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PREFACE

The mining industry faces significant challenges associated with the extraction of deeper ore deposits having
increasingly more complex geotechnical and geological conditions. This inevitably led to much greater attention
to personnel and equipment safety research and practice. In addition to this development, safety science itself has
made remarkable progress in recent decades owing to leap advancements in engineering technologies, human
physiology, data analysis and processing, as well as new business and organization structures. In this scope,
mining, nuclear and aerospace industries allocate important resources and create initiatives to engage increasingly
more safety science and research. In line with this, McGill University organized and hosted the 3rd International
Symposium on Mine Safety Science and Engineering (ISMS 2016) in Montreal in collaboration with its partners,
the University of Science and Technology Beijing, China University of Mining and Technology (Beijing), and
Henan Polytechnic University. The symposium was held from August 13 to 19, 2106 with the theme “Operational
and Environmental Mine Health and Safety Practice and Innovation”.

Essential objectives of ISMS 2016 were to discuss safety-related problems; to create awareness, synergy and
recognition to mine safety; and, to ensure knowledge transfer and mobilization amongst industry practitioners,
mining engineers and academics. The authors of the 119 papers in this volume of proceedings come from 12
countries — a testimony to the true international flavour of this symposium. The volume is organized in three main
sections: (i) Hardrock (Seismicity and rock burst, blasting, support design, pillar and backfill stability, ground
control, subsidence and slope stability); (ii) Technology (equipment, occupational health and safety, organizations
and human factors); and (iii) Coal (gas and ventilation, ground control and coal mining techniques). All papers
included in this set of proceedings have been peer-reviewed, edited and formatted to a uniform layout. The
proceedings can be found online at

http://isms2016.proceedings.mcqill.ca

We would like to thank all the symposium sponsors for their generous support. We are indebted to members of
the International Advisory Committee for their relentless efforts. Special thanks are due to the paper reviewers.

We sincerely hope that this volume of proceedings will be interest to mine safety practitioners, researchers and
technology developers.

Editors

Hani S. Mitri
Shahe Shnorhokian
Mustafa Kumral
Agus Sasmito
Atsushi Sainoki
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b-value as a criterion for the evaluation of rockburst hazard in coal mines

Paper No. 146

Grzegorz Mutke ?, Aleksandra Pierzyna ®, Adam Baranski ©

® Department of Geology and Geophysics, Central Mining Institute, Katowice, Poland, 40-166
® Bobrek Mine, Polish Coal Company, Bytom, Poland
¢ Department of Mining Hazard, Polish Coal Company, Katowice, 40-039

ABSTRACT

Every year, a few rockbursts with fatalities and several hundred meters of damaged excavations have occurred in the
mines of the Upper Silesia Coal Basin (USCB) in Poland. This paper presents a method for assessing the levels of
seismic and rockburst hazards, using continuous seismological observation in the Bobrek coal mine. This
assessment is based on the study of the Gutenberg-Richter (G-R) relation for current and past mining in the coal
field. According to many laboratory and field studies, the b-value may be an indicator of fluctuations in stress levels
(Scholz, 1968; Gibowicz, 1974; 1979), and the consequent seismic hazard.

The novelty of the presented research is the development of a quantitative criterion based on b-value changes,
calculated in moving time windows with a 1-day step, and the anomalies resulting from the comparisons of the
temporal values of b with its average value for the past seismicity in the field of coal mining; Ag.r =[(bm —
b)/b,,]-100% (where by, is the average value of b for the field of coal mining and b is the temporal value of
coefficient b, calculated in time windows). This approach allows us to standardize the criterion to the current values
of b in the investigated area (Table 1). In many measurement examples, high values of the temporal anomaly Ag.r
and at the same time downwardly trending and low b-values before the occurrence of strong mining seismic events
were documented in this paper and in studies by Pierzyna (2014). Particularly interesting results were obtained from
mining and geological conditions that led to the formation of local zones of stress concentration (Dubinski, 1989),
and increases in seismic activity and seismic hazard.

The b-value criterion is in agreement with the four basic levels of rockburst hazard used in Polish coal mines (Mutke
etal., 2015).

KEYWORDS: Mining induced seismicity; b-value; seismic criterion

1. INTRODUCTION Relatively few uses of this factor to characterize

The Gutenberg-Richter Law (G-R) is the most the level of seismic and rockburst hazard in
common model of a relation between the magnitude underground coal mines can be found in the literature
and number of seismic events (Gutenberg and (Lasocki, 1990; Holub, 1995; Fritschen, 2009; Mutke
Richter, 1954; Utsu, 1999). It is well documented in and Pierzyna, 2010; Pierzyna, 2014). The frequency-
global earthquake seismology. Weak tremors are magnitude law works even down to magnitude -4.4 in
much more common than strong ones, and the deep mining (Kwiatek et al., 2011). Low b-values
frequency-magnitude relation takes on a logarithmic imply that strong mining seismic events prevailed in
scale of the form log N (M) = a — b-M, where N is the the studied set. In an assessment of rockburst hazard
number of seismic events with magnitude equal to or in Poland, strong mining tremors located close to the
larger than magnitude M, M is the magnitude and a excavations and high stress level played fundamental
and b are coefficients related to seismicity. roles (Mutke et al., 2015).

The coefficient b in this law is used globally in
statistical seismology to characterize and compare the

levels of seismic activity in different areas of the
earth’s crust (Utsu, 1999; Shearer, 2009). This factor
varies over time on regional or local scales
(Gibowicz, 1974; 1979), and it reflects the change in
the level of stress around the average value.
Specifically, the b-value decreases prior to the
occurrence of strong earthquakes (high state of stress)
and increases after its occurrence (lower stress level
after relaxation).

Corresponding author — gmutke@gig.eu

2. METHODOLOGY

In this work, a systematic analysis of the b-value
and anomaly of the b-value, determined in time
windows, was correlated with observed seismicity in
time and with the geological and mining conditions.

To calculate the b-value in the G-R Law,
applying the method of maximum likelihood has
been proposed (Aki, 1965; Utsu, 1965; 1999;
Marzocchi and Sandri, 2003):
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b = (log e) / (My -Mmin)

where e is the base of natural logarithm, M,
is the sampling average of the magnitudes, and My,
is the threshold of magnitude completeness.

The evaluation of its standard deviation in this
study was based on the formula derived by Shi and
Bolt (1982).

It should be emphasized that to calculate the b-
value, the selection of a set of tremors is made in
accordance with the principle of catalog
completeness. It is identified on the basis of
cumulative quantity histograms at magnitude
intervals and also on the basis of the technical
threshold of the seismological network capabilities in
recording all seismic events.

The ongoing assessment of seismic hazard in LP
No. 3/503 (backward analysis) was made by
analyzing variations of the b-value, calculated in time
windows with a moving 1-day step. A 20-day
window was selected as optimal for the technological
process (based on stationarity of the seismic process
in mines (Lasocki, 1990), and the number of seismic
events in a window of time (more than 30)). The
useful quantitative category classifications for
seismic and rockburst hazard levels provide an
anomaly of the b-value, defined as follows:

Ac.r =[(bm - b)/b,]-100%

where b is the temporal coefficient value,
calculated in time windows, and by, is the average
value of b, determined for the entire catalog of
seismic events previously recorded in the field panel
of coal mining.

A high anomaly of the b-value should correlate
with the preparation of the rock mass for the
occurrence of strong mining related seismic events.

3. MONITORING SEISMICITY IN PANEL

3/503 AT THE BOBREK MINE

The field measurements and study of the b-value
were performed in the Bobrek Mine, one of the deep
coal mines in USCB, Poland. The database used for
back analysis in the Bobrek Mine included seismic
data as well as geological, mining, and technological
data for 5 longwall panels (LP). Studies of the b-
value were conducted for the seismicity during
extraction of the 503 coal seam by LP No. 2 and No.
3, of the 509 coal seam by LP No. 91a and No. 92a,
and of the 510 coal seam by LP No. 6 (Mutke and
Pierzyna, 2010; Pierzyna, 2014). In this paper, we
show a study of LP 3/503 in detail, mined from April
2009 to June 2010. Coal seam 503 was 3.0 m thick,
the excavation face was approximately 350 m, and

the longwall panel was approximately 1000 m long,
located 700 m below the ground surface. In totall)
2996 seismic events were recorded with magnitudes
ranging from M_ =0.1 to M_ =3.8 (M_ - local
magnitude calculated using the empirical formula
developed for Upper Silesia between seismic energy
and magnitude calculated from the body wave: log E
= 1.8 + 1.9'M_; (Dubinski and Wierzchowska, 1973))
The hypocenters of the strongest seismic events were
located 300-800 m deeper than the level of the 503
coal seam (Marcak and Mutke, 2013).

Seismic monitoring in the “Bobrek-Centrum”
mine was performed with a 64-channel underground
seismic network (Seismological Observation System
(SOS) designed by the Central Mining Institute in
Katowice, Poland) consisting of 1 Hz velocity
DLM2001 and DLM3D type probes. SEISGRAM
and MULTILOK software were used to process and
analyze the seismic data. Seismic stations were
deployed underground as shown in Figure 1. The
locations of the 2,996 seismic events are also shown
in Figure 1.

A method for evaluating the completeness of
seismic events during extraction of LP No. 3/503,
due to technical reasons, involves an assumption that
all seismic events will be triggered when the signal
on the nearest five sensors exceeds the seismic noise
level by two times. In the case of the LP No. 3/503
contour, the most distant of the five seismic sensors
is located at a distance of 700 m. In such condit{@)s,
it is possible to obtain catalog completeness of
mining tremors of local magnitude M =0.6 and
higher. For the whole area of the Bobrek Mine, the
seismic catalog completeness begins from magnitude
ML=O.9.

+300m

# seismic stations

seismic events:

® M, 0.1-1.0
M, 1.1-1.9
M, 2.0-2.9

® M, 3.0-3.8

—1500 m

Figure 1: Bobrek Mine field site — deployment of seismic
sensors around LP 3/503 (blue diamonds) and location of the
mining tremors hypocenters (circles). Color of the circle
indicates the size of the magnitude.
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4. GUTENBERG-RICHTER RELATIONS
FOR THE BOBREK MINE

4.1 The mean b-value for seismicity induced by
mining in the Bobrek Mine in the years 1990-2013

The calculation of the frequency-magnitude
relation at the Bobrek Mine was made for the seismic
events of magnitude M_> 0.9 recorded during the
1990-2013 years. The seismic catalog included 15700
seismic events.

The results of the GR distribution for the Bobrek
Mine are illustrated in Figure 2. It is apparent that,
for the higher magnitudes, i.e., in the range of 2-3.8,
a slight downward deviation of the empirical values
occurs from the theoretical straight line of the
Gutenberg-Richter law. The average b-value
amounted to b,=1.34 for the 23-year period of
mining and will be used as a reference for further
calculation of rockburst hazard in the Bobrek Mine.

il | |
2 sla
g \ log(n) = —1.35M, + 5.26
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c 9 '
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Seismic magnitude, M,

Figure 2: The cumulative distribution of seismic events
above magnitude M =0.9 registered in the Bobrek Mine in
the 1990-2013 years.

4.2 The changes in the b-value and anomaly of the b-
value during the extraction of coal in panel No. 3/503

The mining in LP No. 3/503 induced very high
seismicity with magnitudes higher than M =3.5. The
coefficient of b for this seismicity reached a value of
0.99 and was 27% lower than the b-value obtained
for mining in the whole area of the Bobrek Mine in
the 1990-2013 years. This means that the mining in
LP No. 3/503 took place under potentially higher
seismic hazard than past mining in the Bobrek Mine.
The main reasons for the high level of seismic hazard
in LP No. 3/503 are due to mining in the axis of
Bytom through the zone where there is high tectonic
stress and in the local zones of stress concentration
resulting from past mining conditions (remnants,
edges).

The ongoing assessment of the seismic hazard
level in LP No. 3/503 was made by analyzing
fluctuations of the b-value calculated in 1-day time
windows. The 1-day moving variations of the b-value

0 1 2 3 4 5

and 6 strongest tremors during the extraction of coal
in LP No. 3/510 are plotted in Figure 3. The
occurrence dates of these strong seismic events are
indicated by arrows. The values of the b coefficient
during the strongest seismic events ranged from 0.55
up to 0.9 and were much lower than the average
value of b,=1.35 calculated for seismicity in the
Bobrek Mine.
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Figure 3: The changes in the b-value of the Gutenberg-
Richter law, calculated in a time window of 20 days with a
1-day moving step in LP No. 3/503 during the period of
April 2009 — June 2010. The darker lines represent the
error bars calculated for every window’s data using the
equation derived by Shi and Bolt (1982). The strongest
tremor of magnitude M, =3.7 occurred on 16.12.2009 while
the coefficient of b reached the lowest level.

They were also lower than the global average
values of the b factor for seismicity, adopted in the
literature as 1.0 for the world (Shearer, 2009). By
referring these values to by, it can be found that the
seismic anomaly ranged from 59% to 33%. The study
of LP 3/503 clearly indicates that strong mining
induced seismic events occurred when the observed
b-value level was low and the anomaly of b was very
high.

