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Monitoring ground surface displacements using satellite
technology (GPS/GNSS and SAR)

N. Shimizu

Kansai University and Yamaguchi University, Japan

ABSTRACT:

Monitoring is essential for assessing the stability of natural rocks and rock structures, confirming
the validity of the design, predicting risks, managing safe operations, and reducing project costs.
The monitoring system used in Rock and Geotechnical Engineering is ideally required to be able
to monitor the behavior of rocks and soils in local to extensive areas, continuously and
automatically, with high accuracy and at a low cost. Satellite technology (GPS/GNSS and SAR)
will support the realization of such monitoring. This paper firstly outlines GPS/GNSS and SAR
as tools for displacement monitoring and then describes the concept of “spatio-temporal
continuous displacement monitoring” in Rock and Geotechnical Engineering. A practical
application is demonstrated by means of the combination of GPS/GNSS and SAR for monitoring
a slope. Then, case studies of monitoring land subsidence due to the extraction of brine from an
underground salt mine and landslides in an extensive valley and along a coast, conducted as
international collaborative research, are introduced.

1 INTRODUCTION

Monitoring is essential for assessing the stability of natural rocks and rock structures and for
confirming the validity of the design of infrastructures and countermeasures during the
construction and operation. Monitoring is also vital for predicting risks, managing safe operations,
and reducing project costs. The ideal monitoring system for projects in Rock and Geotechnical
Engineering should be able to monitor the behavior of rocks and soils in local to extensive areas
continuously and automatically, with high accuracy. In addition, the costs should be low, and the
system should be reliable and easy to handle.

There are various types of instruments for taking displacement measurements in Rock and
Geotechnical Engineering, such as extensometers, inclinometers, etc. They are useful and
frequently employed in various situations. However, these instruments may not be adequate for
monitoring large slopes or extensive areas because generally they can only be applied to limited
areas that are dozens of meters or, at most, around 100 m in size.

Satellite technology, GPS /GNSS (Global Positioning System/Global Navigation Satellite
System) and SAR (Synthetic Aperture Radar), is capable of overcoming the above problems since
it can be applied to monitor the displacements of the ground and structures over extensive areas.
This paper firstly outlines GPS/GNSS and SAR as tools for displacement monitoring. Then, the
concept of “spatio-temporal continuous displacement monitoring”, which uses satellite
technology and geotechnical instruments together, is described. A practical application is
demonstrated by means of the combination of GPS/GNSS and SAR for monitoring a slope. Then,
case studies of monitoring land subsidence due to the extraction of brine from an underground
salt mine in Bosnia and Herzegovina, and landslides in the Vipava River Valley in Slovenia and
along the Black Sea coast in Bulgaria, which were conducted as international collaborative
research, are discussed.

2 SATELLITE TECHNOLOGY FOR DISPLACEMENT MONITORING

2.1 Displacement monitoring by GPS/GNSS and SAR
GPS is a satellite-based positioning system that was developed in the USA. It was established as
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a method for navigation and long baseline surveys (Hoffmann-Wellenhof et al. 2001; Misra and
Enge 2006). The advantage of GPS is that it can easily provide three-dimensional displacements
with mm accuracy over extensive areas. Recently, other satellite navigation systems, GLONASS,
Galileo, BeiDou, QZSS, etc., have been developed; they are generally termed GNSS (Global
Navigation Satellite System).

A GPS displacement monitoring system using the L1 signal was developed by the author and
his colleagues (Iwasaki et al. 2003; Masunari et al. 2003; Shimizu and Matsuda 2002). It was then
upgraded to a wireless data transfer system, as illustrated in Figure 1. In this system, sensors are
set on monitoring points and a reference point, respectively. The data from the satellites are
received at each sensor and then transferred to a control box set at the monitoring site. A computer,
data memory, and network device are installed in the control box. The server computer, located
in an office away from the monitoring area, automatically controls the entire system to acquire
and analyze the data. Then, three-dimensional displacements are obtained for all the monitoring
points and are provided to users through the Internet in real time. Users only need to access the
website to see the monitoring results.

The most important issue in the practical use of GPS/GNSS is how to improve the measurement
accuracy. The author and his colleagues have proposed methods for removing and/or reducing
errors and for estimating the real values of the measurements. Those methods have succeeded in
providing measurement results that are a few times higher (i.e., mm) in accuracy than the standard
GPS/GNSS (Shimizu et al. 2011; Shimizu and Nakashima 2017). The procedure has been
approved as “the ISRM suggested method for monitoring rock displacements using the Global
Positioning System” (Shimizu et al. 2014).
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Figure 1. GPS fully automatic continuous displacement monitoring system. (a) sensors and system, (b)
displacement vectors (Satoh et al. 2014), and (c) transition of three-dimensional displacements.

SAR is a radar device mounted on an aircraft or artificial satellite. It is one type of active remote
sensing that uses microwave radiation, enabling observations 24 hours a day under all weather
conditions (Hanssen 2002). Nowadays, there are several SAR satellites orbiting the Earth, i.e.,
COSMO-SkyMed (ASI: Italian Space Agency), TerraSAR-X (DLR: German Aerospace Center),
RADARSAT-2 (CSA: Canadian Space Agency), Sentinel-1 (ESA: European Space Agency),
ALOS-2 (JAXA: Japan Aerospace Exploration Agency), etc. (Figure 2).
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Interferometric SAR (InSAR) is a method for taking the signal phase difference (interference)
from two SAR data images which are observed in the same area at different periods by the same
SAR satellite in the same orbit.

Differential Interferometric SAR (DInSAR) is the term for the method of producing ground
surface displacements by taking interferograms from which the influence of topography and the
baseline length of the satellite positions has been removed (Ferretti et al. 2007). The advantage of
DInSAR is that it can provide the displacement distribution of the ground surface over a vast area
without the use of any sensors on the ground (Ferretti 2014). The observed displacement is one-
dimensional along the Line of Sight (LOS), which is the direction from the satellite to the
observed Earth’s surface (Figure 2(c) and Figure 3(b)). The accuracy is around cm level. When
temporal continuous displacement monitoring is conducted by DInSAR, SBAS (Small Baseline
Subset) DInSAR (Berardino et al. 2002) and PS (Permanent Scatter) InSAR (Ferretti et al. 2001)
are often used.

(a) (b

Descending

. Descending
(Ozer et al. 2018)

Figure 2. SAR satellites, their orbits and LOS: (a) ascending and descending orbits, (b) SAR
satellites, and (c) LOS direction.

2.2 Spatio-temporal continuous displacement monitoring

The features of GPS/GNSS and DInSAR are compared in Table 1 and Figure 3. GPS/GNSS can
continuously monitor three-dimensional displacements at certain points 24 hours a day with mm
accuracy, whereas DInSAR can take one-dimensional displacement measurements of much
greater areas usually once every several days/a few weeks with cm accuracy in spatial resolution
of 3 to 30 m on the ground surface. DInSAR does not require any sensors on the ground, while
GPS/GNSS requires a sensor at each monitoring point. Therefore, GPS/GNSS and DInSAR make
up for each other’s shortcomings.

Table 1. Features of GPS/GNSS and DInSAR (Boldface: advantages)

GPS/GNSS DInSAR

Required devices for user Receivers Not necessary

Entire area

(3-30 m spatial resolution)
Every hour or shorter periods | Periodic: a week ~ several

Observable displacements Point(s)

Continuous monitoring

(available 24 hours a day) months
Dimension of measurements 3-dimensional 1-dimensional
Accuracy mm level cm level
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GPS/GNSS

N GPS satellite GPS satellite £71 SAR satellite

o
& N

Displacement
(Three-dimensional)

~ Displacement
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E Surface Surface
Sensor

Sensor (Monitoring point)
(Reference point)

Figure 3. GPS/GNSS and DInSAR, and their monitored displacements: (a) GPS/GNSS and
(b) DInSAR (photos: Google Earth).

Figure 4(a) shows a schematic diagram of the relationship between the measurement accuracy
and the size of a monitoring area expressed by the baseline length. The applicable ranges of the
geotechnical instruments and conventional surveying methods are illustrated in this figure. A gap
in accuracy between the two methods can be seen. GPS/GNSS can cover this gap. In addition,
DInSAR is able to expand the validity of the displacement monitoring to large areas.

Looking at the relative accuracies of these methods, they are almost the same, in the order of
about 10, i.e., 0.1 mm (accuracy)/100 m (baseline length) for geotechnical instruments, 1 mm/1
km for GPS/GNSS, and 10 mm/10 km for DInSAR. This means that displacements could be
measured with almost the same accuracy as 10 over small to very extensive areas by applying
both geotechnical instruments and satellite technology (GPS/GNSS and DInSAR). Spatially
continuous (spatio-continuous) monitoring can be thus realized.

On the other hand, Figure 4(b) shows a diagram of the relationship between the measurement
interval (period) and the size of a monitoring area. Geotechnical instruments can measure
displacements at any interval. In the case of GPS/GNSS, the interval of the measurements is
usually an hour when the baseline length is within 1 km. Recently, however, the measurement
interval can be a second or less (e.g., 20 Hz) if accuracy of a few cm is acceptable.

In the case of DInSAR, the interval of the measurements depends on the satellite regression
cycle. It is usually several days or a few weeks or more. Although there may be a limitation in the
measurement interval for monitoring extensive areas at present, there are plans to launch
numerous SAR satellites which will improve this issue. Therefore, temporal continuous
monitoring can be done. Consequently, spatio-temporal continuous displacement monitoring can
be realized by combining the two types of satellite technology with geotechnical instruments.
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Figure 4. Spatio-temporal continuous displacement monitoring using geotechnical instruments and sat-
ellite technology: (a) measurement accuracy and baseline length, (b) measurement interval and baseline
length, and (c) examples of size of monitoring area.

2.3 Coupling GPS/GNSS and SAR for monitoring a slope

A case study on the coupling application of GPS/GNSS and SAR for monitoring a slope is intro-
duced in this section as an example of “spatio-temporal continuous displacement monitoring”.

The monitoring site is a steep slope, with a height of about 100 m, along a national road in
Japan (see Figure 5). The slope is primarily composed of rhyolite and granite which formed in
the Cretaceous period of the Mesozoic era, and its surface is partially covered with a colluvial
deposit. Vegetation extends over the slope and creates an obstruction above the antennas of the
GPS sensors.

In July 1972, the slope collapsed in large areas and deposits flowed, causing damage to a rail-
way and a national road. The railway track was later replaced by a new route with a tunnel running
through the mountain. A check dam was then constructed to collect deposits from the upper part
of the slope, and a rock shed was built above the road to protect passing vehicles and people.
Since then, large failures, small surface collapses, and runoffs have occasionally occurred due to
heavy rainfall events from the 1990s to the early 2010s.

The slope behavior continued to be monitored by conventional geotechnical instruments, i.e.,
surface extensometers, borehole inclinometers etc. However, most of them have become unavail-
able and/or have broken due to the occurrence of large displacements. In addition, those instru-
ments were available only in limited areas, and it was difficult to monitor the entire slope.

