa) |5.8 3.1 0.6 0.4
Friction angle, ¢ 32° 31° 35° 38°
Tension, o; (MPa) 2.5 1.3 0 0
Dilation angle, v 9o 7° - -

Volumetric strains at yield, peak and residual

URMS

DRMS

0.05

0.04

| Yield strain (%)
‘ ain (%)

0.06

0.05
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is possible to use PFC to determine the inputs for continuum
model.

e Inputs obtained via PFC model yield results that were consistent with
observations

e PFC models also showed a cohesion weakening - friction hardening
phenomenon.

e MC-SS model was sensitive to the presence of damaged rock mass, due
to strain-softening characteristics of this zone.

e Volumetric yield in FLAC models conforms well with critical
volumetric strains observed in the PFC models. These results are also
onsistent with field observations (as well as the coupled FLAC-PF:
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