Particularly interesting results were obtained by
Dubinski (1989) for representative mining and
geological situations that led to the formation of local
zones of stress concentration and, as a consequence,
an increase in seismic activity and seismic hazard. In
Figure 4, an example of mining conditions’ influence
on the distribution of the b-value is shown. The b-
values were calculated in moving windows of time
during the passage of LP No. 3/503 in the zone of
impact of the 501 coal seam edge, located 27 meters
higher. Lower values of b were obtained when the
extracted face of LP No. 3/503 was on the unmined
side of coal seam 501. During this time, the seismic
activities increased significantly. The GR seismic
anomaly reached a very high value, Ag.r = 59%.
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Date

Figure 4: The distribution of the b-values obtained during
the passage of the LP 3 coal face under the edge of the 501
coal seam.

5. CRITERION OF ROCKBURST HAZARD

IN THE BOBREK MINE

The novelty of the results of the research
presented lies in the development of quantitative
criteria based on the analysis of the G-R distribution
in a moving time window with a 1-day step, taking
into account the anomalies of the b-value. This
approach allows us to standardize criterial values to
the temporal value of b calculated in time windows.
In many examples described in the paper, high values
of the anomaly of coefficient b and downwardly
trending low b-values were documented before the
occurrence of the strongest tremors. The b-value
criterion corresponds to the four levels of rockburst
hazard used in Polish mines (Table 1). In cases when
the b-value criterion is used, it is easier to select and
monitor the effectiveness of prevention activities.
The primary prevention activities are based on the
performance of blasting and rock fracturing ahead of
the LP face line to induce stress relaxation in the area
of mining. Another preventive action was the
selection of appropriate support in the zones with
high seismic hazards.

Table 1: b-value empirical criterion of rockburst hazard in
the Bobrek coal mine.

Level of Anomaly of b- b-value
rockburst -
value, % condition
hazard
lack Agr<0 b>b,
low 25> Agr>0 b<by
medium 50>AgR > 25 b<by,
high Ag.r>50 b<b,

6. DISCUSSION

The results indicate the usefulness of b-value
changes in moving time windows and the anomaly
coefficient of b for evaluating the preparation of rock
mass to induce strong seismic events in the Bobrek
Mine.

As a result of the work described in this article,
calculations were presented that led to the
formulation of a local criterion for the ongoing
assessment of seismic and rockburst hazards in the
Bobrek Mine. This quantitative criterion, using the b-
value and anomaly of b calculated in moving time
windows, is novel in the field of the assessment of
seismic and rockburst hazards in deep coal mines.

Documenting and analyzing the results of
observations under the geological and mining
conditions that cause stress concentration are
especially important from the point of view of safe
mining. This study presents the results of calculated
distributions of b-values and anomaly of b for the
following typical and frequently encountered mining
situations and geological conditions:

— mining within the impact of coal seam edges,
—  mining within the influence of remnants,
— mining within the influence of the fault,

— mining within the influence of tectonic
stresses throughout.
Good results can be obtained when several
indicators are used to assess the seismic hazard level
(Mutke et al., 2015).

7. CONCLUSIONS

The use of the G-R law provides a reliable
evaluation of potential areas of high seismicity in
underground coal mining. The assessment is
performed on the basis of estimating the b-value and
its distribution for the current mining extent, using 1-
day moving time windows.

Seismicity in mines primarily depends on the
geological and mining conditions under which the
operation is conducted. Studies have shown effective
efforts to link changes of the b-value with various
geological and mining conditions prone to stress
concentration (e.g., edges of old exploitations,
remnants, faults or other geological structures).

The novel result of this research lies in the
development of a quantitative criterion of rockburst
hazard assessment in the Bobrek Mine, elaborated on
the basis of the b-value and on the anomaly of the b-
value.

High anomalies of the b, the low value of b and a
downward trend in b were documented before high
seismic activity and the strongest seismic events. The
b-value criterion was developed in accordance with
the "complex criterion", which corresponds to the
four levels of rockburst hazard assessment and is one
of several seismological criteria used in Polish mines.
The diverse mechanisms of seismic events in deep
mining require the use of various seismic indicators.

The method presented in this paper can be used
to assess seismic hazard in deep mines after

4
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verification of the quantitative level of the b-value
criterion. This should be done through analysis of
former seismic data due to the variety of geological
and mining conditions, i.e., back analysis. It should
lead to improvement in the effectiveness of rockburst
prevention and increases in the safety of the miners.
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ABSTRACT

In the present study, a methodology to evaluate damage around underground openings due to seismic waves arising
from mining-induced fault-dlip is proposed. First, expressions for an associated flow rule with a failure criterion
developed for biaxial stress conditions are derived, which are newly implemented into FLAC3D code. With the
code, stope extraction is simulated using a 3D mine-wide model encompassing a fault running paralel to a steeply
dipping orebody. The failure criterion for biaxial stress conditions is applied to only the rockmass in the vicinity of
stopes within the hanging wall. After extracting stopes in the orebody, mining-induced fault-dlip is simulated in
dynamic conditions, considering its trigger mechanism, i.e., stress drop caused by instantaneous shearing of fault
surface asperities, using Barton's shear strength model. Damage to the rockmass caused by seismic waves is then
evaluated with the increase in plastic strain. The proposed methodology takes into account the mechanism of
mining-induced fault-dip, propagation of seismic waves, biaxial stress conditions on the surface of openings, and

plastic strain as damage criterion.

KEYWORDS: stability of mine opening; mining-induced fault-slip; seismic waves; biaxial stress condition

1. INTRODUCTION

Stress redistribution caused by mining activities,
such as stope extraction, can lead to the reactivation
of pre-existing faults. As aresult, fault-glip can occur,
producing seismic waves. When the seismic waves
hit underground openings, rockbursts could take
place. Thus, in order to ensure a safe working
environment and stable production, it is paramount to
understand the mechanism of mining-induced fault-
dlip and elucidate the relation between the seismic
waves and the damage to mine openings.

It is common that the numerical modelling of
mining-induced fault-slip is conducted with the
conventional Mohr-Coulomb failure criterion in static
conditions (Hofmann and Scheepers, 2011).
Importantly, the method does not replicate the actual
mechanism of mining-induced fault-dip. In redlity,
the surface of faults in underground mines is
undulating and has asperities that interlock with each
other. Instantaneous stress drop caused by the
shearing of such asperities, which is related to the
occurrence of mining-induced fault-dlip, cannot be
accurately modelled with the conventional method.
Furthermore, the numerical anaysis in dtatic
conditions is incapable of producing seismic waves
arising from fault-dip; hence it is impossible to
evaluate damage to nearby mine openings inflicted
by the seismic waves.

Recently, Sainoki and Mitri (2014a) have
developed the methodology to simulate mining-
induced fault-dip with Barton’s shear strength model
(Barton, 1973) in dynamic conditions, considering

the stress drop induced by asperity shear. The
methodology is capable of modelling mining-induced
fault-dip in a more robust way than the use of the
Mohr-Coulomb failure criterion. Furthermore, as the
analysis is performed in dynamic conditions, the
propagation of seismic waves can be simulated.
Although a number of studies have been undertaken
about the effect of seismic waves on the stability of
an underground opening, studies especialy focused
on the effect of seismic waves arising from mining-
induced fault-dlip have not been undertaken
sufficiently. Recently, Wang and Cai (2015) examine
the effect of seismic waves on an excavation while
considering a point source of a fault-slip event, but
the magnitude of fault-dip is an input parameter, that
is, it fails to estimate damage induced by fault-dip
that could take place under the ambient stress state.
Another important aspect to be considered is that
a failure criterion around an opening where stress
state is biaxial. It has been demonstrated that the
consideration to the intermediate stress is required
(Yun et a., 2010) in order to predict the failure of
rock under biaxial stress conditions, where spalling
resulting from extension fractures is expected
(Diederichs, 2007). Due to the difficulty of
considering or implementing failure criteria for such
biaxial stress conditions, to the author’s knowledge,
such failure criteria have never been applied in the
numerical modelling of underground openings.
Inlight of aliterature review, the present study is
focused on estimating the damage around an
underground opening induced by seismic waves
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arising from mining-induced fault-slip whilst
considering the failure of rockmass under biaxial
stress conditions. The fault-slip is modelled in static
and dynamic conditions whilst considering the
asperity shear as its source mechanism, and damage
induced by the seismic waves to a stope in a deep
hard rock mine is evaluated whilst taking into
account the failure under biaxial stress conditions.

2. METHODOLOGY

2.1 Constitutive model for fault

As discussed in the introduction, the effect of
fault surface asperities is taken into consideration
with the Barton’s shear strength model (Barton
1973), which is expressed as follows:

Trmax = On tan{JRCIogm( JCS] + %} (D]

On

where 74 and o, are the maximum shear strength
and the normal stress acting on a fault; and JRC, JCS
and ¢ are joint roughness coefficient, joint wall
compressive  strength, and  friction  angle,
respectively. Comparison of Barton’s shear strength
model with the classica Mohr-Coulomb model is
shown in Figure 1. As can be seen in the figure, the
shear strength calculated from Barton's model is
invariably greater than that from the Mohr-Coulomb
model.

Barton's shear strength model is implemented
into the ubiquitous joint model of FLAC3D (ltasca,
2009). The implementation procedure is based on the
plastic flow rule, i.e., the increment of plastic strainis
determined with the derivative of potential function
with respect to its stress components and a scalar
variable derived from the consistency condition. The
detailed procedure of the implementation is provided
in Sainoki and Mitri (20144). In order to simulate
fault-dlip triggered by the shearing of fault surface
asperities, JRC is instantaneously decreased during a
dynamic analysis, which is described in more detail
later.
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Normal stress acting on a fault (MPa)

Figure 1: Barton's shear strength model.

2.2 Failure criterion under biaxial stress state and its
implementation to FLAC3D

Yun et al. (2010) perform biaxial tests for several
types of rock and establish a failure criterion under
biaxial stress conditions, which are the stress
conditions that take place on the surface of
underground openings. The failure criterion is
expressed as follows:

2
S R Bﬁ+c£&j @

o o c

where g4, 0, and o, are the maximum compressive
stress, intermediate stress and uniaxial compressive
strength (UCS), respectively; and A, B, and C are
material constants. In order to implement the
equation as a yield criterion into FLAC3D,
compression needs to be defined as a negative
guantity and the eguation is multiplied by UCS,
consequently giving the following equation:

2
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Note that compression has a negative quantity in
Equation (3). Following the same procedure shown in
Sainoki and Mitri (2014a), the scalar variable that
determines plastic strain increments is expressed as
follows:

,—_{oF 100 [Dfae] @
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where [D] is an elastic matrix that relates strain with

stress, and Ag is a strain increment vector. In the

present study, an associated flow rule is assumed.

The derivatives of the yield function with respect to

each stress component are as follows:
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Then, the increments of plastic strain follow the
plastic flow rule asfollows:

{Asp}zi{%} ®)

where Ag” is a plagtic strain increment vector, and g
is plastic potential. As the plastic strain increments do
not contribute to the stress increments, the stress
correction to be made at each step during the iterative
analysis of FLAC 3D is expressed asfollows:

{Ac}= —A[D]{%} )

Figure 2 shows the failure criterion of granite
under biaxial stress conditions derived from
regression analysis (Yun et al. 2010). The materia
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congtants, A, B, and C in Equation (3) are 0.998,
1.873, and -1.533, respectively. The present study
uses the material constant of granite, although the
rock type to which the failure criterion is applied is
norite. Both norite and granite are hard rocks.

. 5,/ =0.998+1.873(,/c_)-1.533(c,/ 0 )’
1.6 .
////"’ "\\‘\
] / \
1.4 // \
/ N
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- /
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Figure 2: Failure criterion of granite under biaxia stress
conditions.

2.3 Numerical model description

The present study focuses on an underground
mine with a fault running paradlel to a steeply
dipping, tabular orebody. Such tabular orebodies are
frequently encountered in hard rock mines in Canada
and are extracted with sublevel stoping methods
(Zhang and Mitri, 2008). Figure 3 depicts a
numerical model encompassing such geological
structures. As can be seen in the figure, the height,
width, and length of the model are 300 m, 332 m, and
300 m, respectively. The dimensions are basically the
same as that analyzed by Sainoki and Mitri (2014a),
who determined that the effect of the external
boundaries on the stress state around the orebody and
the fault is negligible. The fault runs parallel to the
orebody and steeply dips at 80°. Dense meshes are
generated near the orebody and the fault in order to
simulate stress re-distribution caused by mining
activities as accurately as possible, while mesh
density decreases towards the model outer
boundaries. The total numbers of zones and grid
points in the model are 215040 and 230643,
respectively.