Therefore, GPS sensors were set in large areas of the slope: i.e., firstly at monitoring points G1
and G2 in 2012 (Furuyama et al. 2014), then at G3 and G4 in 2014 (Kien et al 2017; Sato et al.
2021), and finally at G5 and G6 in 2018 (Figure 5(b)). K1 is the reference point. G1 was removed
in 2014 after a surface collapse occurred around this point. All the sensors were firmly fixed at
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the monitoring points on the ground surface by a tripod with anchors (Figure 6). The height dif-
ferences between monitoring points G2 to G6 and reference point K1 were from 70 to 110 m. The
upper row in Figure 6 shows photographs of sky views above the sensors. It was found that the
vegetation and the slope surface behind the sensors partially cover the sky area from the northeast
to the southwest. The GPS monitoring system (Figure 1) has automatically monitored the three-
dimensional displacement every hour at each point and provided the results on a website through
the Internet.

Figure 5. Monitoring site and locations of GPS sensors: (a) target slope and (b) GPS monitoring points.

(

Figure 6. GPS sensors with sky view photos above sensors: (a) reference point K1, (b) monitoring
points G2, (¢) G3, (d) G4, (¢) G5 and (f) G6.

In order to perform precise monitoring, signal disturbances due to obstructions above the an-
tennas were reduced by the mask procedure, and errors due to tropospheric delays were corrected
by a tropospheric model using meteorological data. These procedures are based on the ISRM
suggested method, which the author proposed (Shimizu et al. 2014). After removing such errors,
the “trend model” was applied to estimate the exact displacement (Shimizu et al. 2014).

Figure 7 shows the monitoring displacements at G2, G3, and G4 from 12 August 2014 to 1
May 2021 and at G5 and G6 from 25 December 2018 to 1 May 2021 together with the amounts
of rainfall (mm/day) expressed by the bar graph. The standard deviations of the measured dis-
placements in the horizontal directions (latitude and longitude) and in height are 1 to 2 mm and 3
to 4 mm, respectively, for all the monitoring points. Continuous three-dimensional displacement
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monitoring was performed for almost seven years without missing any data, except during the
maintenance period.

Table 2 shows the annual average displacement at all the monitoring points, G2 to G6. The
value is seen to gradually decrease within several mm per year, although there have been heavy
rainfall events with more than 100 mm/day several times since 2014. The decrease in slope dis-
placements might have been caused by the effect of the horizontal drainage holes, drilled in 2014
as a countermeasure to the landslide, in the upper area around G4.

Figure 8 shows the transition of the displacement vectors in the plan view and in the vertical
sections of the slope from August 2014 to December 2018. During this period, the displacement
at G3 headed to the northeast, which is the direction of the collapsed portion, up to 9 May 2016,
after which it turned to the northwest (downward movement). The displacement at G4 constantly
increased in the inclination direction of the slope, while the displacement at G2 subsided. There-
fore, this portion, including monitoring points G2, G3, and G4, seems to show a rotational slide.

On the other hand, the slope behavior has changed since January 2019, as shown in Figure 9.
The displacements at all the points, G2 to G6, have been heading in almost the same direction as
that at G3 since 9 May 2016, in both the plan view and the vertical section, as seen in the com-
parison in Figure 8(a) and Figure 9(a), and Figure 8(c) and Figures 9 (b) and (c). Therefore, this
area seems to show translational movement along the boundary between the rhyolite (surface
rock) and the granite (bedrock).

(a)
Noth  mm G2 mm G3 mm G4 == G5 == G6 oS
- ©
£ 3
£ S — %0 £
) =
e
= R — B ‘ PL | 10 £
= TN VOO S PN YONTY I X PRV | VI T TV T 1]
South 2014/8/12 2015/8/12 2016/8/12 2017/8/12 2018/8/12 2019/8/12 2020/8/12 2021/511
out Time [year/month/day]
(b) __
2 G2 = G3 == G4 == G5 == GG w 5
= NSO B F—w—— —t—— b 3
T | o= S o — ek
% — i am £
! ©
5 | " | L. ‘ ST =100 g
- TR AL O A IR IR OO 1 OO T Y R &
West  2014/8/12 2015/8/12 2016/8/12 2017/8/12 2018/8/12 2019/8/12 2020/8/12  2021/5/1
Time [year/month/day]
()
Up
_ == G2 == G3 == G4 G5 == G6 0 =
E T — ) - S ] a0 g
= N Y B i e — o E
.-E.’ g _ 10 =
(] | | ‘\‘ | ‘H\ I | M‘ [IH ‘ﬁ— R i f I 1 e Pt E
T . VTN O N R RN W11 TR VWY TV W PSRV ORI Tl Lt T T Tl il 10 ©
Down 2014/8/12 2015/8/12 2016/8/12 2017/8/12 2018/8/12 2019/8/12 2020/8/12 2%21/5/1 ©

Time [year/month/day]

Figure 7. Temporal transition of three-dimensional displacements: (a) latitude, (b) longitude, and
(c) height.

Table 2. Annual rate of displacement at monitoring points (mm/year).

No./Year 2014 2015 2016 2017 2018 2019 2020
G2 19 7 6 3 5 4 6
G3 40 18 18 24 12 6 5
G4 24 9 6 7 3 2 6
G5 - - - - 13 6 3
G6 | - - - = 12 5 4
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As seen above, GPS displacement monitoring is effective for detecting the detailed three-di-
mensional displacements of a slope. This is one of the great advantages of GPS monitoring. How-
ever, the slope behavior can be found only at the monitoring points set at a GPS sensor. On the
other hand, SAR has the potential to find the displacement distribution of the entire area.

SBAS-DInSAR was applied to this slope for finding the transition of the displacement distri-
bution (Nagasaki et al. 2021). L-band ALOS-2 data were employed in this analysis because the
target slope is located in an area of deep vegetation. All the SAR data processing in this paper
was conducted with Envi-SARScape 5.5.3.

Figures 10 and 11 show the temporal transition of the spatial distributions of the LOS displace-
ment around the target slope obtained by SBAS-DInSAR, using ascending and descending data,
for about 5 years from 2014/15 to 2021 (16 ascending and 26 descending images), respectively.
The final accumulated LOS displacement distributions for the slope are shown with the horizontal
displacement vectors by GPS during similar periods in Figures 12(a) and (b).

Target siope

Figure lwl'.MLOS displacement distfibﬁtion by descending data from 9 Feb. 2015 (@5 Mar. 2018, (b) 4
Mar. 2019, (c) 2 Mar. 2020, and (d) 1 Mar. 2021.
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Figure 12. LOS displacement distribution by DInSAR and displacement vectors by GPS (G2 to G4: 12
Aug. 2014 to 31 May 2021; G5 and G6: 1 Jan. 2019 to 31 May 2021): (a) ascending results (6 Nov. 2014

to 4 Mar. 2021) and (b) descending results (9 Feb. 2015 to 1 Mar. 2021).
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The resolution of the ground surface (unit of pixels) is 10 m x 10 m. The LOS displacements
are represented by the range in color from red to blue denoting mm units from —200 mm to 200
mm. The red and blue mean negative (extension) and positive (compression) LOS displacements
(Figure 3(b)), respectively.

In the area with low coherence, below the threshold value (0.3 is employed in this study), the
results of the LOS displacement have been removed from the map. Coherence is an index, taken
as 0 to 1, to represent whether a good interferogram has been produced. A higher value indicates
a better condition for obtaining reliable results. Results are not shown in some of the vegetation
area due to low coherence in the descending results (Figure 12(b)).

In order to investigate the validity of the results of DInSAR, the LOS displacements are com-
pared with ones measured by the GPS displacement monitoring system. Since the GPS monitoring
system provides three-dimensional displacements, they must be converted to the LOS direction
by the following equations:

—sinf,cosf,

diosay = [De-w  Dn—s Dy_p] [—sineasinﬁa] (D

cosf,
sinf,cosBy

diosy = [De-w  Dn-s  Dy-p] [—sinedsinﬁd
cosb,

2

where d;p54) and d o5y are the ascending and descending LOS displacements, respectively,
6, and 6,are the incidence angles of the microwaves transmitted from the satellite on the ascend-
ing and descending orbits, respectively, and g, and g, are the angles of the ascending and de-
scending satellite flight directions, respectively, as shown in Figure 13. Dgz_, Dy_s, and D,_, are
the displacement components of the longitude, latitude, and height direction, respectively.

Figures 14 and 15 present comparisons between the displacements obtained by DInSAR and
GPS at G2 to G6 in the ascending and descending LOS directions, respectively. The discrepancies
between the two sets of displacements are within 10 mm and 20 mm for the ascending and de-
scending results, respectively. Figure 16 shows the correlation between DInSAR and GPS at all
the GPS monitoring points, namely, G2 to G6. It is found that the DInSAR results agree well with
the GPS results. This means that DInSAR can be applied for monitoring displacements with cm
accuracy, even those of steep slopes in areas with dense vegetation.

As seen in Figures 7 to 12, the combination of SAR and GPS could be one desirable method
for monitoring the behavior of a slope; it brings about the realization of “spatio-temporal contin-
uous displacement monitoring”.

b
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Figure 13. Geometry of three-dimensional displacements projected into LOS dis-
placements in ascending and descending right-looking directions: (a) ascending
case and (b) descending case.
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3 CASE STUDIES
3.1 Subsidence induced by underground salt mining in Tuzla, Bosnia and Herzegovina

The subsidence in Tuzla, Bosnia and Herzegovina, has been creating a large hazard for a long
period of time, mainly since the 1950s. It was reported that the main factor in this subsidence is
the underground salt mining activities (Mancini et al. 2009a).

The Tuzla salt deposit is located beneath Tuzla City in an area of approximately 2 km? (Figure
17(a)). It consists of five separate salt series embedded in syncline with one of the wings close to
the surface of the city's center. The maximum thickness of the salt formation is 600 meters (Figure
17(b)). The lithological composition is halite, gypsum, anhydrite, laminated and thin-layered
marls, tuff, poriferous limestone, etc.

The subsidence was measured by traditional topographic surveys from 1956 to 2003. The GPS
surveys produced subsidence information in three periods, namely, 2004 to 2005, 2005 to 2006,
and 2006 to 2007 (Mancini et al. 2009b). From 2008, other GNSS and geodetic surveys have been
conducted (Celikovi¢ et al. 2014; Celikovi¢ and Imamovi¢ 2016). However, a more efficient,
effective, and economical monitoring method is desired in addition to the conventional method.
SBAS-DInSAR was applied to update the subsidence situation by the author and his colleagues
(Parwata et al. 2020; Gruji¢ et al. 2022).
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Figure 17 Geological condition of Tuzla: (a) plan view (modified from Mancini et al.
(2009a)) and (b) vertical X-X’ cross section (Parwata et al. 2020).
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Figure 18(a) shows the contour lines for the subsidence from 1956 to 2003 (Mancini et al.
2009a; 2009b). The figure reveals that the maximum subsidence reached about -12 m. It was
found that subsidence of more than 1m extended to an area of about 2 km? in the city, including
a residential area, and was shaped like a trough. Figures 18(b), (¢), and (d) show the subsidence
distributions measured at four different times by static GPS surveys, namely, in 2004, 2005, 2006,
and 2007 (Mancini et al. 2009a; Stecchi 2008). The survey network was composed of six refer-
ence points and 60 densification measurement points (Mancini et al. 2009a).