Stopes are modelled in the orebody and extracted
according to the mining sequence as per sublevel
stoping method with delayed backfill. Figure 4 shows
stope dimensions and the mining sequence. It can be
seen from the figure that each sublevel contains two
stopes. In total, 18 stopes are designed. The mining
sequence starts from the bottom and proceeds
upwards. For each sublevel, the stopes on the
hanging wall side are extracted first. As for
dimensions of the stopes, the height is 30 m and the
strike length is 200 m as shown in Figure 4(a) and
(b), respectively. As a large amount of extraction of

orebody induces regiona stress re-distribution that
eventually triggers fault-dip, such long stope strike
length is adopted rather than extracting numerous
stopes on each level. Note that the stopes are
backfilled immediately after the extraction.

W

Hanging wall

300 m

Figure 3: Isometric view of numerical model analyzed
encompassing a fault running parallel to the orebody.
22m

|
B

Stope7L ~

Stope5L

Mining sequence StopeSR\

" :

200 m

)

Stopell 3
\—" / StopelR X

(a) (b)

Figure 4: Stopes modelled within the orebody and mining
sequence as per sublevel stoping method: (8) cross-section,
(b) plan view at z =150 m.

2.4 Analysis procedure

First, static analyses are performed, in which the
stopes in the orebody are extracted and backfilled in
accordance with the mining sequence after simulating
in-situ stress state. The stope extraction is continued

8
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until Stope7L, at which point the fault is adequately
unclamped, consequently increasing potential for
fault-dlip sufficiently as shown in the study (Sainoki
and Mitri, 2014b). Subsequently, based on the stress
state after extracting stope7L, dynamic analysis is
conducted. At the beginning of the dynamic analysis,
the boundary condition is changed to viscous in order
to prevent seismic waves arising from fault-slip from
reflecting on the boundaries. At the same time, the
stress state on the fault is examined, and then for the
area where plastic shear movements are taking place
along the fault, the JRC and friction angle of the fault
are decreased, thereby inducing an instantaneous
stress drop that drives fault-slip. The decrease in JRC
represents shearing of fault surface asperities, while
the reduction in friction angle denotes the transition
from static to kinetic friction. At each step during the
dynamic analysis, the stress state on the fault is
checked and the change in the mechanical properties
is performed if the conditions are satisfied. In this
way, fault-slip is driven during the dynamic analysis.

Model construction

Apply mechanical properties
and simulate initial stress

}

Extract and backfill stopes
in static conditions

I

After extracting stope7L,
boundary conditions are
changed to viscous

l

Stress state on the fault is
examined.

|

For the zones where shear failure
istaking place, JRC and ¢ is
decreased.

Dynamic analysis

No
t=t+dt

Yes

End

Figure 5: Analysis procedure for static and dynamic
analyses.

2.5 Mechanical properties of rockmass and fault
Mechanical properties of the rockmasses are
derived from the case study (Henning, 1998).

According to the study, rock types for the hanging
wall, orebody, and footwall are rhyolite tuff, massive
sulphide, and rhyolite, respectively, and the
mechanical properties estimated from laboratory
experiments are converted to those for rockmasses
with the rockmass rating system proposed by
(Bieniawski, 1989). Table 1 lists deformation
modulus, E, cohesive strength, C, friction angle, ¢,
unit weight, y, tensile strength, oy, and dilation angle,
w. Note that the tensile strength is assumed to be one-
tenth of the uniaxial compressive strength calculated
from the cohesion and friction angle (Tesarik et al.,
2003) and the dilation angle is assumed to be one-
fourth of the friction angle (Hoek and Brown, 1997)
except that for the backfill (Traina, 1983).

Table 1: Mechanical properties of rockmass and backfill.
Hanging Ore Footwall Backfill
wall

E (GPa) 31 115 49 25
C(MPa) 2.6 115 4.3 0.1
¢ () 38 48 39 35
y (KN/m°) 255 255 255 23.0
o1 (MPa) 11 5.9 1.8 0.3
v () 9.3 12.0 9.5 0.0

The mechanical properties of the fault that are
applied to the ubiquitous joint model are listed in
Table 2. The modulus of elasticity is set to one-tenth
that of the hanging wall. According to Barton and
Choubey (1977), basic friction angles of typical rocks
range from 21° to 38°. The adopted value is an
intermediate value of the range. Likewise, typically,
JRC ranges from 0 to 20 (Barton, 1973), thus giving
the intermediate value of 10. Regarding the dynamic
friction angle, ¢4, the same value as that used by
Sainoki and Mitri (2014a) is applied. It should be
noted that the dynamic friction angle is applied to
zones where the shear stress acting on the fault
reaches the maximum shear strength during the
dynamic analysis.

Table 2: Mechanical properties of afault.

E(GPa) | () JRC ¢a () Y
(KN/m?)

31 30 10 15 255

Regarding the material constants in Equation (2),
the influence of geological conditions is taken into
account with RMR (Bieniawski, 1989). Specificaly,
the equation proposed by Mirti (1994) is applied to B
and C. As aresult, the two parameters, B, and C, are
decreased to 0.79, and -0.65, respectively. Regarding
parameter A, it remains the same because UCS in the
equation is directly decreased with the Hoek-Brown
parameter s (Hoek and Brown, 1997).
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3. RESULTSAND DISCUSSION

Figure 6 shows the particle velocity (PV) of grid
points during the dynamic analysis in the sectional
view at y = 150 m as well as the extent of fault-dip
on the fault 0.4 s after the onset of the analysis. Note
that the white-colored region in the figure is Stope7L.
The propagation of seismic waves arising from the
fault-dip can be clearly seen from the figure. Figure
6(a) shows PV after 0.01 s. It is found that extremely
high PV exceeding 1 nv/s takes place in the vicinity
of the fault. As time goes by, regions with relatively
high PV move away from the fault, indicating the
propagation of seismic waves. After 0.04 s, ground
motion occurs in extensive regions as a result of the
wave propagation. At the same time, the maximum
PV in the section decreases to 0.5 m due to wave
attenuation. Note that the present study adopts the
loca damping system embedded in FLAC3D,
assuming aloca damping coefficient of 5 %.

Comparison of PV amongst the different stages
suggests that the most intensive PV takes place near
the stope after 0.02 s. Afterwards, the magnitude of
PV near the stope continuously decreases due to the
wave attenuation and propagation. Thus, the damage
induced by the seismic waves is evaluated at the
stage, i.e., 0.02 s after the onset of dynamic analysis.

Epicenter (a)
pe

m/s
Extracted sto
H - B
1.28

Propagation of seismic waves arising
from mining-induced fault-slip

Figure 6: Particle velocity (PV) in the sectiona view of the
model at y = 150 m: (a) 0.01 s after the onset of the
dynamic analysis, (b) 0.02 s, (c) 0.04 s, and (d) extent of
fault-slip on the fault after 0.04 s.

In the present study, damage to the rockmasses is
evaluated with the ratio of plastic strain to elastic
strain as shown in Figure 7. The quantity or its
variations are widely employed to evaluate damage.
For instance, its inverse is used as the elastic damage
model (Zhu et a., 2014).

Figure 8 shows damage induced solely by the
seismic waves arising from fault-dip, i.e., damage
due to the plastic strain induced by the extraction of
stope is subtracted. It is interesting that damage does
not increase uniformly in the region between the
stope and the fault. For instance, a noticeable
increase in damage can be observed within the
following three locations: backfill under the stope,
the hanging wall, and the upper part of the stope.
Detailed discussion on the reason why the
discrepancy in damage occurs is not made in the
present study, but it is speculated that the
concentration of damage is attributed to the state of
stress before the fault-dlip takes place and PV at the
moment when the damage is computed. Hence, the
distribution of damage might change at some degree
if the damage is computed at different elapsed time.
Note that emphasis should be placed on the
developed methodology to evaluate damage induced
by seismic waves quantitatively that considers the
mechanism of mining-induced fault-dlip.

o
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Figure 7: Schematic illustration to show damage

calculation.
Damage (g,/¢,.) increment

Figure 8: Damage induced by seismic waves.
4. CONCLUSIONS
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The present study proposes a methodology to
evaluate damage induced by seismic waves arising
from fault-dip. In order to replicate the actual
mechanism of mining-induced fault-glip, the effect of
fault surface asperities is taken into account, whereby
fault-dlip is driven in dynamic conditions by an
instantaneous stress drop due to the shearing of the
asperities. The dynamic analysis enables the
observation of the propagation of seismic waves, i.e.,
particle velocity, at given elapsed time after the onset
of fault-dip. A methodology to evaluate damage
induced by the seismic waves is proposed. It is then
demonstrated that damage does not distribute
uniformly around the stope. The proposed
methodology helps to identify locations where
noticeable damage takes place and to estimate the
severity of the damage.
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ABSTRACT

Geological structures such as faults, joints, and dykes have been observed near excavation boundaries in many
rockburst case histories. In this paper, the role of weak planes around tunnels in rockburst occurrence was studied.
The Abagus-Explicit code was used to simulate dynamic rock failure in deep tunnels. Firstly, the tool’s usefulness
for modelling geomaterials was improved by introducing material heterogeneity using Python scripting. The
modelling results showed that heterogeneous models resulted in more realistic failure modes than homogeneous
models. Secondly, rock failure near the excavation boundary of a tunnel without any adjacent geological structure
was modelled and released kinetic energy from rock due to failure and velocity of failed elements at the tunnel wall
were calculated. Then, a weak plane was added to the model. This resulted in more released kinetic energy and
higher element velocity, indicating that rock failure became more violent in the models with weak planes. The
modelling results confirm that the presence of geological structuresin the vicinity of deep excavationsis a necessary
condition for the occurrence of rockburst. It can be used to explain localized rockburst occurrence in civil tunnels
and mining drifts. The methodology for rockburst analysis presented in this paper can be useful for rockburst

anticipation and control during mining and tunneling in highly stressed grounds.
KEYWORDS: Numerical simulation; excavation; heterogeneity; weak plane; rockburst

1. INTRODUCTION

Rockburst is an unstable and violent rock failure,
and one of the most hazardous problems in deep
mines and civil tunnels. Rockburst is associated with
rapid gjection of broken rocks and is accompanied by
alarge amount of energy release (Hedley et a., 1992;
Andrieux et al., 2013). The rockburst problem
increases as mining activities progress to deeper
grounds. Some efforts have been made to understand
why rockburst happens, to anticipate where it will
happen, and to predict how large a rockburst event
will be. Having this knowledge would be valuable for
rock support design.

Rockburst case histories reveal that rockburst
damage locations are not uniform. In the other words,
damage extent in a tunnel caused by a rockburst
varies at different locations. The localized rockburst
phenomenon originates from the complex mechanism
that drives rockburst and the contribution of different
factors on rockburst occurrence. Many factors that
influence rockburst damage have been identified
(Kaiser and Cai, 2012) but no one knows the exact
conditions for the occurrence of a rockburst in a
complex underground setting. Studies have
documented the presence of geological structures
such as faults, shears, and dykes in vicinity of
rockburst locations (Hedley et al., 1992); however,

*Corresponding author — email : mcai @laurentian.ca

their role in rockburst occurrence and damage is not
well understood.

Numerical models have been used to simulate
unstable rock failure in laboratory tests (Kias and
Ozbay 2013; Manouchehrian and Cai, 2016) and
underground openings (Jiang et a., 2010; Gu and
Ozbay 2015). A missing factor in the previous
numerical works is the influence of geological
structures on rockburst occurrence and damage. In
this paper, the influence of weak planes (e.g. faults
and shears) on rockburst occurrence and damage
around underground openings is investigated using
Finite Element Method (FEM).

2. ROCK FAILURE SIMULATION USING

ABAQUS

Unstable rock failure is a dynamic phenomenon
and should be treated as a nonlinear dynamic
problem. Studies have shown that the explicit
numerical method is more suitable than the implicit
numerical method for solving nonlinear dynamic
problems because the problem of convergence is
eliminated. Abagus is a FEM-based numerical tool
which is equipped with implicit and explicit solvers,
making it applicable for solving a large variety of
physical and engineering problems (Dassault System,
2010). Manouchehrian and Cai (2016) simulated
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uniaxial and poly-axial compression tests using the
Abagus-Explicit tool and demonstrated the suitability
of the tool for simulating unstable or dynamic rock
failure. In this study, this tool is used to simulate
rockburst in deep tunnels.

Despite Abagus's capability for simulating a
large variety of engineering problems, its application
in the geomechanical field is limited. A key
characteristic  of  geomaterials is  material
heterogeneity, which cannot be readily modelled in
Abaqgus through GUI. Fortunately, Abagus provides
windows for adding and improving its capability
using scripting and programming. Hence, for
modelling rock-like materials, it is possible to
introduce material heterogeneity into the models to
produce more redlistic results. In this section, a
simulation of rock failure processes in compression
using homogeneous material models is presented
first, followed by an introduction of material
heterogeneity into Abaqus models and a simulation
of rock failure processes in compression using
heterogeneous material models.

2.1 Homogeneous model

To study the failure mechanism using Abaqus,
the laboratory tested mechanical properties of Ty,
marble (Table 1) are used as the base case. T,
marble is the host rock of the diversion tunnels at the
Jinping Il hydropower station in China (Zhang et al.,
2012).