The GPS results for 2004 to 2005 show that the subsidence continued at a rate of -12 to -22
cm/year in the north part of Pannonica Lakes (Figure 18(b)), although the rate had largely de-
creased compared to that of the previous period (1956 to 2003). A considerable area in the north-
east part of the city was subjected to subsidence rates of -2 to -5 cm/year. In the period of 2005
to 2006, the subsidence rate decreased to -8 to -22 cm/year around Pannonica Lakes (Figure
18(c)). Mancini et al. (2009a) and Stecchi (2008) stated that the GPS results from 2006 to 2007
showed that the subsidence was heading to the end almost everywhere, except for the area near
Pannonica Lakes where the subsidence rate was still about -10 cm/year (Mancini et al. 2009a;
Stecchi 2008) (Figure 18(d)).

The official date of termination of the salt deposit exploitation was in May 2007. GNSS and
geodetic surveys were continued after the suspension of the operation of the salt wells, as the
number of observed points was changing.

Figure 18(e) shows the spatial distribution of the subsidence measured by GNSS and geodetic
surveys from 2008 to 2012 (Celikovi¢ et al. 2014). The distribution of subsidence is similar to that
obtained by GNSS from 2004 to 2007. Large subsidence was found around the most eastern part
of the salt deposit. The subsidence became small toward the northwest parts of the salt deposit.
The maximum subsidence of -53.2 cm was found at a point in a hilly area located in the southeast
part of the salt deposit.

A SBAS-DInSAR analysis was applied to find the recent subsidence distribution by using 145
Sentinel-1 SAR descending Sentinel-1 data observed from October 2014 to May 2019. Figure
18(f) shows the spatial distribution of the subsidence obtained by SBAS-DInSAR. This spatial
distribution is similar to those by GPS surveys from 2004 to 2007 and by GNSS and geodetic
surveys from 2008 to 2012. This means that the subsidence still continued in a similar manner
even after the extraction of salt water had been terminated in 2007. However, the absolute value
of the subsidence has been decreasing.

From Figures 18(a) to (f), the location of the large subsidence area is seen to have moved to
the southeast border of the salt mine deposit (northeast of Pannonica Lakes), while it was located
in the center of the salt mine region in the previous period (1956 to 2003). It should be noted that
the complex hydrodynamic groundwater system for the city of Tuzla plays a major role in the
creation and speed of the settlement. In the northeast hilly area of Pannonica Lakes, large hori-
zontal displacements were detected (Celikovié et al. 2014; Celikovié and Imamovié¢ 2016) and
complex behavior comprising a combination of landslides and subsidence has appeared.
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Figure 18. Temporal transition of spatial distribution of subsidence in Tuzla from 1956: (a)
traditional topographic surveys presented by contour lines (1956 to 2003) (Mancini et al. 2009a)
(dashed line indicates salt deposit border), (b) GPS surveys (2004 to 2005), (c) GPS surveys (2005
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(Gruji¢ et al. 2022).

23



IX Latin American Rock Mechanics Symposium ISRM International Symposium
© 2022 ISRM, ISBN 978-99925-3-874-6 Jose Félix Pavon, Editor

Figure 19 shows the accumulated subsidence distribution obtained by DInSAR and the loca-
tions of the measurement points for all the GNSS surveys. From all those points, four points are
selected for a discussion on the transition of the subsidence from 2004 to 2019. Figure 20 shows
the temporal transition of the subsidence obtained by GPS (2004 to 2007), GPS (2007 to 2012),
GNSS (2013 to 2018), and DInSAR (2014 to 2019) at four selected points, namely, Nos. 7, 16,
34, and 37 (white numbers and filled circles in Figure 19).

No. 7 is located in the southern part of the salt deposit near Panonnica Lakes (Figure 3). From
Figure 20(a), it is found that large subsidence with a value of -40 mm/year was still occurring in
the period of 2004 to 2007. However, it gradually decreased in the period of 2007 to 2012 and
decreased to -10 mm/year from 2013 to 2019. It should be noted that a good agreement was found
between the GNSS (2013 to 2018) and the DInSAR (2014 to 2019) monitoring results.

No. 16 is located outside of the salt deposit (Figure 19). It is in the zone with the highest sub-
sidence, as shown in Figures 18(e) and (f) (2008 to 2019). From 2004 to 2007, the rate of subsid-
ence was about -100 mm/year (Figure 20(b)). Although it decreased to -30 mm/year from 2008
to 2012, the rate increased again to -70 mm/year from 2013 to 2019 based on the measurement
results by both of GNSS and DInSAR.

No. 34 lies outside the salt deposit (around the south end of downtown). It has been stable for
the last 15 to 20 years, although small subsidence appeared from 2008 to 2012 (Figure 20(c)).

No. 37 is located near the salt deposit border (dotted line in Figure 19). It has also been stable,
while the subsidence tended to be -2.5 mm/year in the past (2004 to 2006) (Figure 20(d)).

It is important to note the good agreement between the monitoring results by GNSS (2013 to
2018) and DInSAR (2014 to 2019) at all the monitoring points.

Based on the continuous monitoring of the temporal transition and special distribution of the
subsidence, it is found that there is an area where the yearly subsidence rate is still -10 to -40
mm/year in the hilly area around Nos. 15 and 16, and that the rate decreased to smaller than minus
a few mm/year in the downtown area, including Nos. 22-24, 34-36, and 39-44 (Figure 19). In the
north-west and the southeast areas of the salt deposit, the results show that the subsidence still
continues at the rate of approximately -3 to -10mm/year. The combination of SBAS-DInSAR,
GNSS, and geodetic surveys is effective for monitoring the displacement behavior in the entire
city.
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3.2 Landslides in Vipava River Valley, Slovenia

The Vipava River Valley, located in the southwest part of Slovenia, is well known as a landslide-
prone area (see Figure 21). There are four remarkable landslides in this area (Bizjak and Zupanci¢
2009; Jemec Auflic et al. 2017; Verbovsek et al. 2018), namely, Rebrnice, Stogovce, Slano blato,
and Selo. The area extends 40 km in length and several km in width. The landslides are
characterized by the various volumes and velocities of their movement. The occurrence of debris
flows and landslides sometimes causes damage to residences, infrastructures, farmland, etc.

It is vital that the current situation of these landslides be known and that better mitigation plans
be designed by monitoring the landslide behavior and conducting geological and geotechnical
studies. An effective monitoring method that is capable of covering extensive areas is needed.
SBAS-DInSAR has been applied to this area (Yastika et al. 2019b).

Complex landslides, which have been occurring from the Pleistocene to recent times, are
related to the geological structure. Mesozoic carbonates have been thrust over folded and
tectonically fractured Tertiary siliciclastic flysch (Jemec Aufli¢ et al. 2017). Such overthrusting
has caused steep slopes and the fracturing of rocks, producing intensely weathered carbonates and
large amounts of carbonate scree deposits.
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The differences in elevation here are significant and range from 100 m at the valley bottom to
over 1200 m on the high karstic plateau. The combination of unfavorable geological conditions
and periods of intense short or prolonged rainfall has led to the formation of different types of
complex landslides. The blue polygon in Figure 21(a) shows the study area.

This study used 134 and 139 Sentinel-1 SAR images in the ascending and descending passes,
respectively, observed from September 2016 to January 2019 by Sentinel-1 satellites. Figures
22(a) and (b) show the LOS displacement distributions in the ascending and descending passes,
respectively. The magenta color on the maps represents areas of geometrical distortion in the SAR
data, such as radar layover or shadowing. Some areas had no results (no color) due to low
coherence.

The “Slano blato landslide area” is taken to see the detailed transition of the LOS displacements
from Figure 22. Figures 23(a) and (b) present ascending and descending LOS displacement
distribution maps and the temporal transition at three points in the Slano blato landslide area,
respectively. The spatial distribution of the surface displacements is clearly visible. Several deep
wells were constructed at the top of the slope as a countermeasure to the landslide (Figure 23(c)).
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study area (Yastika et al. 2019b).
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Figure 22. LOS displacement distribution maps of Vipava River Valley from 2016 to 2019: (a) results
in ascending pass and (b) results in descending pass (Yastika et al. 2019b).
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In Figures 23(a) and (b), the temporal transitions of the LOS displacements at W6, N20, and
UD?2 were taken from the upper, middle, and lower portions of the slope, respectively. Figure 24
illustrates the geometrical relationship between the actual three-dimensional displacement vector
and the LOS (ascending and descending) displacements.

The results in Figure 23 indicate that the displacement of the Slano blato landslide area seems
to still be moving downward at the head and the toe, and the middle portion is moving slightly
toward the front of the slope at a rate of at least 50 mm/year.

DInSAR will be possible to reveal complex landslide behavior over the extensive area and to
achieve a better understanding of the spatio-temporal ground surface movement.
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Figure 23. LOS displacement distribution maps and temporal transition at selected points in Slano blato
landslide area: (a) displacements in ascending pass, (b) displacements in descending pass (Yastika et al.
2019b), and (c) deep wells constructed at the head of slope.
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Figure 24 Schematic diagram of geometrical relationship between actual displacement vector and LOS
(ascending and descending) displacements: (a) W6 and UD2, and (b) N20.
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3.3 Landslides in northern Black Sea coast of Bulgaria

The Black Sea coast of Bulgaria is well known as an active landslide area across which various
landslides extend (Bruchev et al. 2007). A lot of research has been done, from both geological
and engineering perspectives, and countermeasures have been partially performed for stabilizing
the landslide activity. On the other hand, monitoring the real behavior of landslides has not often
been conducted due to technical difficulties and cost issues, although it is essential to reveal the
mechanism of these landslides and to solve the problems they cause. Since SBAS-DInSAR could
be an effective method for monitoring the landslide behavior in such extensive areas, it was
applied to the area along the northern Black Sea coast (Yamaguchi et al. 2021, 2022).

Figure 25(a) shows the distribution of the landslide locations at Balchik and Kavarna
municipality along the Black Sea coast in northern Bulgaria (MuHHCTEpCTBO Ha PETHOHATHOTO
pasButue u Onaroycrporicteoro 2021). In this region, there are four landslide hotspots, namely,
Topola village, Alley Echo (EXO), Sviloza, and Fish-Fish, which are represented by the squared
regions in Figure 25(a).

Figure 25(b) is a geological map with the landslides in this area (Evstatiev et al. 2013). The
regions denoted by “V” and “IV” along the coast represent the target areas including the four
landslide hotspots shown in Figure 25(a). These regions are composed of limestone (kvNls),
aragonite clay with limestone interaction (toN1s), and diatomaceous clay (evNlkg-s). The
northern part from the crown line of the main scarp comprises limestone of the Kavarna Formation
(kvN1s), and the more northern area comprises loess (yellow soil) complex (eolQp). North of the
crown line is a limestone plateau called the Lower Romanian Level (LRL).