Unconfined and confined compression tests are
simulated to investigate the failure mechanism of
homogeneous rocks. An elasto-plastic Mohr-
Coulomb strain-softening model with homogeneous
material properties is used to mode the strength
behaviour of the T,, marble. Table 2 presents the
calibrated parameters for defining the strain-softening
behaviour of the rock in the homogeneous model. A
rectangular specimen with a height of 250 mm and a
width of 100 mm is used for the simulation. In the
unconfined compression test simulation, one end of
the specimen is fixed in the maximum stress direction
and the other direction is free (roller constraint) and a
constant velocity of 0.03 m.s* is applied directly to
the other end to load the specimen. The same end
boundary conditions are applied to the specimens in
the confined compression test simulation and the
confinements applied are 5, 10, 20, and 40 MPa. In
the developed homogeneous model, a uniaxia
compressive strength (UCS) of 113.6 MPa, afriction
angle of 30°, and a cohesion of 32.9 MPa are
calculated, which are smilar to the reported
laboratory test data (Table 1).

Figure 1b shows the failure pattern in the
homogeneous models indicated by the maximum
principa plastic strain. The figure shows that

confinement does not affect the failure pattern in the
homogeneous model because all of them show
distinct shear failure. Despite that the mechanical
parameters of the T,, marble are captured by the
homogeneous model, it fails to capture the splitting
failure under low confinement.

Table 1. Physical and mechanical properties of the T,
marble (Zhang et al., 2014).

Parameter Value
Density, p (kg.m®) 2780
Y oung's modulus, E (GPa) 55
Poisson's ratio, v 0.27
Uniaxia compressive strength, UCS (M Pa) 110.7
Cohesion, ¢ (MPa) 32.6
Friction angle, ¢ (°) 29

* UCS of the T, marble was reported between 100 and 160 M Pa
in (Zhang et al., 2014). This value was calculated according to

UCS = 252 for the present study.
(1-sing)

Table 2: Strain-softening parameters of the homogeneous
model.

Cohesion Tension cut-off
Cohesion Shear Tension cut- Tensile
yield stress plastic off stress plastic strain
(MPa) strain (MPa)
32.2 0 5.5 0
0.01 0.2 0.1 0.001

2.2 Heterogeneous model

In order to introduce heterogeneity into models,
the material properties of each element are assigned
randomly following normal distribution functions.
The introduction of material heterogeneity cannot be
conducted using the GUI and Python scripting is
needed.

The developed Python script assigns randomly
distributed material properties of E, ¢, and ¢ to the
elements and the properties follow normal
distribution functions. One example of execution of
the developed technique to simulate a rectangular
model with 4000 elements and 100 materias is
presented in Figure 2 (each color represents one
material). In this figure, u and o are the averages and
the standard deviations of each parameter (E, c, and
9).

Heterogeneous model is used to simulate the
mechanical properties of the Ty, marble (Table 1). A
UCS of 113.5 MPa, a friction angle of 29.7° and a
cohesion of 32.7 MPa ae edstimated for the
heterogeneous model, which are similar to the
laboratory test results.

Figure 1a shows photographs of the failed Ty,
marble specimens in laboratory tests (Zhang et a.,
2014) and Figure 1c presents snapshots of the plastic
strain obtained by the numerical models. It is seen
that in the heterogeneous model, the failure modes

13
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change from splitting failure at zero confinement to
shear failure at high confinements. The homogeneous
material models cannot capture axial splitting at zero
confinement but the heterogeneous material model
successfully captures this failure mode. Hence, the
developed heterogeneous material model in Abagus
enhances its capability for adding value to the tool in

solving geotechnical engineering problems.
(a) Laboratory tests

(b) Homogeneous model

(c) Heterogeneous model

0 MPa 5MPa 10 MPa 20 MPa 40 MPa
Figure 1: Failure patterns at different confinements from
(a) laboratory tests (Zhang et al ., 2014), (b) homogeneous
model, and (c) heterogeneous model.

Rectangular specimen
with 4000 elements and
100 different materials

\ iy

36 26 -lc P 1o 2 30

He = 52 GPa, og = 7.80 GPa
{ He =39 MPa, 6. = 5.85 MPa

W, =37° , o, = 1.85°

Figure 2: Generated heterogeneous material in Abagus by
Python scripting.

3. ROCKBURST SIMULATION

In this section, models are developed to study the
influence of weak planes on rockburst occurrence and
damage numerically. A circular tunnel with a radius
(r) of 5 mis modelled. In the numerical models, the
outer boundary width and height should be at least
ten times of the tunnel diameter to exclude the effect
of the outer boundary on stress redistribution around
the tunnel. In this study, the models also include a
fault with a varying length. Hence, the outer

boundary width and height are 15 times of the tunnel
diameter to ensure that stress redistribution around
the fault does not affect the modelling results. Figure
3illustrates the model geometry.

Before any excavations, in situ stresses are
applied to the outer boundaries and then the
boundaries are fixed with roller constraints. Tunnel
excavation is then simulated. The horizontal () and
vertical (o) in situ stresses are assumed to be 30 and
60 MPa, respectively. Gradual excavation of the
tunnel is simulated by stress reduction at the tunnel
boundary in ten steps.

0, = 60 MPa

Host rock
| (150 m x 150 m)
Fault
OO\ V\d‘

Ox o= 30 MPa

Oz

Figure 3: Model geometry and boundary conditions.

An elasto-plastic  Mohr-Coulomb  strain-
softening model with heterogeneous material
properties is used to model a rock mass with its
physical and mechanical properties presented in
Table 3. In the developed heterogeneous model, the
mean values of E, ¢, and ¢ are 21 GPa, 22 MPa, and
31°, respectively and coefficients of variation (COV)
of them are 5%. The adjusted parameters for defining
the strain-softening behaviour of the rock mass are
presented in Table 4.

Table 3: Physica and mechanical properties of the rock
mass.

Parameter Vaue
Density, p (kg.m®) 2500
Y oung's modulus, E (GPa) 20
Poisson's ratio, v 0.2
Uniaxial compressive strength, UCS (M Pa) 69.3
Cohesion, ¢c (MPa) 20
Friction angle, ¢ (°) 30

Table 4: Parameters with COV = 5% for defining the post-
peak behaviour of the rock mass.

Cohesion Tension cut-off
Cohesion Shear Tension cut- Tensile
yield stress plastic off stress plastic strain
(MPa) strain (MPa)
22.0 0 3.0 0
0.01 0.2 0.1 0.005
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Firstly, atunnel without any adjacent geological
structure is modelled. Shear and tensile failures
around the tunnel, indicated by the maximum
principal plastic strains, are illustrated in Figure 4.
The figure shows a symmetric failure around the
tunnel, with shear failure zones located at 3 and 9
o’clock because the maximum in situ principal stress
directionisvertical.

(a) Shear failure (b) Tensilefailure
Figure 4. Failure zones around the tunnel without any
nearby geological structures.

Figure 5a shows the velocity of elements around
the tunnel at the beginning of Step 10 (at the time of
failure). The figure shows a maximum velocity of
1.78 m.s® in one node at the tunnel surface. The
minimum velocity of the failed elementsis 0.14 m.s
1 In this study, the velocity of all failed elements
around the tunnel during the running time is tracked
and then an average velocity (Vi) is calculated. The
maximum of the average velocity (V,,,,) during the
running time is picked to interpret the results. In this
case, the average of maximum velocity of the failed
elements around the tunnel (V,,,,) is 0.58 m.s™.
When failure is stable, the gection velocity of the
failed rocks is low (Milev et a., 2002). The
maximum kinetic energy per unit volume (KEpu)
from the failed rocks, which can be used as an
indicator of rock failure intensity, is 0.65 kdm?. In
this case, failure can be considered as stable; if it
were in the field, the failure would be in the form of
spalling, spitting, or shallow dlabbing.
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Figure 5: Velocity of the elements in the models (&) without
and (b) with a nearby fault.
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Figure 6: Failure devel opment around the tunnel with a
nearby fault: (a) shear failure, (b) tensilefailure (I =80m, d
=2.5m, and 6 = 45°).

Next, afault with adip of § = 45°, alength of | =
80 m and at a position of d = 2.5 m from the tunnel
wall is added to the model (see Figure 3). A Coulomb
model with a friction coefficient of 0.4 and zero
cohesion is used to model the fault.

Development of failure around the tunnel at
Steps 1, 4, 9, and 10 is shown in Figure 6. The figure
shows initiation of tensile and shear fractures at the
tip of the fault at Step 1 excavation. Then, the shear
fractures propagate toward the tunnel face (Step 4)
and rocks between the fault and the tunnel are
ruptured. Meanwhile, tensile fractures are initiated at
the bottom of the tunnel. Figure 7 shows the relative
movement of the fault at four different points along
the fault (the fault tip and three other points a a
distance of 1 m from each other). A relative dip of
the fault of about 25 mm occurs at point p-1 after the
excavation is completed. The dlip rate is the highest
at Step 9. Slip of the fault due to excavation causes
compression at positions of 1 to 4 o’ clock (Step 9).

At Step 10, the failed rocks on the right tunnel
wall would blow out violently with aV 4, = 3.4 m.s
! (Figure 5b) and a failure pit with a depth of 3 m
would be created. The maximum unit kinetic energy
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Figure 7: Relative movement of the fault during the
running time.
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i$6.97 kd.m?.

Tunneling near afault with different fault lengths
is smulated to understand the influence of the fault
length (I) on rockburst damage. The length of the
fault (1) is varied at | = 0, 20, 40, 60, and 80 m,
resulting in I/r ratios of 0, 4, 8 12, and 16,
respectively. The same modelling procedure
described above is used.

The influence of | on V,,,, and KEmn is
presented in Figure 8. The figure indicates that an
increase in the fault length results in increases of both

Vmax @d KEq. According to Figure 8, when | = 0
(i.e. there is no fault), the Vi islow (0.58 m.s*) and
the rock failure can be considered as stable. V,,,,,,, and
KEmax increase rapidly as the I/r ratio increases. For
example, for I/r = 16, Vg, = 3.4 m.s* and KEyy =
6.97 kd.m?®, which indicates that the rock failure is
more violent than the models with shorter fault
length. In such a case it can be expected that a
rockburst is likely to occur. The failure zones around
the tunnel for various I/r ratios are presented in
Figure 9, with tensile and shear failure zones shown
separately. It is seen that asthe |/r ratio increases, the
failure zone becomes large.

w b

V ax (m-sl)
N

=

Figure 8: Influence of fault length on (a) V., and (b)
KE e

Ir=0 Ir=4 Ir=8 I/r=12 IIr=16

Figure 9: Failure zones around the tunnel in models with
different fault lengths: (a) shear failure, (b) tensile failure.

Figure 10 shows the total displacement
distribution around the tunnel at the end of Step 9

Ir=12 Ir=16

Figure 10: Displacement around the tunnel in models with
different fault lengths.

excavation (before the sidewall fails). The figure
shows that when the fault is longer, a larger volume
of hanging wall rock can move toward the tunnel and
push the rocks near the tunnel wall boundary,
particularly the rocks on the right wall side. Hence,
more strain energy release is possible if there is a
sudden rock failure. This explains why the unit
maximum kinetic energy is high for large I/r ratios.
Furthermore, the displacement field also indicates
that the mine system stiffness is low when the I/r
ratio is high because the rocks surrounding the failed
rocks can have more deformation.

The concept of mine system stiffness has been
used by some researchers to explain rockburst in
underground mines (Aglawe, 1999; Wiles, 2002).
Although it is difficult to calculate mine system
stiffness quantitatively in atunnel setting, an analogy
to Loading System Stiffness (LSS) in laboratory
testing can be made. Laboratory test results show that
the modes of failure (stable and unstable) depend on
the relative dtiffness of the rock and the loading
system (Wawersik and Fairhurst, 1970). A soft
loading system is capable of storing more strain
energy than a gtiff loading system. Thus when arock
specimen fails, the failure is stable under a stiff
loading system and unstable under a soft loading
system. Despite the difference in the loading in the
field and in laboratory, it can be seen that an increase
of | decreases the mine system stiffness and as a
result, unstable rock failure can happen around the
tunnel. This can be clearly seen from the results
presented in Figure 8 to Figure 10.

Reduced mine system stiffness can be considered
asamain effect of weak planes near openings in deep
underground mines, which can potentially lead to
rockburst. According to the simulation results, it is
seen that the size of a weak plane is an important
factor that influences rockburst damage.
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4., CONCLUSION

In this paper, the Abaqus-Explicit code was used
to study the role of weak planes in rockburst
occurrence and damage. Firstly, Abaqus's usefulness
for modelling geomaterials was improved by
introducing material heterogeneity using Python
scripting.  The modelling results showed that
heterogeneous models resulted in more realistic
failure modes than homogeneous models. Secondly,
rock failure near the excavation boundary of a tunnel
without any adjacent geological structure was
modelled and the released kinetic energy due to rock
failure and velocities of elements at the tunnel
boundaries were calculated. When a weak plane was
added to the model, it resulted in more released
kinetic energy and higher element velocity, indicating
that rock failure became more violent in the model
with the weak plane. The modelling results indicated
that the failure became more violent when the weak
plane length was longer.

It was shown that weak planes around a tunnel
may change the loading system stiffness of the failed
rocks and induce rockburst because when there is a
weak plane near an underground opening, a large
volume of rock is able to move. The approach
presented in this study can capture dynamic response
of arock mass. In particular, the ability to estimate
gjection velocity and released kinetic energy provides
anew approach for dynamic rock support design.
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ABSTRACT

Rockburst poses a serious threat to mining safety and can occur under certain combinations of geologica and
mining conditions. A model of fault-slip burst based on the energy distribution in the rock mass was developed to
investigate the mechanics of rockburst and to determine guidelines for safe excavation and operation of underground
coal mines. In this model, the energy of the fault involved in the rockburst is assumed to be spherical. The rockburst
energy is acombination of the energy from the spherical fault-slip rock mass and the elastic energy from the rock
mass ahead of the roadway excavation. We derive the threshold energy for rockburst occurrence from the critical
energy condition based on the balance of dissipated and released energy. This method can be applied to estimate the
safe distance that tunnel excavation can advance towards the geological structure before rockburst occurs.
KEYWORDS: rockburst; energy; mechanics; geological structure; spheroid

1. INTRODUCTION

Rockburst is a sudden and violent failure of a
large volume of overstressed rock, resulting in the
instantaneous release of large amounts  of
accumulated energy (Mine Safety and Health
Administration, 1984). Rockburst often leads to rock
failure and collapse. It can cause damage to mines,
injuries to mine workers, and disruption to mining
activity. Several factors are known to affect rockburst;
the depth of mining, properties of the rock mass
(lithology, elastic modulus, strength, and quality),
thickness of the mined deposit, the geological
structure of the mine area, and geotechnica
characteristics of the rock mass. Additionally, some
mining factors can influence the occurrence of
rockburst: the mine design, mining method, roof
control method, pattern of deposit excavation,
concentration of mining operations, and the spatial
limits of the mining operations (Dou and He, 2001;
Hudyma, 2004; Zhang et al., 2009; Butra, 2010).

The occurrence of rockburst, a sudden rock
failure characterized by the breaking up and
expulsion of rock from its surroundings, implies that
a large amount of energy was released. Cook (1966)
defined rockburst as an energy phenomenon and
developed the energy release rate (ERR) method.
Hoek and Brown (1980) provided graphic
illustrations of explosive brittle fracturing in deep
hard-rock mines. The only feature common to most
rockbursts is that the rock failure is sudden and the
strain energy is released from a volume of stressed
rock (Ortlepp 1983). Salamon (1983) investigated the

*Corresponding author —email : hanj_Intu@163.com

energy changes that occur during mining activities
and showed that part of this energy is stored in the
rock mass surrounding the excavation. Generally, the
instability occurs if the elastic energy released in the
deformation process is greater than the fracture
energy. He also pointed out three sources for this
energy release: a) the strain energy stored in the
surrounding rock mass, b) the change in the potential
energy of the rock mass, and c) the dlippage along the
rock wall contact. Petukhov and Linkov (1983)
associated the instability of rock mass with rockburst
or coal bump and noted that if the potential energy
accumulated in the high-stress zone is high enough to
destroy the rock near the mine's working area, a
rockburst will occur. Mitri et a. (1999) used the
energy storage rate (ESR) as a measure of the
underground conditions rather than as an indicator of
seismicity. Beck (2002) proposed a quantitative
assessment and interpretation of rockburst in a hard
rock mine using the “factor of safety”. Zhao et a.
(2003) proposed the minimum energy principle of
rock dynamic failure. Xie et al. (2009) established a
strength-loss criterion associated with the intensity of
energy dissipation and a failure criterion associated
with the strain energy release.

Rockbursts occur under certain combinations of
geologic and mining conditions. The connection
between rockburst and the geology of the mining area
was made following the first reported rockburst,
which occurred on the 2500 level of the Sunshine
Mine in April 1939 (Whyatt, 2002). Brown (1984)
indicated that rockbursts induced by mining are
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associated with unstable equilibrium states that may
involve: a) dips on pre-existing discontinuities; b)
fracturing of rock mass. This leads to the definition
of two broad classifications of rockbursts: (1) Type
I rockburst, resulting from fault slip events; (2) Type
Il rockburst, resulting from the failure of the rock
mass itself, including strain burst and pillar burst. A
degree of rockburst hazard is inevitably associated
with the stress near the mine working area and the
distance between the mine wall and the maximum
stress zone (Petukhov and Linkov, 1983).
Recognition of the geologic features that contribute
to rockburst events is an important part of strategic
planning aiming to minimize these hazards. Many
rockburst events are associated with geological
factors such as faults, folds, irruptive rock, and
tectonic stress. (Batugina and Petukhov, 1990; Driad-
Lebeau et a., 2005; Wang et a., 2012; Drzewiecki,
2013). The authors used the term ‘geological
dynamic condition’ to describe this state (Han et al.,
2013; 2014). Experience in the Coeur d' Alene district
in Idaho, USA indicates that certain rock types and
various kinds of discontinuities increase the risk of
rockburst. Whyatt (2002) showed that ultimate stress
dtate is created by the action of the pre-mining and
mining induced stresses. The in-situ stress, as well as
the rockburst hazards, varied with the geological
featuresin the Coeur d' Alene district (Whyatt 2000).
In China as of 2012, there are 142 coa mines
which have had rockbursts. As mining operations
become deeper, the frequency and intensity of
rockbursts has been increasing accordingly. The
prediction and prevention of rockburst is very

important for mining safety and continuous operation.

Many rockbursts are affected by the geologica
structure around the mine area and by the mining
operation. The current study investigates the energy
of the rock mass in mines and the processes of energy
release and equilibrium, in order to gain a better
understanding of the occurrence of rockburst in
various geological and mining conditions.

2. ENERGY OF ROCK MASS

The conservation of energy in rock during its
deformation and failure is a dynamic process that
represents energy conversion and the equilibrium of
the mechanical energy produced by external loads,
thermal energy, and the internal energy of the rock
according to the non-equilibrium thermodynamic
theory. Initially, the rock is in a stable equilibrium
state (Figure 1, Position a). After external loading,
the rock begins to deform. The mechanical energy
produced by the external load and thermal energy is
continuously converted into internal energy of the
rock. Therefore, the internal rock energy increases
and the rock gradually departs from the initial stable

state. For a certain load, a dynamic equilibrium exists
among the work of the externa load, the thermal

energy, and the internal energy; thus, the rock isin a
steady state. When the external load become too large,
the steady state of the rock moves to the nonlinear

non-equilibrium region, away from the equilibrium

zone; hence, the rock mass becomes unstable. At the
critical state (Figure 1, Position b), the rock state
changes abruptly to another state (Figure 1, Position c)
with relatively low internal energy, leading to the
collapse of the rock. The high stress level destabilizes
the rock; whether the rock fails is determined by the
internal energy dissipation and the nonlinear dynamic

mechanism (Peng, 2011).
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Figure 1: Thermodynamic change during rock deformation
and failure (Peng, 2011).

According a rock volume element produce
deformation under loading, the total input energy
produced by external load is U, as shown in Figure 2

U=U+Ue (1)
where U® is the dissipated energy and U is the
releasable elastic strain energy.

The releasable elastic strain energy U;° can be
described as

us =?]E[012 + 0'22 + 0-32 -2u (0,0, + 0,05 +0,05)] (2)

where E is the elastic modulus; x is the unloading
Poisson’s ratio; and oy, ox[ 1 and o; are the major
principal stress, intermediate principal stress, and
minor principal stress, respectively.

A

~a
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Figure 2: Relationship between dissipated energy and
releasable strain energy of rock volume element (Xie et.al
2005).

OCCURRENCE AT
GEOLOGICAL

3. ROCKBURST
MINING AND
STRUCTURE
We constructed a model of a fault-dlip rockburst

that includes the mining conditions and geological

dynamic conditions. The model simulates a fault
ahead of the roadway excavation work. The area
influenced by the fault is a sphere with aradius R. As
the roadway is excavated, a plastic and an elastic
zone are produced ahead of it. The distance between
the sphere boundary and the working end of the
roadway excavation isL. Lp and Le are the lengths of
the plastic zone and elastic zone that develop ahead
of the excavation, respectively. H is the height of the
roadway and Lo is the length of the undisturbed zone

- original zone. The stress in the plastic and elastic

zonesislower than in the original zone (Figure 3.a).

The rock mass attains energy from the
deformation of the rock mass at the in-situ stress field;
it depends on the volume of the rock mass and the in-
situ stress. We assume that the energy source of the
geological structure involved in the rockburst is
contained within the sphere. The elastic energy of the
sphere Ug is

2z
Ug :E[klz + k2 +kZ - 2u(kk, +kKs + kk)]p?g*H*R® (3)

where p is the density of the overburden; g isthe
gravitational acceleration; H is the depth; E is
the elastic modulus of the rock; k;, k,, and k; are
the ratios of ov/on oo ad oy on
respectively, where oy, = ygH is the pressure of
the overlying strata.

As the roadway is excavated, the fracturing of
the coal and rock extends forward, the head of the
excavation becomes closer to the sphere of influence,
and the volume of the elastic zone gradualy
decreases (Figure 3.b). When the elastic zone is too
small to resist the superimposed stress, rock failure
will occur and a large amount of energy will be
released (Figure 4). The sphere will also release
much energy. This leads to the occurrence of a
rockburst. The energy released from the sphere after
falureis:

AU =U, -U, (4)

Elastic
—| zone

[ Plastic

| zone

Developmente=e

~

=~
S
~
&

Plastic
[l zone

Development =

oy
=

(b)
Figure 3: A model of mining and geological dynamic
condition.

Lp Le

L

Figure 4: The energy calculation diagram of rockburst.

where Uy is the gravitational energy. According to
the principle of minimum energy of the failed rock,
the minimum energy of the failed elastic zone is
oV
0= (5)
where V is calculated as follows

cos"g sian coszg
v=lcolsnd e st szth};r 2( HZR—R—IE)S (6)
3 22 34n? 3 sl gn?
2 2 T2
5072th2\/h2R2+(2R+I)I[4(I+R)2+h2J ™
2 40 +R?2+h

.0 20
sinZ =4/1-cos’ 2 ()]

The parameters in equations (6), (7), and (8) are
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shown in Figure 4.
The elastic energy of thiszoneis

Ug = %I[af +05 + 07 —2u(0,0, + 0,0, +0,0,)|dV ©)

The energy released in the rockburst Uc can be
expressed as
UC:AU+U33'U33 (10)
where AU is the energy released from the sphere, U
is energy of the elastic zone, and Uy is the energy
released from the elastic zone during rock failure.
The minimum energy required for the rockburst
to occur is expressed as
Umin = %pl/g (11)
where vq is the velocity of the g ected rock during the
rockburst event, and v, > 10 m/s (Ortlepp and Stacey,
1994; McGarr, 1997).

If U>Upin, then rockburst will occur. Thus,
Uc=Umin is the critica condition for rockburst
occurrence.

This method can be applied to calculate the
length of the elastic zone |, and then determine the
distance of rockburst treatment.

4. CASE STUDY OF THE LAOHUTAI
COAL MINE

4.1 Background

The Laohutai coal mine is located in the central
Fushun coal field, Fushun city, Liaoning Province.
To the east lies the Longfeng coal mine and to the
west is the Shengli coal mine. The length of the coal
seam strike from east to west is 5 km and the width
along the dip in the north—south direction is 2 km
(Figure5).

Figure 5: Location and regiona geology of Laohutai coal
mine.

The overlying rocks include argillite, shale, and
oil shale. The thickness of the main coa seam, coal
seam No.l, varies from 0.6 to 110.5 m, with an
average thickness of 58 m. The main geological
structure of the Laohutai coal mine is a syncline
trending NEE. The wings of the syncline are
asymmetric; the south wing extends smoothly while
the north wing inclines abruptly, and is even inverted.
There are 14 large faults, including F, F;, Fy, and
Fis. The largest one is F; which has a drop of more
than 1000 m. The deepest buried depth of the coal
seam is more than 1000 m.

The Laohutai coal mine is one of the largest
state-owned coal mines in China and has been
operating for more than 100 years. The mining
method is fully mechanized top coal caving and the
annual production is about 3 million tons. The
Laohutai mine has been associated with various
operational challenges such as gas outburst,
rockburst, spontaneous combustion, and water inrush
and is considered one of the most hazardous minesin
China. Rockburst events occurred in 1975 and
reached a peak in 2001 (Figure 6). The maximum
magnitude of rockburst at the Laohutai mine was
M 3.7. Figure 6 shows the mine rockbursts and
associated seismicity during 1993-2014.