The Sentinel-1 data are applied to create the interferogram for the SBAS-DInSAR analysis.
Two datasets, namely, 273 images on the descending pass observed from 8 October 2014 to 9
May 2020, and 196 images on the ascending pass observed from 9 October 2014 to 7 September
2020, are used.

Figure 26 shows the LOS displacement distributions of the target area of Balchik and Kavarna
(Figure 25(a)) from 2014 to 2020 for the descending and ascending passes. The LOS
displacements are represented by the range in color from red (negative: extension) to blue
(positive: compression) denoting mm units from —200 mm to 200 mm. Larger displacements
are found in both eastern and western end areas of Topola village and the Fish-Fish district,
respectively, in Figure 26.

To evaluate the results of SBAS-DInSAR and to discuss its applicability for monitoring the
landslide behavior, the DInSAR results are compared with the actual behavior observed by field
investigations (MUHHCTEPCTBO Ha PETMOHAIHOTO pa3BUTHE U OnaroycrpoiictBoro 2017, 2018,
2019). Topola village is taken as an example in this section for comparison.
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Figure 25. Study area along the northern Black Sea coast of Bulgaria: (a) map of landslides
(MuHHCTEPCTBO Ha PErMOHANHOTO pa3BuTHe M OnaroycrpoiicrBoro 2021) and (b) geological map
(Evstatiev et al. 2013).
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Figure 26. LOS displacement distributions in Balchik and Kavarna area by SBAS-
DInSAR: (a) descending pass (8 Oct 2014 to 5 May 2020) and (b) ascending pass

(9 Oct 2014 to 7 Sept 2020) (Yamaguchi et al. 2021).

Figure 27 is an enlarged view showing the LOS displacement distribution in the descending
and ascending cases at the eastern end of Topola village. According to the annual reports
(MuHUCTEPCTBO Ha PErHOHAIHOTO pa3BUTHE M OnaroycrpoiicrBoro 2017, 2018, 2019), a
landslide developed in the coastal area near a golf course around the eastern end of Topola village.

Large deformation has been seen among the massive buildings located inside of the landslide
area (Figure 28(a)). For example, one building is inclined backward and the front of it is visibly
raised, while others have moved forward and are twisted (Figure 28(b)). The landslide body has
cut off the road to the golf course, and transverse ridges have appeared, as shown in Figure 28(c).
There are terraces and cliffs at the landslide toe up to a height of about 3 to 4 m along the coastline.

The border of the landslide area, shown in Figure 28(a), is drawn on the displacement map in
Figure 27. The area with the large displacement observed by SBAS-DInSAR coincides with the

actual landslide area (Figures 27 and 28).
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Figure 27. LOS displacement distribution maps around eastern end of Topola village: (a) descending
pass and (b) ascending pass (Yamaguchi et al. 2021).
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Figure 28. Landslide around eastern end of Topola village: (a) boundary of landslide body, (b)
damaged buildings, and (c) transverse ridges (red line) (MUHHUCTEPCTBO HA PErHOHATHOTO PAa3BUTHE
u 6maroyctpoiictsoro 2017, 2018, 2019).
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Figure 29 shows the temporal transition of the LOS displacements in both ascending and
descending cases at four points (pixels) in this area, namely, P29, P30, P31, and P33, as shown in
Figure 27.

P29, on the plateau above the slope, is stable because almost no displacement appears, as shown
in Figure 29(a).

At P30, located in the area of massive buildings (Figure 28(b)), both descending and ascending
LOS displacements have significantly increased toward the negative side (extension) over time
(Figure 29(b)). Considering the geometrical relationship between the actual three-dimensional
displacement vector and the LOS (ascending and descending) displacements, shown in Figure 24,
such behavior indicates that the actual displacements are dominantly subsidence. The eastern
component of the displacement is estimated to be small. Since the slope faces south and the
massive buildings sit on the middle terrace of the slope, the displacement is supposed to move in
a southern and downward direction.

At P31, in the middle of the slope, the descending LOS displacement is almost zero or slightly
positive, while the ascending one is negative (Figure 29(c)). This indicates that the actual
displacement dominantly moves to the east and downward.

At P33, near the coastal area, both descending and ascending LOS displacements are
compression, and the descending one is larger than the ascending one (Figure 29(d)). Therefore,
the actual displacement seems to move upward and slightly to the east at the landslide toe.

From the above discussions, it is found that this area shows typical landslide behavior as shown
in Figure 30. The results of SBAS-DInSAR correspond to the actual behavior described in the
official reports (MUHHCTEPCTBO Ha PETHOHAIIHOTO pa3BUTHE U OnaroyctpoiictBoto 2017, 2018,
2019), and they verify the applicability of DInSAR for monitoring landslides in extensive areas
along the northern Black Sea coast.
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Figure 29 Temporal transition of LOS displacements by ascending and descending data around eastern
end of Topola village: (a) P29, (b) P30, (c¢) P31, and (d) P33 (Yamaguchi et al. 2021).
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Figure 24. Schematic illustration of estimated displacement
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4 CONCLUSIONS

Satellite technology, namely, GPS/GNSS and SAR, have become important tools for monitoring
ground displacements in Rock and Geotechnical Engineering. The concluding remarks are as
follows:
+ Displacement monitoring using GPS/GNSS can provide the three-dimensional displacements
of the ground automatically and continuously with mm accuracy.
The International Society for Rock Mechanics and Rock Engineering approved “the ISRM
suggested method for monitoring rock displacements using the Global Positioning System”.
GPS/GNSS has become a standard tool for displacement monitoring.
DInSAR analysis using SAR data can provide the displacement distribution of the ground
surface in extensive areas without the necessity for any devices on the ground. The time
transition of the displacement at points of interest can also be found.
Numerous case studies of applications of GPS/GNSS and DInSAR have been accumulated
by many researchers and engineers. Both methods will be very effective for realizing spatio-
temporal continuous displacement monitoring in Rock and Geotechnical Engineering
practice.

Satellite technology can make invisible ground behavior, which could not be detected up to
now, visible. Its contribution to finding the mechanism of the ground behavior, assessing the
stability, predicting risks, and preventing and mitigating disasters is highly anticipated.
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Rock Mechanics for Deep Engineering
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EXTENTED ABSTRACT

In recent decades, there have been more and more deep hard rock projects (rock projects with
buried depth exceeding 1000m or in-situ stress dominated by horizontal tectonic stress and max-
imum principal stress greater than 20MPa, rock uniaxial saturated compressive strength greater
than 60MPa) in the fields of mining, traffic tunnel, underground powerhouse and diversion tunnel
of water conservancy and hydropower, energy development such as shale oil and gas and geo-
thermal, underground space utilization and underground physics laboratory. Most of these pro-
jects occur in extremely complex engineering geological environments such as high ground stress
and strong tectonic activities, and the engineering disturbances are often very violent (large sec-
tion, large volume, drilling and blasting method, TBM excavation, etc.). Geological disasters such
as hard rock fracturing (deep cracking, time-dependent fracturing), rock spalling, large defor-
mation, large-scale collapse, rockburst and so on caused by engineering excavation occur fre-
quently, causing serious casualties, equipment damage and construction period delay. Its failure
characteristics are obviously different from those of shallow engineering, which are dominated
by surface deformation and structural failure of surrounding rock, mainly manifested as internal
fracturing and energy releasing of surrounding rock, which pose a great challenge to the research
of rock mechanical characteristics and catastrophe mechanism cognition, prediction and analysis
theory, rock engineering design and disaster prevention and control.

Based on the cognition of deep engineering geological features, deep engineering excavation
effects and the development process of those deep engineering disasters, a deep engineering hard
rock mechanical system has been established and well applied, taking the internal fracturing pro-
cess of deep engineering hard rock induced by excavation under high stress as the core. The main
issues are as follows.

The rock mass structural characteristics under deep high stress environment and strong tectonic
activity, including the lithology, geological structure, typical rock mass structural types and phys-
ical and mechanical characteristics are summarized from different deep rock engineering. The
distribution characteristics of high in-situ stress level, large stress difference and complex spatial
relationship of stress field in deep engineering are expounded. The variation characteristics of
stress field in deep engineering during different excavation processes are studied, including the
working face effect, layered and divisional excavation effect, the rule of stress concentration area
transferring from excavation surface to inside rock, the gradual increase of stress difference, the
change of stress direction and the change rule of stress path. The characteristics of rock mass
structure change induced by excavation unloading of deep hard rock are studied, and the evalua-
tion method of deep engineering hard rock integrity and excavation evolution is established. It
reveals the characteristics of different types of disasters (deep cracking, zonal fracturing, time-
dependent fracturing, rock spalling, collapse, large deformation and rockburst) induced by differ-
ent excavation methods (drilling and blasting method and TBM).

Aiming at the characteristics of deep engineering geology and the characteristics of 3-dimen-
sional in-situ stress and its change induced by deep engineering excavation, a series of high-pres-
sure hard rock true triaxial test devices has been developed, as well as the test methods for stud-
ying the fracturing process of deep hard rock, including the method and apparatus for testing the
mechanical properties of hard rocks under high true triaxial stress paths, testing the rheological
properties of hard rocks under true triaxial compression, testing the shear behavior of hard rocks
under true triaxial compression and for testing the dynamic behaviors of hard rocks under true
triaxial compression. They can be used to test the mechanical characteristics, deformation and
fracturing mechanism, energy evolution characteristics, etc. of deep hard rock, hard rock with
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bedding plane and hard structural plane under the coupling action of true triaxial high stress load-
ing and unloading, path change, shear, rheology and dynamic disturbance. And the in-situ com-
prehensive observation technology with preset series of boreholes for studying internal fracturing,
deformation, stress concentration and transfer, energy accumulation and releasing of surrounding
rock in deep hard rock engineering has also been developed.

Through systematic tests, the characteristics, mechanisms and laws of brittle and ductile me-
chanical properties, three-dimensional failure strength, anisotropic fracturing and deformation of
deep hard rock induced by true three-dimensional high stress and stress path and direction changes
caused by excavation are revealed, with special attention to the failure, deformation and energy
accumulation and releasing process corresponding to the post peak stress-strain curve. The effects
of time dependent, stress path, bedding plane and hard structural plane and dynamic disturbance
have been revealed, and thereby the mechanical characteristics of deep engineering surrounding
rock with the excavation disturbance under true three-dimensional high stress, including the char-
acteristics of stress-induced brittleness and ductility, deformation and fracturing, energy releas-
ing, excavation damage, blasting vibration, etc., focusing on the control effect of internal fractur-
ing of surrounding rock and energy accumulation process on disasters.

In order to fully reflect the anisotropic failure, deformation and energy-release process of deep
hard rock induced by high 3-dimensional stress and stress path change during deep engineering
excavation, the failure mechanics theory of deep engineering hard rock is established by compre-
hensively considering the properties of deep hard rock mechanics, deep hard structural plane me-
chanics, and deep hard rock rheology mechanics. It includes three-dimensional failure criteria of
deep engineering hard rock, stress-induced anisotropic failure mechanical model based on tensile
fracturing, stress-induced anisotropic time-dependent failure mechanical model based on tensile
fracturing, evaluation indices of rock-fracturing and energy-releasing, three-dimensional numer-
ical analysis method of deep engineering hard rock fracturing process and three-dimensional in-
telligent back analysis method of rock mass mechanical parameters.