2000

Rockbursts and mine seism
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Figure 6: Rockburst and mine seism during 1993-2014.

4.2 Rockburst of Longwall 73005

Longwall 73005 (LW73005) is located in the
central part of the Laohutai coal mine at a depth of
749-802 m. Figure 7 shows the layout of LW73005.
There are eight faultsin LW73005: F3, F7, F26, F32,
F36, F37, F38, and F39.
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Figure 7: Layout and geological structures of LW73005.

Fault Fz5 was encountered during the excavation
of the air return roadway. We use our model to
estimate the special range of the energy released by
drilling or/and blasting near the fault. According to
in-situ stress measurements of the Laohutai coa
mine, the ratios k;, kp, and k; in Eq. (3) are 2.0, 1.0,
and 0.7. The energy of the sphere can then be
described as

Ug :%(5.49-8.2,;) p’g°H2R? (12)

When the rockburst occurs, the energy released
from the sphereis
27(10.24% —12.69u + 4.49)y*H *R® (13)

3E(1-u)

The result is shown in Table 1. The bigger the
AU of sphere, the bigger the I, and the longer the
distance of treatment. Based on the calculation, the
safe distance of treatment is 36 m. Thus, when the
development of roadway reaches a distance of 36 m
from F36, drilling and/or blasting should be carried
out to release energy and prevent a fault-slip burst.

AU =

Tablel: Parameters of spheroid and distance of treatment.

No Work H h R b | AU | s
| face [ (M) [ (M) | (M) | (M) | M| (M)

1 |LW73005| 778 | 36 | 6.3 2 91 | 36

5. CONCLUSIONS

According to the theory of energy exchange and
equilibrium in rock mass we constructed a model of
fault-dlip burst in a mining environment. The
geological structure is included and assumed as a
sphere during the rockburst occurrence. The
rockburst energy is a combination of the energy of
the sphere and the energy of the elastic zone that
develops ahead of the tunnel excavation. Part of the
energy is dissipated in the elastic zone. When that
energy rises above the critical rock failure energy,
rockburst will occur. This method can be applied to
estimate the safe distance and the rockburst treatment
that should be taken when performing roadway
excavation towards a geological structure, before
rockburst occurs.
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ABSTRACT

Cheves Hydropower Project is located in Peru and consists in approximately 20 km of tunnels and two caverns.
Most of the Headrace tunnel has been excavated in igneous and metamorphic rocks with high overburden. A high
number of stress release events took place during the excavation of the tunnels and caverns. The intensity of these
events varies from acoustic emission to a violent rockburst. The paper describes the methodology developed to

mitigate the rockburst hazard.

1. INTRODUCTION
Cheves hydropower project is located on Huaura
River and Checras River, under the Andean

Mountains of Peru, North of Lima (see Figure 1).
_ LOCATION

"

ECUADOR [ coraumip
|

e

BRAZIL

Figure 1. Cheves Hydropower Project location.

Cheves Project was developed by Empresa de
Generacion Eléctrica Cheves S.A, a company of the
Statkratf Group. The construction was executed by
Constructora Cheves, SAC (joint venture Hochtief
Solutions AG, SalfaCorp SA and ICCGSA).

*Jose Miguel Galera: jmgalera@subterra-ing.com

In reference to the design of the project, Empresa
de Generacion Eléctrica Cheves engaged Norconsult
with responsibility for the design of the permanent
works including the layout, overall stability, and
permanent support of the underground works.

Meanwhile Subterra Ingenieria developed the
initial support design to Constructora Cheves SAC
according to the scope including in the contract
signed between the Owner and the Contractor.
Constructora Cheves and Subterra Ingenieria didn’t
have responsibility for the final layout and the long
term stability of the works.

This paper and al the above comments are
referring only to the scope of work carried out by
Constructora Cheves and Subterra I ngenieria

The project is composed of three small dams and
the underground works that dominate the
infrastructure, representing approximately 20 km of
tunnels:

- Transfer tunnel, between the Huaura Intake

and the Checras reservoir presents a length
of 2,580 m.

- Headrace tunnel is 9,693 m long (22.6 m?
and 30.1 m%, with an upper section at a
grade of 2 % and a lower section inclined 14
%. An intermediate adit with a length of 700
m, and a surge tunnel were built at the
junction of the lower and upper tunnels, with
approximately 700 m long, also inclined 14
%. The end of the Headrace tunnel splits
into two short penstock tubes, taking the
flow to the generating units in the
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powerhouse cavern (60 m long by 32 m high
and 15.5 m wide). The transformer cavern
(27.5 mlong by 14 m high and 11.2 m wide)
is immediately adjacent, connected both
caverns through an access tunnel. A tunnel
access as well as several tunnels completes
the Power House complex.

- Tailrace tunnel is 3,312 m long (24.9 m?
cross section) tailrace tunnel discharge the
water downstream the project.

Kaiser and Ca (2013) define a rockburst as
damage to an excavation that occurs in a sudden and
violent manner and is associated with a mining-
induced seismic event. This general term ‘rockburst’
is independent of the cause of damage and thus is
used for strain, pillar, and fault slip bursts.

During the construction of the Cheves Project
more than 850 stress release events were recorded.
The most important part of these events took place in
the Headrace Tunnel, and a large humber of them
were recorded around the Powerhouse complex.

Initialy, the stress events turned out in the area
under the influence of the Powerhouse, especialy
when the excavation of the cavern began. In
December of 2011 and during January 2012 severa
stress relief events were reported and described as
banging or cracking sounds. On January 2012 a
minor rockburst with projections of rocks and
shotcrete occurred at the access tunnel about 15 m
behind the face.

During the followings months, evidence of stress
releases continued with events of low intensity,
mainly loud relief, dight crumbling, crackling and
banging sounds. These events were mainly reported
in the by-pass tunnels around the powerhouse.
Consequently, these areas were reinforced.

However, on the 21% of March 2012 a strong
stress event occurred in the Powerhouse area
affecting various tunnel sections. The main stress
discharges were reported as two short delayed bursts
in the tunnel access and by-pass tunnels. A follow up
investigation at the same day in the afternoon
reveadled that after the main bursts further cracking
and minor bursting occurred in the powerhouse
cavern.

The areas around the powerhouse were
reinforced as a consequence of these events. The
excavation of the Powerhouse continued, whereas the
works in some tunnels were stopped.

Figure 2: Areas affected by the stress event occurred on
21/03/2012 and a picture of the effects in the by-pass
tunnel.

Once the excavation of the Headrace tunnel
started from the Powerhouse complex towards the
Checras dam, stress events were reported
continuously during the excavation, mainly as
banging or cracking sounds (acoustic emissions).
Finally, a rockburst from the face took place at the
tunnel face on July 2012. A complete methodology
was developed to mitigate the rockburst hazard
during the excavation of the tunnels after this event.

L T -1

ECr .y

Figure 3: Rockburst at the tunnel face in the Headrace
tunnel.

2. GEOLOGICAL AND GEOTECHNICAL

FRAME

Cheves Hydropower Project is located in the
Huaura basin in the Andes. The Geology is complex
with  sedimentary, volcanic, igneous, and
metamorphic formations along the project. According
with its position in the Andes, the areais under active
tectonic and seismicity is moderate in the project
area

The Headrace tunnel and the Powerhouse
complex have been excavated in relatively hard rock.
The geology in the area of the caverns proved to be
structurally complex given the presence of major
tonalites intrusions with associated sub-horizontal
shear joints. Careful consideration was given to
aspects such as in situ stresses and rock mass
strength. Figure 4 shows the geological section of the
Headrace tunnel.
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Figure 4: Headrace tunnel geological profile.

2.1 Lithologies and Basic geomechanical data

In this section a geotechnical characterization of
the different rocky formations that were found in the
downstream part of the Headrace Tunnel are
described.

- Churin Bgjo Stock. Consist in intrusive
rocks with tonalite / quartz-monzonite
composition. In general, they show a high
strength, low to moderately weathered in the
surface, showing thin coats of iron oxidesin
fractures, which are persistent. The contact
with Casma Group andesites produces
silicification processes resulting in hornfels,
which present highly brittle behaviour and
severe fracturation.

- Casma Group. This group corresponds to
stratified sequences of volcanic rocks with
interbedded sedimentary rocks. Volcanic
rocks consist mainly in andesites which
appear severely brecciated with a
porphyritic texture. In general, they show a

Table 1: Intact rock properties.

high strength, except when intercalations of
sedimentary rocks are detected. Sedimentary
rocks consist in sandstones, white quartzites,
brown to grey shales and layers of limestone
with isolated intercalations of marls.

- Chimu Formation. It is composed by
guartzite banks with interbedded with thin
guartzose sandstone strata, bituminous shale
and occasional coal lenses. In general,
guartzites banks show very high strength but
brittle behaviour with many fractures
showing thin coats of iron oxides. Shales
and quartzose sandstones appear highly
fractured, with low strength and stiffness
and also ductile behaviour.

- Hornfels. The contact with Casma Group
andesites produces silicification processes
resulting in hornfels, which present highly
brittle behaviour and severe fracturation.

The representative values for these formations at

intact rock level are shownin Table 1 below:

OVERBURDEN | RQD | pap 64 (MPa) Modulus E .
LITHOTYPE LITHOLOGY m) 9 | m® [RANGE | VALUE| Ratio | MPay | ¥ | ™
o . 580-700 40-60 110 44,000
gtgléﬂrz KBg_(i)_ Tonalites =00-780 000 262 | 100150 —= 400 50000 | 0% |
Tonalites
gzmo) (Fault zone) 1100-1200 30-50 | 2.62 | 80-120 90 400 36,000 | 024 | 25
Churin Bgjo
Stock (KSTi-f) Hornfels 525-700 30-50 | 2.62 | 80-120 20 550 49500 | 0.24 | 19
. 135-200 30-50 70-120 80 32,000
Cas'&?_%o“p Andesites (Fault Zone) 250-350 4060 | 262 | 100-150 | 110 400 | 44,000 | 024 | 25
Andesites 175-525 60-80 120-200 | 130 52,000
Quartzites with shales
and sandstones
i o interbedded (Fault 500-525 10-30 30-80 40 15,000
'm(“Ki_ogrr];‘ lon Zone) 2.62 375 024 | 20
Quartzites with shales 25-200 10-30 30-80 40 15,000
and sandstones 200-450 30-50 60-120 70 26,250
interbedded 450-600 10-30 30-80 40 15,000
The contact with Casma Group andesites produces
2.2 Sructure silicification processes resulting in hornfels, which

The Headrace tunnel presents a complex
geological structure asit is excavated in sedimentary
deposits (coal seam included), volcanic rocks,
igneous rocks and metamorphic rocks.

The initial part of the tunnel excavated in the
Chimu formation is strongly folded and affected by
fault systems. The contact between volcanic materials
and sedimentary deposits is also defined by fault
systems. An igneous intrusion (Churin Bgjo Stock) is
in contact with the volcanic deposits (Casma Group).

present highly brittle behaviour and severe

fracturation.

2.3 Overburden and natural stressfield

Initialy, the natural stress field assumed was
derived from regional information as well as from the
tectonic frame. It was considered an unfavourable
scenario with the vertical stress according to the
overburden (lithostatic load) and the following ratio
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between horizonta and vertical stresses. Ky=1.5
(with a strike of N-60°-E) and K;=1.0.

This stress frame is a key matter for design
purposes, thus three different stress measurements
were developed, the first using overcoring techniques
and the last two using hydro fracturing stress
measurements.

The measurements using overcoring provided
magnitudes of the maximum principal stress ol
ranging between 18.6 to 59.8 MPa. According to the
mean value the resulting relation between horizontal
and vertical stresses would be around 1.2 and an
orientation quite similar to the one obtained by
geological estimations (N-45°-E), but the scatter of
the results was relatively high.

For this reason, two different on site
measurements  using  hydro-fracturing ~ were
established. The obtained magnitudes were similar in
both cases, with relatively low values of horizontal
stresses. Consequently, the natural stress field was
defined as follows:

- o, between 21.7 and 22.1 MPa

- opbetween 12.8 and 13.7 MPa (Kh=0.62)

- oy between 20.3 and 21.3 MPa (KH=0.96)

The orientation of the maximum horizontal stress
was N-95°%-E.

3. ROCKBURST HAZARD MITIGATION

METHODOLOGY

Rockburst and stress releases took place mainly
in the Headrace tunnel and the powerhouse complex.
Headrace tunnel was excavated in sedimentary
deposits (coal and sandstones), andesite, volcanic
breccias, granodiorites, and hornfels. Most part of the
events took place in areas excavated in igneous and
metamorphic rocks.

A specific stress risk assessment was done in
addition to the geological assessment at the tunnel
face during the tunnel excavation, in order to collect
al the information coming from the tunnel. Three
stages were defined to manage the risk of rockburst

or stress releases. These measures can be classified in
prediction, prevention and protection.