The in-situ comprehensive intelligent observation and monitoring technology and methods
have been implemented in typical deep engineering, and the systematic in-situ comprehensive
observation and monitoring of the internal fracturing, deformation and energy-releasing of deep
surrounding hard rock have been carried out. Combined with numerical simulation deep engi-
neering excavation induced rock fracturing process, the key information (evolution of the internal
fracturing, energy and deformation of surrounding rock) and its characteristics, mechanisms and
laws of the whole process of deep engineering disasters induced by the true three-dimensional
high stress and the stress concentration and path change induced by excavation have been sys-
tematically recognized, and thereby the mechanism of the development process of those deep
engineering disasters have been revealed, and then the intelligent assessment, prediction and
early-warning methods of disaster types, grades and locations based on these key information
have been proposed.

Based on the idea of reversing the development process of stress-induced disasters in deep hard
rock engineering, the active and targeted control principles and methods for internal rock-fractur-
ing and energy-releasing processes in the surrounding rock are established, including the crack-
restraint methods for controlling stress-induced disasters such as rock spalling, deep cracking,
zonal disintegration, large deformation and massive collapse and energy-control methods for con-
trolling different kinds of rockbursts, as well as the deep hard rock engineering design method
with the primary goal of controlling the internal fracturing and energy accumulation and release
of surrounding rock. Active control technology based on optimization of excavation section and
rate, stress-releasing and energy-absorbing and wave-absorbing support, and construction meth-
ods and technologies being adaptive to geological conditions and disaster risk control are devel-
oped, to suppress or reduce the internal stress concentration level, the intensity of stress adjust-
ment, the depth and degree of surrounding rock fracture and the degree of energy release of
surrounding rock in deep engineering, so as to avoid or reduce the occurrence of those deep en-
gineering disasters.
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The above proposed methods, theories, technologies and devices have been successively ap-
plied to solve the mechanical problems of different types of deep hard rock engineering with
different geological conditions. These engineering cases include deep buried traffic tunnels, deep
mine roadways, deep buried hydropower tunnels, underground power houses with high stress and
deep underground physics laboratory projects, covering different lithology (marble, sandstone,
siltstone, granite, gneiss, etc.), different tectonic stress levels and burial depths (more than 700m
and even 2400m), different rock mass structures (intact rock mass, hard structural planes, faults,
dikes, soft-hard interbeds, etc.), different sizes of deep underground projects (section span of 7 ~
34m, single tunnel and multiple cavern groups) and different construction methods (drilling and
blasting method, TBM) with different induced hard rock disasters (deep cracking, time-dependent
cracking, rock spalling, collapse, large deformation, rock burst).
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Keynote Lecture: Frictional Discontinuities: The Mechanics and
Imaging of Slip
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ABSTRACT:

The mechanical and hydraulic properties of rocks are strongly influenced by the presence and
properties of discontinuities, or fractures. The ability to locate and characterize natural as well as
induced discontinues in rock is of paramount importance to many engineering problems such as
slope stability, rock bridge integrity, hydraulic fracturing, geothermal energy and CO, sequestra-
tion, to name a few. Although fracturing in rock has been much studied, the current state of
knowledge, both theoretical and empirical, is largely based on observations on the surface of the
specimens where direct inspection of the existing or induced fractures can be made. The funda-
mental reason for this is the limitations of our techniques to illuminate damage in the interior of
rock. Experiments on rock and rock-model materials show that active seismic monitoring can be
used to detect the onset of slip along a frictional discontinuity, as well as the initiation of damage
inside rock in the form of tensile or shear cracks. Precursors to failure along a frictional disconti-
nuity undergoing shear were identified as the maximum in transmitted wave amplitude across the
discontinuity or the minimum in the amplitude of the wave reflected from the discontinuity. Ul-
trasonic precursors were observed well before slip or failure occurred along the discontinuity and
were attributed to a reduction in the discontinuity local shear stiffness. In rock specimens sub-
jected to uniaxial compression, tensile and shear crack initiation were identified as a distinct de-
crease in the amplitude of transmitted waves, which occurred prior to the detection of the crack
on the specimen surface. In contrast, the amplitude of the transmitted waves did not change during
shear crack initiation. However, seismic wave conversions (P-to-S or S-to-P wave) were found to
be effective in identifying the initiation of shear cracks in rock.

1 INTRODUCTION

The mechanical and hydraulic properties of a rock are strongly influenced by the presence and
properties of discontinuities, or fractures (e.g. Goodman, 1980; Jaeger et al., 2007). For the pre-
diction of rock mass behavior, it is important to understand the initiation and propagation of new
and pre-existing cracks, and how the cracks connect with each other or coalesce to form a contin-
uous fracture surface. The ability to locate and characterize natural discontinuities in rock as well
as induced discontinues is of paramount importance to many engineering problems such as slope
stability, rock bridge integrity, hydraulic fracturing, geothermal energy, CO; sequestration, etc.
In addition, prediction of impending slip of frictional discontinuities would contribute to prevent
failures and associated human and economic losses.

Fracture mechanics provides the framework to represent discontinuities in a rock as features that
evolve with stresses and/or time. A basic theoretical framework is available within the field, with
an increasing body of experimental and numerical research on crack initiation and propagation
from pre-cracked brittle materials loaded in compression. Experimental studies have been con-
ducted on crack initiation, propagation, and coalescence in pre-cracked brittle materials. In most
of these studies, the pre-existing crack (flaw) has been subjected to either mode I or mixed mode
I-1I loading (Reyes and Einstein, 1991; Chen et al., 1993; Germanovich et al,. 1994; Shen, 1995;
Bobet, 1997; Bobet and Einstein, 1998; Wong and Chau, 1998; Wong et al,. 2001; Sagong and
Bobet, 2002; Li et al., 2005; Wong and Einstein, 2006; Park and Bobet, 2009; Yang and Jing,
2010; Camones et al. 2013; Zou et al. 2012, Zou and Wong 2014; Zou et al. 2016). Two most
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common types of macroscopic cracks have been observed to be initiated from the tips of pre-
existing flaws, when loaded in compression: tensile (wing or primary) and shear (secondary)
cracks. Tensile cracks initiate at or near the tip of the flaw. They propagate towards the direction
of maximum compression and are stable (i.e., further propagation of these cracks requires appli-
cation of additional load). Shear cracks initiate from the tips of the flaws and are initially stable,
but may become unstable as crack coalescence or specimen failure occurs. In some experiments,
a white patch or zone consisting of microcracks was observed on the surfaces of marble (Wong
and Einstein, 2009a, b; Wong et al., 2013) and granite (Morgan et al., 2013), prior to the formation
of a crack. Coalescence is the linkage of the pre-existing flaws through tensile and/or shear cracks,
and may lead to rock failure. Coalescence between flaws in specimens under compression has
been studied in different rock materials. Chen et al. (1993), Li et al. (2005), and Wong and Ein-
stein (2009a, b) studied the cracking process and coalescence in marble; Reyes and Einstein
(1991), Shen (1995), Bobet and Finstein (1998), Sagong and Bobet (2002), Ko et al. (2006),
Wong and Einstein (2009a, b) and De Melo Moura and Bobet (2019) in gypsum; Wong and Chau
(1998) and Wong et al. (2001) in a composite material simulating sandstone; and Modiriasari et
al., (2020) in Indiana limestone.

Observations of slip and damage in the laboratory have relied on direct measurements and visual
inspection using optical magnification and high-speed cameras. Digital image correlation (DIC)
is an advanced experimental technique that has been used to observe the fracturing process on the
surface of specimens, by measuring full-field displacements, and also for kinematic measure-
ments along discontinuities and fractures undergoing shear (Sutton et al., 2008; Lin and Labuz,
2013; Hedayat et al., 2012, 2014b). The DIC method is gaining attention in fracture mechanics
because of its simple preparation process and system set-up (Lin et al., 2014). Acoustic Emission
(AE) has proven an invaluable tool for locating and to some degree determining the intensity of
damage. It has been successfully used to investigate damage processes in brittle materials (Ana-
stassopoulos and Philippidis, 1995; Shiotani et al., 2003; Bentahar and Gouerjuma 2009). For
example, Hu et al., (2013) employed AE to explore the fracture process in concrete through three-
point bending beam tests. They concluded that AE could locate the internal cracks in the specimen
and detect crack propagation until structural failure. In addition, AE can provide information
about the nature of the cracks, as both tensile and shear cracks produce different signals (Carvalho
and Labuz 2002; Fakhimi et al., 2002; Young and Thompson, 2007; Moradian and Einstein 2014).
An alternative or complementary technique to passive AE methods is active seismic or elastic
wave monitoring. The technique has been used to observe and quantify local changes in the phys-
ical properties of rocks and their discontinuities (Pyrak-Nolte et al., 1990a, b; Chen et al., 1993;
Hildyard et al., 2005; Leucci and De Giorgi, 2006; Kahraman, 2002). For instance, Hedayat et al.
(2014a) showed that compressional, P, and shear, S, wave propagation could be used to monitor
slip initiation and propagation processes along frictional interfaces and Modiriasari et al. (2017,
2018, 2020) found that tensile cracks could be detected by monitoring changes in amplitude of
transmitted or reflected waves through the specimen, while shear cracks were detected with con-
verted waves (those are waves converted from P- to S-waves or from S- to P-waves as the waves
impinge on a closed/shear fracture; for in-depth theoretical analyses of converted waves, see Nak-
agawa et al., 2000).

The paper provides experimental evidence that shows how slip initiates and propagates along a
frictional discontinuity and how active seismic monitoring can be used to detect the onset of slip
and slip failure on discontinuities undergoing shear, and to identify damage inside rock in the
form of tensile and shear cracks.

2 THE IMAGING OF SLIP

Direct shear experiments on two rock blocks were conducted using a biaxial compression
apparatus (Figure 1), that consisted of a horizontal loading frame to apply a normal stress on the
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contact surface and a loading machine to apply a shear stress. The horizontal loading frame was
composed of a flatjack, loading platens that encased the specimen and sensors, steel rods, rollers,
and plates. The flatjack was positioned behind the steel plate to apply a normal stress to the load-
ing plates and the specimen. A series of rollers were located between the loading platen and the
steel plate to minimize vertical friction and to ensure that the vertical load was resisted solely by
the contact surface between the blocks. The direct shear experiments were conducted under ap-
plied normal stress (1-4 MPa) and with a shearing rate of 8 pm/sec. Two LVDTs placed on top
of the specimen recorded the average vertical displacement of the specimen while the load cell in
the loading machine recorded the applied shear load. An electronic feedback loop was used to
control the flatjack pressure to maintain a constant horizontal stress, as Poisson effects could
induce horizontal expansion of the specimen during shearing. Compressional and shear wave ul-
trasonic pulses were transmitted through and reflected off the discontinuity during the direct shear
experiments. An ultrasonic wave measurement system was employed to continuously monitor a
discontinuity during the shear experiments. Two arrays, each with 13 embedded seismic (ultra-
sonic) transducers, were contained in the loading platens of the horizontal loading frame (Figure
1). A fast LabView-controlled data acquisition system with a sampling rate of 20 million sam-
ples/s (or 0.05 ps per point) recorded full waveforms in real time.