3.1 Prediction

It was considered that rockburst and/or stress
releases are highly unpredictable. Basically, the
unique method for rock burst prediction that is
considered as partially efficient is to implement a
microseismic monitoring net. These systems have
been developed in deep mines and require long
record periods with some years for calibration to
perform reliable predictions. It must aso be
considered that a mine usually has a well-developed
layout of roadways and excavation alowing the
installation of seismic nets. For these reasons the
application of this technique to Cheves was
considered unreal.

The proposal for prediction is the
systematization of all the stress events, registering
them in a systematic and precise way from simple
noises, fissures progression on the shotcrete, minor
projections and spalling or popping. Consequently, it
is proposed to increase the efficiency of the high
stress events records to ensure that all of them are
duly registered:

- Stresses events at the face: noises, rock
cracks, minor projections, spaling or
presence of platy rock chips.

- Stresses events behind the face: fissures and
cracks at the shotcrete, spalling at the walls.

- Statements from key personnel in the
vicinity.

According to Kaiser and Cai (2012) there are
many factors that have an influence on rockburst
damage and the severity of the damage. Table 2
summarizes the main factors and groups them into
four categories, i.e. seismic event, geology,
geotechnical, and mining. Factors in the first two
groups (seismic event and geology) determine the
intensity of dynamic load at the damage locations,
and the factors in the last two groups (geotechnical
and mining) determine site response due to seismic
impul ses.

Table 2: Main factors influencing rockburst damage (modified from Kaiser and Cai, 2012)

Selsmic event Geology Geotechnical Mining
Mining induced static and dynamic stresses
In situ stress EE):(trasttilc()): ratio
Event magnitude Rock Type Rock Strength : ;
L h : : Mine stiffness
Seismic energy release Beddings Joint fabric . .
; 9 A . Excavation sequence (stress-path), blasting
Distance to seismic source Geological structures Rock brittleness Installed rock suoport svstem
(dykes, faults, and shears) pport sy
Backfill
Production rate

A sheet record was defined to collect all valuable
information after every stress event:
- Production: Date/Time; Blast time; Phase of
production cycle;

- Geometry: chainage, section, area affected,
overburden.
- Geology: lithology, structural geology
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- Stress classification: stress effect and

consequences.

A dtress release classification was developed for
the project based on previous experiences from the
main contractor in the Gothard Tunnel. This
classification was divided in four categories
according to the characteristics and effects of stress
releases.

Table 3: Stress Release Classification developed for
Cheves Hydropower Project.

Stress Class Description

Loud Relief, dlight crumbling: crackling, banging,

0 oy i
crumbling in surrounding rock mass

Stress-induced spalling without rock fall: rock
1 surface cracks suddenly, creating scales up to 5cm,
appearance of dust clouds

Stress-induced loosening or rock fall at lateral rock
surface or face in unsupported area: rock breaks

& rough and very loud. Rock support system might be
slightly damaged (Fissures in shotcrete).
Heavy Bangs with explosive rock fall: pieces or
slabs of rock are thrown suddenly with loud bangsin
3 radial direction from lateral rock surface (in

supported and unsupported areas). The rock support
system is damaged (Cracks in shotcrete, torn-off
anchors, bent ring beams).

3.2 Prevention

The prevention of these types of dtress
phenomena is rather complicated but some
techniques can be implemented. The three following
measures were recommended:

- Preconditioning blasting ahead of the face

- Change of the shape of the face to a concave
geometry

- Reduction of the round length

In relation to the use of preconditioning blasting

ahead of the tunnel face, these blasts can minimize
the effects of future possible rockbursts at the face
(face burst), reducing the stress magnitudes at and
ahead the face. This technique consists basically in
the execution of blast drill holes ahead of the face at
specific depths and locations using high velocity
detonation explosives and full confinement of it. Asa
result, the rock mass quality beyond the face is
decreased artificially, “distressing” the rock mass in
the vicinity of tunnel to be excavated, and allowing
the release of tension that otherwise could result in a
rock burst.

The design of the preconditioning blast is based

on the following criteria:

- Not generate an intense fracture the rock but
yes “distressing” the rock mass, in order to
not difficult following blast and support at
face

- Focus the decompressing effect within the
perimeters of the tunnel section by

generating fractures in the rock that allow to
adjust the stress.

The preconditioning blast was executed by 3
holes of 51 mm and 4 m long, loaded on the last 2
meters with bulk Slurrex explosive. These holes were
proposed to be drilled on a vertical alignment with
the tunnel axis, in between production holes.

Analysing the energy distribution, we can predict
that energy from production holes interacts with pre-
conditioning holes. These combinations of energies
are expected to create a tunnel free face with a set of
cracks concentrated vertically. After afirst test shot it
must be evaluated how those perform. Proper
performance implies both a continuous set of vertical
cracks interconnected and a good enough rock mass
to be drilled around pre-conditioning holes.

Because cracks induced on fully confined holes
are due to tension created by a shock wave, it is not
intended to use the gas energy of the explosive for
either crack extension or rock displacement. For this
reason, explosive charges can be unconfined. Expect
however a flyrock potential increase that can damage
equipment or infrastructure if not properly protected.

Figure 5 below shows the energy distribution at -
2.2 m (top left), -3 m (top centre) and -4 m (top right)
with a 3-hole configuration at 51 mm with Slurrex.

Figure 5: Energy distribution of preconditioning blast with
a 3-hole configuration at 51 mm with Slurrex.

A second measure recommended was to change
the face excavation shape from planar to a concave
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geometry as planar planes always accumulate higher
stresses than curved planes. In relation with this same
effect it was also suggested to the Owner the
possibility of changing the shape of the tunnel section
to a Horse-shoe or even more, with curved walls with
high potential risk of rockburst. Nevertheless, this
mesasure was not finally implemented.

Finally, the reduction of the round length was
considered a less effective measure with a minor
effect in the release of stresses and consequently in
the rockburst occurrence, but it has a notable effect
on shortening the construction cycle and therefore
decreasing the exposure of the personnel at the face.

3.3 Protection

Two different types of measures were proposed
in order to protect the tunnel workers at the face:

- To reduce the vulnerability and exposure of

the personnel.

It was recommended to reduce the vulnerability
and the exposure of the tunnel workers at the tunnel
face as risks factors. For this reason, basic measures
were adopted, as to carry out scaling using
mechanical facilities and protective cages for workers
and machinery.

- Toinstall atemporary support at the face.

Two different support elements were basically
used: shotcrete and/or rock bolts (swellex). In both
cases the purpose was to avoid rock fragment
gjections from the face.

According to previous experiences in Gothard
Tunnel, it was recommended that a layer between 5.0
and 10.0 cm of shotcrete with stee! fibres, as well asa

variable number of swellex bolts be installed at the
face. These bolts were aways longer that the advance
round length.

4. ROCKBURSTS RECORD AT THE

HEADRACE TUNNEL

As mentioned before, 859 stress events were
reported between Aug. 2012 and Jul. 2014, 48% of
which were recorded as banging noises without rock
gjections or support damages, 41% of the events were
classified as Stress Class 2 and 3 with rock support
damages, and only 16% of the events involved
violent rock ejections or/and support. Figure 6 shows
the distribution of the events according to intensity.

Number of Stress Events according to CCH Stress
Classification

W STRESS CLASS 0 ® STRESS CLASS 1

W STRESS CLASS 2 W STRESS CLASS 3

Figure 6: Stress Eventsintensity distribution according to
CCH classification.

About 90% of the events were recorded in the
Headrace tunnel. The rest of the events were recorded
in the tunnels surrounding the Powerhouse.

Figure 7: Distribution of stress events around the Powerhouse.

An analysis of the stress events over time shows
an erratic distribution of events. There were several
months in which the stress events had more influence
over the project. Figure 8 shows the distribution of
the stress events and the number of events in each
tunnel over time.

The data demonstrates that Headrace tunnel has
been the most affected by stress events, and the

influence of these events has three clear steps. From
Jan. 2012 to Dec. 2012 it is possible to define an
increasing tendency, a quiet period during Jan. 2013,
and an increasing tendency from Feb. to Apr. 2013.

The chart also shows that the stress events
continued after the tunnels completion, when the
support was removed in some tunnels to execute the
required concrete plugs.
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Figure 8: Stress Events distribution according to CCH classification and tunnels.

5. PARAMETRICAL ANALYSIS OF THE

STRESS EVENTS

A detailed record of al stress events was carried
out and statistica analysis was implemented to
understand the rockburst phenomena in the project.
The analysis confirmed that the overstress in the
tunnels was related with the following factors:

- Overburden

- Lithology

- Jointing and other structures

- Rock mass quality

- Time after blasting

- Round length
The follow describes the particular analysis for
Headrace tunnel.

5.2 Overburden

Headrace tunnel was designed with a positive
dope of 14%. The overburden considered in the
vertical tunnel axe shows an increasing tendency.
The overburden is close to 850 m at the powerhouse
area and rises to approximately 1.450 m. Figure 9
shows the topographical longitudinal section with the
overburden.

1500

T+BO0,00 £4000,00 £0200,00

&+800,00
Chalnage {ma

£4400,00 Be£00,00

T4000,00 9420000 94400,00 9+600,00 S4800,00

Figure 9: Headrace tunnel overburden.
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It will be shown later that minor changes in the
overburden due to the presence of irregular
topography will have a significant influence on the
stressrelease.

The next figure shows the relationship between
stress events and depth. It would be expected that

there would be more events deeper is the excavation,
however, it was observed that major events occurred
between 1000 and 1150 m in the Headrace tunnel and
about 800 m around the Powerhouse.
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1300,00
*
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* * *
1200,00 +*
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1100,00 1
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' s i $
1000,00 5 3 : 4
900,00
s 3
800,00 T T T T |
-1 0 1 2 3 4
Stress Class 0 Stress Class1 StressClass2 Stress Class 3
Crumbling Spalling, Surface cracks, Rockbreaks, rockfalls. Explosive rockfalls with
Cracking dust clouds Supportdamage proyections. Support
Banging damage

Figure 10: Stress Events vs. Depth.

5.3 Lithology

Headrace tunnel has been excavated in different
lithology: hornfels, quartzmonzonite, subvolcanic
breccias, and granodiorite. The influence of the stress
events on each lithology has been different along the
excavation period. The geological conditions after
each event were recorded, considering the lithology
and the rock mass quality.

A datistical analysis of the results clearly shows
that lithology with higher brittle behaviour had
suffered a higher number of stress events. It has also
been checked that not only areas with good rock
conditions are affected by overstress, but also zones
where rock mass quality in terms of RMR values are
considered fair ground. Figure 11 shows the
distribution of stress events in relation to lithology.

80,0

70.3

W Hornfels

M Quartz Monzonite

Subvolcanic Breccia

W Granodiorite

Percentage (3)

StressClass 0 StressClass 1

Stress Class and Lithology

StressClass 2 StressClass 3

Figure 11: Stress Events vs. Lithology.
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Figure 12: Stress Eventsvs. RMR.

5.4 Geological Structure
The presence of the same joint set family was

structures. Only eleven (11) events represent the 60%
of the events described in Headrace tunnel and sum

detected in most of the stress events. An analysis of
the stronger events and information from core
drillings executed at the tunnel face confirmed that

the 79% of the Stress Class 3 events reported. The
joint system at the areas where this rockburst took
place was analyzed, as shown in Table 4.

rockbursts are highly controlled by the geological
Table 4: Structural data mapped after rockburst events.

JOINTS
CH Lithology J1 2 J3
Start End DIP | DIPDIR. | DIP | DIPDIR. | DIP | DIPDIR.

9+557,50 | 9+555,50 M etamorphic Rock-Hornfels 10 320 75 220 80 190
9+555,50 | 9+553,00 M etamorphic Rock-Hornfels 11 308 49 347 74 140
9+553,00 | 9+550,20 Metamorphic Rock-Hornfels 18 300 50 155 45 280
9+490,70 | 9+487,80 | Subvolcanic breccia contact with Hornfels | 45 295 60 5
9+487,80 | 9+485,50 M etamorphic Rock-Hornfels 75 5 60 305

9+408,30 | 9+405,50 Metamorphic Rock + Qz-Monzonite 65 100 15 300
9+405,50 | 9+403,30 Metamorphic Rock + Qz-Monzonite 72 115 35 240
9+403,30 | 9+400,70 Metamorphic Rock + Qz-Monzonite 35 328 55 154 5 140
9+297,90 | 9+295,10 M etamorphic Rock + Qz-Monzonite 70 140 20 290 45 200
9+295,10 | 9+292,50 Metamorphic Rock + Qz-Monzonite 83 148 11 109 50 320
9+246,40 | 9+244,20 Metamorphic Rock + Qz-Monzonite 35 280 55 165 80 55
9+226,10 | 9+223,80 Metamorphic Rock + Qz-Monzonite 20 260 85 320
9+208,70 | 9+205,90 Metamorphic Rock + Qz-Monzonite 25 220 70 250 43 330
9+203,60 | 9+201,20 Metamorphic Rock + Qz-Monzonite 44 285 84 140

Figure 13 shows the stereographic analysis of
these joints system. As it can be observed the
presence of two joint sets with two parallel systems
each one were deduced.