=

- “i Setsmic= N Fatjack
4 arrays k

Figure 1. Experimental apparatus.

The experiments were conducted on gypsum, as a rock model material (Einstein and Hirschfeld,
1973; Shen et al., 1995; Bobet and Einstein, 1998), and on Indiana limestone specimens. The
gypsum specimens were composed of two blocks with perfectly mated contact surfaces. Two
types of contact surfaces were tested: homogeneous and non-homogeneous. The homogeneous
contact surfaces had uniform frictional resistance (friction angle of 30°) along the discontinuity
while the non-homogeneous contact surfaces consisted of an area with low frictional strength on
one half and high frictional strength (frictional angle 45°) on the other half. The normalized peak-
to-peak amplitude of transmitted and reflected shear waves, as a function of shear displacement,
is shown in Figure 2 for a non-homogeneous rock discontinuity that was sheared in the biaxial
compression apparatus. In the figure, the peak-to-peak signal amplitude is normalized with re-
spect to its initial value prior to shear and the displacements are measured with respect to the
displacement required to reach the peak shear strength. As shown in Figure 2a, after the initial
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seating deformation of the specimen, the shear stress increased rapidly with shear displacement
until it reached the peak shear strength of the discontinuity. The amplitude of the transmitted shear
waves increased as the shear load was transferred to the specimen (Figure 2a). A distinct maxima
in the normalized transmitted shear wave amplitude occurred prior to the peak shear strength. A
maximum in transmitted amplitude was observed in the signals from all of the transducers and
was identified as a seismic precursor that indicated impending shear failure of the discontinuity.
The maximum in amplitude was followed by a decrease as additional shear displacement occurred
along the discontinuity. The decrease in the amplitude was greater for the smooth surface (upper
half of the discontinuity) than for the rough surface (lower half of the discontinuity). Figure 2b
shows the amplitude of the reflected shear waves. The amplitude of the reflected signals decreased
upon application of the shear load and attained a minimum prior to reaching the peak shear
strength. The minima in the amplitude of the reflected wave corresponded to the maxima of the
amplitude of the transmitted waves. After reaching the minimum, the amplitude of the reflected
waves increased due to the reduction of the discontinuity’s shear specific stiffness.
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Figure 2. Seismic precursors to the failure of a non-homogeneous discontinuity subjected to a normal stress
of 3 MPa: (a) Transmitted shear wave amplitude; (b) Reflected shear wave amplitude. The insets show the
location of the shear wave transducers. All transducers had polarization parallel to the direction of shear
loading.

The data shown in Figure 2 are representative of an extensive experimental study where over one-
hundred direct shear experiments were performed on discontinuities in gypsum (those included
different confinement stresses, surface roughness, repeatability and verification tests). The main
implication of the data is the identification of seismic precursors as significant changes in the
transmitted and reflected shear wave amplitudes that occurred prior to peak shear strength. The
precursors were evaluated as a function of the distance (in terms of shear displacement) between
their appearance and the peak shear strength. The discussion here is based on shear displacement
rather than on time to eliminate the effect of loading rate. For a better interpretation of the pre-
cursors, negative values are used to denote the magnitude of the shear displacement that remains
before reaching the peak shear stress. Thus, the more negative the value, the “earlier” the precur-
sor. The precursors to peak shear strength were observed between -0.2 mm to 0 mm for homoge-
neous smooth discontinuities (Figure 3a); between -0.36 mm to -0.1 mm for homogeneous rough
discontinuities (Figure 3b); and between -0.48 mm to -0.2 mm for the non-homogeneous discon-
tinuities (Figure 3c). Although the magnitude of the displacement may seem small in terms of its
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absolute value, it is an important fraction of the peak displacement. In fact, precursors appear
within the range of 50% to 80% of the peak displacement. The precursors were detected closer to
the macroscopic peak shear strength of the homogeneous smooth discontinuity (Figure 3a) than
to the macroscopic shear strength of the homogeneous rough discontinuity (Figure 3b). For spec-
imens with a non-homogeneous discontinuity, it was observed that the precursors occurred first
on the smooth surface and later on the rough surface or almost simultaneously along the entire
discontinuity. Given that the shear displacement between precursors and failure should be much
smaller for a smooth surface (Figure 3a) than for a rough surface (Figure 3b), the data in Figure
3c, from nonhomogeneous discontinuities, suggest that slip occurred first along the smooth sur-
face and later along the rough surface. This observation is in agreement with previous findings
(Martel and Pollard, 1989; Biirgmann et al., 1994; Bruhn and Schultz, 1996; Mutlu and Bobet,
2006), demonstrating that slip along a discontinuity does not occur simultaneously. It starts first
along a weak patch and then propagates through the discontinuity. As observed in the experi-
ments, the sequence of the precursors prior to failure indicates the non-uniform distribution of
micro-slip events along the discontinuity. Thus, failure along a frictional discontinuity is a pro-
gressive process, where micro-patches of the discontinuity fail first and slip propagates along the
discontinuity until the entire surface fails, at peak strength.
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Figure 3. Seismic precursors prior to failure of gypsum discontinuities (normal stress 1-4 MPa).

We also used a Digital Image Correlation (DIC) technique to measure shear displacements along
the discontinuity. Slip, defined as the relative shear displacement across the discontinuity, was
calculated from the surface displacement data separately for the smooth and rough portions of the
discontinuity. A comparison of the transducer measurements with slip in the experiments is made
in Figure 4. A significant increase in the rate of shear displacement was observed first for the
smooth surface, which was “predicted” by the precursor from the seismic transducers located on
the smooth surface. The rough surface also showed a significant increase in the rate of shear, but
it occurred closer to failure than with the smooth surface. The increase in the rate of shear dis-
placement was somewhat concurrent with the corresponding seismic precursor. It is clear from
the results that the precursor events were associated with the onset of slip along the discontinuity.

In another set of tests, direct shear experiments were conducted on limestone rock specimens
obtained in Bedford, Indiana (the discontinuities were obtained by the splitting of a single lime-
stone block). Similar to the observations made on the gypsum specimens, the amplitude of the
transmitted shear waves across the discontinuity increased upon the application of shear load and
reached a peak prior to the peak shear strength of the discontinuity. The precursors were identified
as a maximum in the amplitude of the transmitted shear waves that occurred prior to the peak
shear strength of the discontinuity, which were observed between -0.2 mm to -0.02 mm with
respect to the macroscopic failure of the discontinuity and appeared within the range of 60% to
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95% of the peak displacement. We interpret the results on limestone as a confirmation of the
observations in gypsum, i.e. the findings are not specific to a given rock-model material such as
gypsum, but also apply to natural rocks.
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Figure 4. Normalized shear wave amplitudes showing precursors and slip along the smooth and rough
surfaces obtained from DIC.

3 THE IMAGING OF FRACTURING

Uniaxial compression tests on prismatic limestone specimens, 203.2x101.6x38.1 mm, with one
or two flaws with length of 19.05 mm through the thickness of the specimens were performed
while P- and S-waves were transmitted through the rock. Figure 5 shows one of the specimens
tested, with two parallel non-overlapping coplanar flaws.
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Figure 5. Experimental setup for monitoring crack initiation and coalescence in limestone specimens with
two parallel coplanar flaws.
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An array of emitter P-wave transducers (1P and 2P in the figure) and S-wave transducers (3Sv
and 4Sv) was placed on the right hand-side of the specimens, and an analogous array of receivers
on the left (Figure 5).

In the experiments, the wave signals were monitored during loading and the surface of the speci-
men was inspected using DIC (Digital Image Correlation), to detect new cracks. It was consist-
ently found, through a large number of tests with different flaw geometries, that the onset of a
tensile crack was unequivocally associated with a change in amplitude of transmitted P- and S-
waves. Damage in tension is associated with the appearance of microcracks, which in turn induces
a reduction of stiffness of the material, which is then detected by changes in amplitude of the
transmitted (and reflected) waves. The damage occurs before micro-crack nucleation in the form
of a tensile crack, and thus the damage is detected by the seismic waves as a precursor of tensile
crack initiation. In shear, the damage is not large enough to change sufficiently the stiffness of
the material and thus it does not induce observable changes in amplitude. It is hypothesized that
damage in shear is associated with the creation of an array of oriented microcracks. Such an array
would induce converted waves (from P- to S-waves or from S- to P-waves, as discussed by Nak-
agawa et al., 2000). This hypothesis was confirmed by the results shown in Figure 6, that plots
the normalized amplitude of the transmitted and reflected waves from transducer 3S,, up to fail-
ure. The figure also shows that the amplitude of transmitted waves (in blue in the figure) was not
sensitive to the appearance of shear cracks (detected with DIC at 94.4 kN). However, the presence
of a reflected wave (in green in the figure) and, most importantly, the appearance of converted
waves worked as precursors to the onset of the shear crack (as it will be discussed, reflected waves
do not always detect shear cracks, while converted waves always do). The reflected and converted
waves appeared before the crack was detected with DIC. The figure also shows how the normal-
ized amplitude of the converted waves increased with the load, an indication of the growth of the
shear crack. Coalescence was observed, through DIC, at 105.6 kN.
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Figure 6. (a) Path of shear crack formation from DIC results, with the path of the transmitted, reflected, and
converted signals (blue, green, and purple dashed lines, respectively) from transducer 3S; (b) normalized
amplitude of wave transmission (blue circles), reflection (green squares), and conversion (purple triangles)
from transducer 3S; the inset displays a 18-ps window of received P-, and converted S- to P-wave wave-
forms from transducer 3S. After Modiriasari et al. (2020).

Figures 7 and 8 summarize the results from monitoring changes in amplitude of transmitted, re-
flected and converted waves (Modiriasari et al. 2020). Figure 7 is a graph of the ratio, in percent-
age, of the load of tensile/wing crack initiation obtained from changes of amplitude of transmitted
or reflected waves and the load when a tensile crack was observed with the DIC. The figure shows
that changes of amplitude of both transmitted and reflected waves are precursors to tensile crack
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initiation (note that data plots below the 100% ratio), with transmitted waves providing the infor-
mation earlier than reflected waves. Figure 8 is an analogous plot, but for the detection of shear
cracks. It includes data from transmitted, reflected and converted waves. As one can see, changes
in amplitude of transmitted waves appeared after the shear crack was formed, thus indicating that
significant crack growth or damage was needed for the shear crack to be detected with transmitted
waves. The figure also shows that reflected waves may also detect the onset of shear cracks, but
not in all cases, which brings into question the effectives of monitoring reflected waves. Con-
verted waves, however, systematically showed as precursors to shear crack initiation, irrespective
of the orientation of the shear crack with the direction of the incident wave (either with normal or
oblique incidence).
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Figure 7. Detection of tensile crack initiation with Figure 8. Detection of shear crack initiation with
seismic waves and DIC. seismic waves and DIC.

4 CONCLUSIONS

The most important outcome of the study is the discovery of seismic precursors prior to the shear
failure of frictional discontinuities in both gypsum, a rock-model material, and Indiana limestone,
a natural rock. Precursors were identified as the maximum in transmitted wave amplitude or the
minimum in the reflected wave amplitude. Seismic precursors were consistently observed well
before slip or failure occurred along the discontinuity. Precursors are associated with the onset of
slip along a patch and are attributable to a reduction in the discontinuity local shear stiffness.

In addition, active seismic monitoring, in particular compressional and shear wave propagation,
were used to detect and locate damage inside rock, in the form of tensile or shear cracks (faults).
The seismic monitoring method included an array of piezoelectric transducers that transmitted
elastic waves in the form of ultrasonic pulses through the rock to an array of receivers. The seismic
monitoring method provided a continuous and non-destructive way to probe the internal structure
of the rock. Extensive experimental work determined that: (1) Changes in transmitted and re-
flected wave amplitudes can detect damage inside the rock; (2) Wave transmission and reflection
from P- and S-wave transducers can be used to locate tensile cracks and crack coalescence, but
cannot detect faults; (3) P- and S-waves that cross a fault generate S- and P-waves (converted
waves) and can be used to detect the location of faults, as well as the growth of faults, because
the amplitude of the converted waves increases with fault propagation; (4) Theoretical consider-
ations suggest that shear cracks (faults) start inside the rock as an array of oriented microcracks,
which, with further loading, link with each other forming a macroscopic fault; and (5) Active
seismic wave monitoring is an effective tool to detect tensile and shear crack initiation, propaga-
tion and coalescence inside rock, as well as to determine the location of new cracks.
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Keynote Lecture: Continuum or Discontinuum — That is the
Question

N.R. Barton

Nick Barton and Associates, Oslo, Norway

ABSTRACT:

Several decades ago there was a strong focus on the need for discontinuum modelling to im-
prove upon the empirically based analysis of excavations in jointed rock. The remarkable codes
developed by Peter Cundall: UDEC and 3DEC were put to full use in the nineteen eighties and
nineties. For example, Q-system based cavern support could be verified or improved with such
analyses. Of course, these codes preferably require knowledge of rock mechanics and rock joint
behaviour, and perhaps familiarity with non-linear constitutive models as in UDEC-BB. Regret-
tably the classic textbooks of Hoek and Bray and Hoek and Brown in this period were subse-
quently followed by the suggestions for continuum modelling using a still not finalized GSI —
there are many attempts at improved quantification. JRC now reaching 50 years is also the sub-
ject of improved quantification, but it is not followed by the extraordinary page-wide equations
for ‘c’ and ‘@’ so no software is needed. The incorrect addition of these components of shear
strength (as indeed in Mohr-Coulomb) in commercial continuum codes is the final source of er-
ror of so many analyses. So-called plastic zones are exaggerated around tunnels, and rock slopes
are given seldom observed deep spoon-shaped failure predictions, ignoring the frequent influ-
ence of major discontinuities, and the usual failures within the slope faces. Of course, lake-bed
open-pit slope deposits or extremely weathered rock will give spoon-shaped failures as for rock-
fill and soil, but competent jointed rock will not fail like this: major discontinuities will usually
be involved, and wedge or planar failures will be the usual reality.

1 INTRODUCTION

We were advised more than 50 years ago by Brace and Miiller that cohesion is broken before
friction is fully mobilized. Gross errors are caused by adding these components of shear strength
when estimating the maximum height of cliffs and mountain walls. Since ‘c’ is not the lowest
component of strength, artificially lowered estimates are needed, or tensile strength and Pois-
son’s ratio are used (Barton and Shen, 2017). There is precious little empirical basis for the
Hoek-Brown equations for rock mass strength, but an excellent experimental basis of course for
the earlier intact rock H-B criterion. We may ask if is it logical to downgrade the strength of in-
tact rock to model rock masses (using opaque equations with joint roughness and number of
joint sets ignored) or better to apply the equations for the shear strength of joints and fractures
and estimate the initial cohesive contribution of intact bridges between the kinematically capa-
ble joint sets? In this lecture the author will be showing studies with UDEC, 3DEC, FLAC and
FLAC3D and FRACOD, and will be illustrating both discontinuum and continuum analyses for
tunnels, caverns and open-pit slopes. An earlier than UDEC phase, with fractured (2D) models
of underground excavations, will also be shown as an introduction.

2 PHYSICAL MODELS WITH FRACTURES PRE UDEC

The author was a student colleague of Cundall while he started to develop his first remarkable
computer code with blocks. However, we may start with what could be achieved with physical

49



IX Latin American Rock Mechanics Symposium ISRM International Symposium
© 2022 ISRM, ISBN 978-99925-3-874-6 Jose Félix Pavon, Editor

models of fractured media before Cundall’s codes became available, both pre-1970 and from
just prior to the Cundall/Itasca UDEC release in 1980. He was inspired to do better, as in Fig. 1.

Figure 1. The contrasting flexibility of Cundall’s intelligent computer code uDEC: two of four results of
varying angle ¢ from Cundall et al. (1975). A big contrast to the ‘fixed-fracture-sets’ fractured 2D models
developed some years earlier by the author in 1968. These physical models were utilized on two occa-
sions before UDEC was released. Several 2D ‘slab models’ with carefully loaded and excavated slope
models of 40,000 blocks were followed some years later with underground opening models with 20,000
blocks (Figs 2, 3 & 4). Individual slab models also allowed investigation of the relative effects of 4,000,
1,000 and 250 blocks in biaxial loading, which assisted in block-size scale effect understanding. The
smallest block sizes gave unexpected ‘linear’ stress-strain behaviour and some kink-band modes.

Figure 2. The principal mechanism of tension-fracture development and their roughness are illustrated top
left. A subsequent physical model series reported by Barton & Hansteen (1979) is shown on the right.
(My NGI colleague provided the continuum model comparisons). One year after publication of these
UNPP (underground nuclear power plant) studies, UDEC became commercially available. No regrets.

Some of these early pre-UDEC physical fracture models are reproduced in this lecture as they
still appear not to have been repeated by others and represent a ‘physical reality’ even though
not a ‘geological reality’. They may serve as 2D code verification objects. In the end the early
UNPP studies in Norway including site characterization, came to nothing, and Sweden (who
had part-funded these physical model studies through BeFo) built surface nuclear plants, while
Norway continued with more extensive underground hydroelectric power developments.
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Figure 3. A selection of the cavern models which were studied in the pre-UDEC period, in order to evalu-
ate the feasibility of underground nuclear power plant (UNPP) spans of 50m. The deformation vectors
show the importance of horizontal stress and demonstrate the inevitable inadequacy of isotropic continu-
um modelling. The inset joint (fracture) structures are at correct scale and show primary and secondary
fracture sets. All models had 20,000 blocks, meaning distant boundaries. Barton & Hansteen (1979).

3 SOME FUNDAMENTALS OF JOINT BEHAVIOUR

The physical fracture models suggested significant differences to continuum modelling, with
joint orientations being particularly important. In Figure 4 we can also see a more fundamental
feature of joint behavior. The four caverns were excavated one after the other in a high horizon-
tal stress situation, as in four of the cases in Figure 3. Of particular note is the hysteresis or ‘de-
formation set’ seen in the narrow pillars. The photogrammetry-determined deformations did not
reverse noticeably, when a new cavern was excavated, as would have happened in an elastic

continuum model.
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Figure 4. A multi-cavern experiment with ultra-narrow pillars, prior to model earthquake loading moni-
tored with an accelerometer (giving a scaled 0.1 to 0.7g). Note the hysteresis in the cavern pillars. No re-
versal of deformations with successive cavern excavation. Fracture roughness and dilation explain the ap-
parent tensile strength. Note that primary (continuous) fracture set #1 dips to the right, and has no
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cohesive strength, just very high dilation and total friction angles at low normal stress. (Barton, 1973).
Figure 2, bottom right, shows the cavern degradation progress during the model ‘earthquake’.

In the next figure we see that three basic styles of rock mass deformation may occur with joint-
ed rock masses, and each have been recorded by large scale in situ loading tests. They are clear-
ly absent from conventional continuum modelling.
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Figure 5. The N (normal) Type A concave deformation and the S (shear) Type C convex deformation,
with the combined mode Type B as seen in loading tests across columnar basalt. Chryssanthakis et al.
(1991) matched these three styles of deformation using UDEC-BB after this code became available in
1985. Note the normal stress-closure curves from Bandis et al. (1983) and the shear stress-displacement
curves (with scale effects) from Bandis et al. (1981). The N and S and N+S load-deformation trends and
the three rock mass assemblies are from Barton (1986).

To state the obvious there are no continuum model or GSI-based Hoek-Brown equations to
match the essentially discontinuous behaviour shown in any of the previous figures, nor the
shear strength details seen in Figure 6. GSI users can perhaps be happy that their ‘rock engineer-
ing’ activities are significantly easier thanks to RocScience software. But was the practice of
rock mechanics for rock engineering supposed to be so easy? In the opinion of the author the
use of GSI and continuum models has taken the realism out of the subject, which was not the
original intention of Hoek and Bray and Hoek and Brown. These were classically helpful text-
books that also addressed discontinuum behaviour, the first one especially so.
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Figure 6. Variations in the shear strength of unfilled, clay-coated, and clay-filled discontinuities as illus-
trated here from the two Q-system parameters Jr/Ja cannot be included in GSI in a ‘free manner’ inde-
pendent of joint roughness, because the GSI use of Bieniawski’s joint condition factor (along the x-axis)
does not make such differentiation possible. The Bieniawski (1989) ‘joint condition’ moves in one direc-
tion, so rougher joints cannot have clay coatings or fillings, and even more remarkably: slickensides must
be weathered. Figure from Barton (2002).

4 SOME EXAMPLES OF UDEC-BB MODELS SHOWING GEOLOGICAL DETAIL

In the following rather concentrated selection of discontinuum models the author will
show features of potential behaviour that can hardly be matched by continuum model-
ling. The exception — to a degree — is the redistribution of stress, from principle far-field
stresses to tangential and radial stresses. The rotation of the small ‘crosses’ are of course
seen clearly in continuum models, but the loading of bolts where they cross and support
wedges, and the unstressed unstable wedges are not seen in continuum models. The dis-
continuum model teaches us to look out for important behaviour that is absent from con-
tinuum modelling. In UDEC-BB we see the distribution of joint shearing and also the
stress- or depth-dependent physical apertures, and JRC-estimated hydraulic apertures,
for coupled H-M modelling. An introductory set of results with input is shown in Fig. 7.
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Figure 7. A glimpse of the principles of discontinuum modelling input data operations as applying to
UDEC-BB. On the left: joint orientations and frequencies, permeability and aperture estimation (but this
will be estimated by UDEC-BB) and joint index test results for JRC, JCS and ¢.. Boxes 5 and 6 symbol-
ize the shear stress-displacement-dilation-permeability and normal stress-closure operations of the Bar-
ton-Bandis model. (See Barton et al., 1985, Barton, 1993 and Barton and Bandis, 2017 for examples).
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Figure 8. Selected UDEC-BB studies of a 250m deep section and a 700m deep section of a planned TBM
spiral access tunnel through the interbedded St Bees sandstones and siltstones (top) and through the Bor-
rowdale welded tuffs-ignimbrites (bottom) at the planned Sellafield LLW/ILW nuclear waste repository,
from 1992. Thanks are due to NGI’s numerical modelling team, during our 6 years geotechnical consul-
tancy for UK Nirex, 1990-1996 which the author had the privilege to project-manage. All names later.