According to this analysis, the presence of sub-
horizontal joints dipping to the left wall, and sub-
vertical joints dipping to the right wall of the tunnel

Joint |, | Dip have to be considered as a sign of possible stress

Set Direction release.

Ja | 13 294 It was aso detected that when shear zones
associated to the joints system were encountered at

2 |4 285

the face, the stress events usually turned out. This
fact was also detected in the core drillings carried out
at the tunnel face. Thisis clear in the photos shown in
Figure 14.

33 52 159

TUNNEL
STRIKE

NG 78 142

Fi gu\re 13: Stereographic analysis.
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o ol e .5 . d
ace at rockburst events in Headrace
tunnel.

Figure 14: Tun

5.5 Rock mass quality

The rock has been described according the Rock
Mass Rating. In all cases the RMR represents a good
quality rock mass. Figure 15 shows the relation
between the stress events and the RMR value.

BHornfels

W Quartz Monzonite m

Subwocanic Breccia

M Granodiorite

60-70

70-80
Rock Mass Ratio (RMR)

>80

Figure 15: Rock Mass rating (RMR) vs. Lithology.

5.6 Time after Blasting

A detailed analysis of the time in which the event
took place after blasting was carried out for the stress
events that took place in the Headrace tunnel. In a

first analysis the relationship between the stress class
of the event and the time in which it took place was
analysed. Figure 16 showsthis analysis.

Explosave rockfalls with
proyections. Support
damage

3 $a M DEDD S Y

stressClass 2

rockfals.

Suppert damage

stress Class1
Spaling, Surface cracks,
dust chouds

Stress Class 0 LI

1 4 SRR+ bbb
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LR S S e *

+ * + +

Crumnbling
Cracking
Banging

150 w00 %0 o 50 400

i [homars. alter blast)

Figure 16: Stress class vs. Time Event.

The chart shows that the violent events occurred
in range of 10 hours after blast; meanwhile it is
possible to detect lighter stress releases in a wide
range of more than 24 hours.

A statistical analysis of these events were carried
out in order to anadyse the posshility of
implementing are-entry strategy asit is usual in other

projects or in mining activities. Figure 17 shows the
distribution of the stress events in relation with time
after blasting.

Both analyses show that the time event
occurrence after blast presents a broad range that
makes difficult to define are-entry strategy.
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Figure 17: Normal distribution of the Stress Event time
after blast. (Theoretica curve).

5.7 Round Length

A rounds length analysis was carried out during
the excavation of Headrace tunnel in cases with stress
releases as a first step. Figure 18 presents the normal
distribution of round length in those cases in which a
stress releases occurred.

Round Length (m)
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Figure 18: Normal distribution of the round length in
rounds with stress event. (Theoretical curve).

According to the results, rounds in which stress
releases turned out are between 2.5 and 3.5 m long.
In Figure 19 the number of stress releases per round
is presented. This chart shows clearly that the mgjor
part of the events occurred with rounds longer than
2.5 m. However, the tendency is not so clear.

The distribution of events according to stress
classes established by CCH and in relation with the
round length has been analyzed. The Figures 20(a)-
(d) represent these analyses. The charts clearly show
that stress releases are more likely in longer rounds,
from25t03.5m.
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Figure 19: Number of stress events vs. round length.
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5.8 Global analysis

A fina anadysis considering al the previous
described parameters was done in order to define the
weight of each factor and in order to define alarm
signs that permit to anticipate risk areas.

The overall analysis for the Headrace tunnel is
shown in Figure 21. The stress events recorded at
each chainage have been represented in this chart,
according to the stress event classification devel oped,
in conjunction with the rock mass rating (RMR), the

overburden, the round length, and the lithology.
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Figure 21: Stress factors comparison.

Based in the results, it is clear that the main
factor was the lithology, as most of the events and
intense events were recorded in quartzmonzonite,
meanwhile other lithologies such as volcanic breccias
presented less rockburst prone conditions. In
Quartzmonzonite, rockburst and/or stress release
occurred systematically. Meanwhile in subvolcanic
breccias “quiet periods’ were recorded for a stretch
of approximately 60 m. In massive intrusive rock
(granodiorite) some periods without stress released
evidences were detected, however it is not clear the
reason for thislack of stress activity.

6. ROCKBURST
SUPPORT
Several support measures were implemented to
mitigate the rockburst prone conditions during the
excavation of the tunnels in the Cheves project, both
at the face and behind the face. The support design
included the following items:
- Reduce the round length

PRONE CONDITIONS

- Dedtress the rock in advance with pre-
conditioning blasting
- Presabilise the face with swellex bolts,
longer that the round length
- Double shotcrete layer and welded wire
mesh to support the advanced section in
combination with rockbolts
During the excavation of the Headrace tunnel
and due to the intensity/severity of the stress events
several changes were introduced in the support with
successful results.
- Continuous monitoring of stress releases
- Increased the bolt pattern in some areas
- Fully grouted bolts (with a deeve to protect
the beginning of the bolts) were
implemented in fault/shear areas with a huge
improvement in the rock support
- The use of a high tensile chain link mesh
fixed to the section with split set bolts and
mechanically installed
- Modifications in the shotcrete thickness
were also implemented with good results
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- Additional swellex (3 m long) were
instructed to provide a pre-stabilization of
the section with good results

- Different rounds length according to the
reported stress behaviour

However, the design support has been working
out on the limit of its capacity as it has been affected
severa times by huge stress events with dramatic
conseguences. The designed system consisted of two
layers of shotcrete and welded wire mesh has been
affected several times in such way that it was
required a complete repair works in order to provide
enough safety environments to continue with the
advance of the tunnel.

The damages on the rock support have varied
from fissures on the shotcrete to collapse/projection
of concrete dabs, going through the welded wire
mesh.

7. CONCLUSIONS

Rockburst has been extensively described in
deep mining, but nowadays there are severa civil
projects that require the construction of deep tunnels.

Table 5: Stress classification proposed.

Under these circumstances it is necessary to consider
an overstress analysis of the projects in the design
stage.

It is important to establish an adequate
classification of the stress release events that take
place during the excavation of the tunnels, and record
al relevant information in order to carry out a
continuous analysis of the project.

The stress classification developed for the
Cheves project has provided good results to avoid
misunderstanding of what is a stress release and what
can be considered a rockburst. However, it needs to
be improved and for this reason it has been
considered to subdivide the stress class 3 in three
categories considering the intensity of the damage.
Moreover, the damage severity classification
established by Kaiser et a. (1996) has been
considered.

It is important to differentiate between stress
releases, that not caused damaged (only cracking and
banging sounds), and rockburst where a damage to
the excavation and/or support took place.

Stress Class Denomination Description
- Loud Relief, dlight crumbling: crackling, banging, crumbling in

. SIESSEE surrounding rock mass

1 Spalling Stressinduced_q)alling without rock fall: rock surface cracks
suddenly, creating scales up to 5cm, appearance of dust clouds
Stress-induced loosening or rock fall at lateral rock surface or face

2 Intense Spalling in unsupported area: rock breaks rough and very loud. Rock
support system might be slightly damaged (Fissures in shotcrete).

Support measures to mitigate the rockburst
conditions have to be continuously adapted to the
stress and ground conditions. However, it has been
proven that welded wire mesh provides safe
conditions to avoid rock and shotcrete slabs gjections.
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ABSTRACT

The main problems related with the design and construction of tunnels and caverns under high overburden are
analyzed in this paper. As an example, the recent experiences during the construction of the Cheves Hydropower
project in the Peruvian Central Andes are described. During its construction, 850 rockburst events were recorded,
enabling designers to collect data and make some correlations that may be useful for future projects.
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1. INTRODUCTION - Huaura dam (concrete dam of 13 m high),

Cheves Hydropower plant is located in the
central highlands of Peru, close to Lima, in the basins
of the Huaura and Checras rivers. The project was
developed by the “Empresa de Generacién Eléctrica
Cheves SA”, a company of the Norwegian group
Statkraft. The construction, with a $400 million
budget for the civil works, is currently in
operation.The company responsible for construction
is a consortium (Constructora Cheves) formed by
Hochtief Solutions AG (Germany), SalfaCorp (Chile)
and ICCGSA (Peru). In relation to the project design,
Norconsult, as Owner Engineering, was the
consultant company in charge of the permanent
works design, including the layout, the long-term
stability and the final support of the underground
works.  Subterra, acting as the Contractor
Engineering, was in charge of the initial support of
the underground works, as well as of the geotechnical
engineering during the construction. This article
therefore only describes the work developed by both
the Contractor and Subterra.

The project includes the construction of two
concrete dams upstream from the headrace tunnel
(Huaura and Checras dams), interconnected through a
transfer tunnel of 2.58 m long. The second dam leads
the water to the headrace tunnel of about 10 km long.
The project also considered a third dam downstream
from the powerhouse (Picunche dam), whose
function is regulation and irrigation.

To summarize, the Cheves Hydropower project’s
components are described as follows:

*Jose Miguel Galera: jmgalera@subterra-ing.com

- Transfer tunnel (hydraulic channel that leads the
water form Huaura dam to Checras dam, with a
length of 2.580 and a cross section of 16 m?),

- Checras dam (concrete dam of 25 m high),

- Headrace tunnel (9.693 m long and cross
sections between 22 and 30 m? where the first
stretch has an inclination of 0.9% and the last
one 14%),

- Surge tunnel of 700 m long and 14% and one
adit tunnel with similar dimensions but no so
step,

- Powerhouse cavern (60 m long, 32 m high and
15.50 m width) and Transformer cavern (27.5 m
long, 14 m high and 11.20 m width),

- Access tunnel to the powerhouse and drifts
(1.700 min total),

- Tailrace tunnel (3.312 mlong and 25 m?) and

- Picunche dam (earth dam of 15 m high).

Therefore, the total length of the tunnels,
considering the access tunnel and al the drifts is
about 20 km.

Figure 1 shows a longitudinal section of the
project showing all the already described components
of the hydropower project.

As it can be observed, there is a section in the
Headrace tunnel, linked to the steepest stretch where
the overburden is systematically above 1.000 m,
being the maximum around 1.500 m. Basically, the
dynamic or stresses related events took place in that
tunnel section as well asin the cavern complex at the
Powerhouse area.
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Figure 1: Longitudinal section of Cheves Hydropower project.

2. GEOLOGY

Cheves Hydropower project is located in the
Huaura River Basin, within the Central Andean
Range. This region is close to the Nazca plate, and
therefore affected by active tectonics and high
seismicity.

The geology of the area is complex, with
volcano-sedimentary, volcanic rocks; plutonic and
related contact metamorphic groups.

Figure 2 shows a longitudinal section of the
project showing al the described geological groups.

The headrace tunnel and powerhouse area, in
which the dynamic events were recorded, have been
excavated in hard rock: granites and hornfels.

In the case of the caverns, both are located in a
structurally complex area due to the presence of
intrusions of tonalite associated with subhorizontal
shear joints and metamorphic rocks.

The properties of the geological groups are as
follows:

HORNFEL

- Chimu Formation: formed by quartzite
banks interbedded with layers of quartz
sandstone, shale, and occasionally coal
layers. Quartzite has a high strength and a
brittle response, with multiple fractures
filled with iron oxide.

- Volcano-sedimentary rocks. belonging to
the Chimu formation, are formed by blocks
embedded in a green matrix, with a
moderate-high level of fractures and
weathering.

- Casma Group: andesite with a porphyry
texture.

- Stock Churin Bagjo: formed by intrusive
rocks as tonalite, granodiorite and quartz-
monzonite. These rocks have high strength,
and low to moderate weathering, with iron
oxidesfillings in the fractures.

Hornfels: metamorphic rocks resulting from the
contact between the andesite and the intrusive rock.
They are very dilicified and brittle. The representative
values for these formations at intact rock level are
shownin Table 1.

CHURIN STOCK BAJO

Figure 2: Geological longitudinal section of the project
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Table 1: Intact rock properties.

LITHOTYPE LITHOLOGY (tm’g) RANgE(MP\?,)ALUE (MEFi’a) v mi
. 110 44,000
Churin Bajo Stock Tonalites 2.62 100-150 15 50,000 0.24 | 25
(KsTi-gzmo) Tonalites 262 | 80-120 9 | 36000 | 024 | 25
(Fault zone)
Churin Bagjo Stock (KsTi-hf) Hornfels 2.62 80-120 90 49,500 | 0.24 | 19
. 70-120 80 32,000
Andesites (Fault Zone) -
Casma Group (Ki-ca) 262 [ 100-150 110 44,000 | 904 | 25
Andesites 120-200 130 52,000
Quartzites with shales
and sandstones 30-80 40 15,000
: . . interbedded (Fault Zone)
Chimu Formation (Ki-ch) Quartzites with shales 2.62 30-80 20 15,000 024 | 20
and sandstones 60-120 70 26,250
interbedded 30-80 40 15,000

As it was explained before, rockburst events
were related to the two latest g