Figure 9. The discontinuum-modelling advantages of representing adversely steeply-dipping bedding.
This late 1980°’s UDEC-BB model of a tunnel in Japan showed distinct signs of over-loading of the bolt-
ing. The bonding failure of the modelled S(fr) is also shown, bottom left.
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Figure 10. Top left: UDEC-BB to check TBM pilot tunnel break-out to full section. The 3DEC sections
show a maximum tangential stress of 7.9 MPa and a maximum displacement of 8.0mm. This motorway
project study is illustrated further in the next figure.

Figure 11. The unusual motorway pilot-TBM for the Tokyo-Osaka Tomei 2 Shimizu 3 motorway project.
The specially designed TBM could turn so as to provide a pilot bore for the parallel tube. It proved im-
portant to ‘turn’ prior to reaching highly weathered rock. Dr Juhn Itoh of the Fuji Research Institute was
responsible for this interesting NGI contract from Japan. NGI UDEC-BB and 3DEC modellers from the
late 1980’s and early 1990’s included Dr Mark Christianson (Itasca/NGI) who was responsible for putting
BB and UDEC ‘together’ in 1985 (with strong pleading to NGI’s director Kaare Hoeg from Barton and
Bandis), Dr Axel Makurat (later Shell), Linda Harvik, Dr Marte Gutierrez (later distinguished US profes-
sor), Dr Karstein Monsen (later Geoscan), Panos Chryssenthakis (later COWI), Dr Harald Hansteen, Dr
Baotang Shen (later CSIRO in Australia), Lise Bacher, Dr Rajinder Bhasin — and since then several more.
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A particularly notable discontinuum modelling contract for NGI was the design check for the
designers of the 62m span Gjevik Olympic cavern. This was done on behalf of owner Fortifi-
kasjon, whose director Jan Rygh had drawn the ‘classic serviette sketch’ for the town’s chief
planning engineer some years earlier, before the winter games were finally awarded to nearby
Lillehammer, and ice hockey was played in this unique cavern. Modelled UDEC-BB defor-
mation 7 to 9mm, MPBX recorded deformation a constant 7 to 8mm after 5 years of monitoring.
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Figure 12. Top: Horizontal stress sensitivity studies conducted by Lloyd Tunbridge, and bottom: subse-
quently more detailed UDEC-BB modelling by Chryssanthakis, for the 62m span Gjevik cavern. Note
multi-author reference due also to Q-logging, cross-hole seismic tomography and rock stress measure-
ment by the NGI team. Barton, Chryssanthakis, Tunbridge, Kristiansen, Loset, Bhasin, Westerdahl, Vik
(1994).
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4 OVERBREAK AND TUNNEL AND STOPE STABILITY

A feature of excavation effects in rock masses that particularly marks the stark difference be-
tween continuum and discontinuum modelling is overbreak. In Barton (2007) it was suggested
that this could be quantified by the Q-parameters ratio Jn/Jr. Figure 13 (top photos and rough-
ness sketches) shows how this works. The red- coloured ratios show Jn/Jr < 6 (no overbreak ex-
pected) while the blue-coloured ratios show Jn/Jr > 6 which is the suggested criterion. Extreme-
value Q-parameter statistics at the LKAB mine explain the overbreak experienced in drilling
drifts. Elevated values of Ja (clay coatings) obviously add to the likelihood of overbreak.
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Figure 13. Top: the Q-parameter ratio Jn/Jr > 6 suggests almost unavoidable overbreak if there are suffi-
cient degrees of freedom for block fall-out (higher Jn) and if joint roughness is low enough (low Jr). Bot-
tom: observations performed by the writer in 1988 in LKAB’s ‘Oscar’ long-hole drilling stope-
development project in Kiruna in northern Sweden. Explanations for the excessive overbreak were
sought. This was the first time that O-parameter histograms were used by the author, and soon this be-
came a systematic way of logging individual Q parameters. Note the potentially serious large-scale J1/J2
deformation mechanism in the future stopes (shown in yellow). Problematic details for continuum model-
ers, or an interesting expansion of their possibilities to influence design decisions — in many areas.
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Figure 14. This ‘graphical matrix’ scheme developed by Dr Fraser of CSIRO, was shown to the writer
during a two-days rock engineering course given in Melbourne in 2005. The subject matter is stoping for
mineral extraction, and stable, caving, failure, and massive failure are the operative terms. The relative in-
fluence of various separate and combined Q-parameters are taken from the Potvin scheme of utilizing Q’
= RQD/Jn x Jr/Ja in mine-stope dimensioning. ‘Caving’ is seen bottom-left. Jn and Ja alone, and Jn/Jr are
seen to be important. They are absent in continuum modelling schemes.

5 INPUT DATA NEEDS FOR DISCONTINUUM MODELS ARE MORE THAN GSI
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I ROCK MASS STRUCTURE
1 |RQD |Deere et al., 1967) block { Q
2| J, |= joint set number size Q
3 F = joint frequency (per metre)
4 J, = volumetric joint count (Palmstrém, 1982)
5 S = joint spacing (in metres)
[2 L = joint length (in metres)
7 w = weathering grade (ISRM, 1978)
8 «/B = dip/dip direction of joints (Schmidt diagram)
II JOINT CHARACTER
9| J, |= joint roughness number shear { Q
10| J, |= joint alteration number strength Q
11 JRC = joint roughness coefficient
12 a/L = roughness amplitude of asperities per unit
length (mm/m)
13 JCS = joint wall compressive strength
14 ¢, = residual friction angle
15 r,R = Schmidt rebound values for joint and rock
surfaces
III WATER, STRESS, STRENGTH
16 J, |= joint water reduction factor |active { Q
17| SRF | = stress reduction factor stiess Q
18 K = rock mass permeability (m/s)
19 o, = compressive strength
20 o0; = major principal stress

Figure 15. The six Q-parameters (seen as histograms on the left) that are used in characterizing rock
masses and tunnelling conditions more fully are obviously just part of the comprehensive data needed for
a thorough engineering geological description. Serious consultants do not / should not put a ‘blob’ on a
GSI chart and be satisfied that it will give the required input data for their (‘black-box’) modelling.
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Three of the most commonly used shear strength criteria for rock joints are illustrated in Fig-
ure 16. The classic Mohr-Coulomb involving a cohesion intercept ‘c’ and a stress-independent
friction angle ‘@’ was not developed from testing rock joints, which actually do not display ac-
tual cohesion intercepts unless very steep (60-90°) steps are present in the joint plane, due for
instance to cross-joint influence. An improvement for lower stress was suggested by Patton,
1966 with his well-known ‘i-values” where ‘¢ + i’ will be the lower-stress estimate. The prob-
lem of course is which combination of ‘i-values’ one should use. This was the impetus for a new
student in 1966, and the resulting parameters described below took some years to materialize.
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Figure 16. Mohr-Coulomb, Patton (1966) and Barton (1973) shear strength criteria for rock joints. The
first version of the JRC, JCS, ¢; criterion (in 1967) was developed from DST tests on 200 tension frac-
tures. One is shown in Figure 2: with respective values of 20, UCS (since no weathering) and 30°.
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Figure 17. Shear box, tilt test, Schmidt hammer and roughness profiling methods (including a/L) used for
evaluating the JRC, JCS and ¢, data for UDEC-BB and other discontinuum modelling projects.
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In the case of NGI’s Sellafield project for UK Nirex (1990-1996) some 10 kilometers of core
were logged and numerous joint samples representing each joint set were prepared. Besides tun-
nel models (Figure 8) a large number of deep cavern models in welded tuff (ignimbrite) were al-
so performed using UDEC-BB to check on self-supporting abilities and EDZ depths. Note that
multi-stage shear testing of the same joint sample at increasing normal stress causes rotation of
the shear strength envelope. (Barton, 2013). This gives artificial ‘life support’ for ‘¢’ and also
gives reduced ‘¢’. (Increased open pit costs if ‘c’ is ignored and set to ‘zero’ with ‘¢’ too low).

[omor  fone oo

Figure 18. Left: examples of joint profiling and tilt tests. From Barton and Choubey (1977). Note that the
profile gage had four ‘shims’ per millimeter. There were no steps as some critics have assumed. Right:
tilt-tested joint samples (at correct angles) from TerraTek’s heated block test in Colorado. Barton, 1982.

6 WHEN CONTINUUM MODELLING CAN BE THE ONLY CHOICE

A suggested scheme for choosing which fype of computer modelling is appropriate for which
type of rock mass, is shown in Figure 19. In the earlier examples of UDEC-BB given in this pa-
per, we were well within the suggested Q-range of 0.1 (very poor) to 100 (very good). It was
possible for engineering geologists (in the case of the UK Nirex project it was often Fredrik
Loset) to suggest a realistic and representative joint pattern, which was digitized so that it could
be reproduced as perhaps one of several UDEC model geometries. One can ‘move models
around’ in a big jointing ‘template’ and include faults in some models.

Pseudo-continuum Discontinuum Continuum
using continuum approach approach
approach ':> :>

555555 7

LS
[ FEM/FLAC | UDEC/3DEC ! FEM/BEM l

CPERT
285

I
Q=100

Figure 19. A scheme for helping in the selection of appropriate computer models, based on a ‘degree-of-
fracturing’ scheme with suggested Q-value scale for UDEC and 3DEC. Continuum at either end implied.
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If the rock mass is highly fractured as symbolized in the left side of Figure 19, then a contin-
uum approach may be needed. Logic would suggest that Q is stretched to 0.01 or worse to the
left side, and to an almost unjointed Q = 500 to 1000 on the right side. However, care is needed
in assuming that GSI and Hoek-Brown equations of assumed rock mass behaviour will give rel-
evant results. There is unfortunately evidence of grossly exaggerated ‘plastic zone’ prediction,
as revealed in an international court case some years ago. This can hardly be due to the com-
mercial FEM method used at that time though it might be partly due to adding the strength
components related with ‘c’ and ‘@’. (¢ + o, tan @).

Figure 20. Comparison of FLAC and UDEC-BB by a former NGI colleague Lise Backer (now BaneNor).
The same triple-tunnel motorway is modelled using the same boundary stresses and the same intact-block
moduli. The jointing makes the UDEC-BB model significantly more relevant than the continuum model.
Anisotropy and pillar distress is also seen.

In Figure 20 a continuum model using FLAC is compared with a UDEC-BB model. In this
particular case low Q-values are not being modelled, so the deformation is small in both cases,
but the UDEC-BB model teaches us much more than the continuum FLAC model.

In the next figure we see something that was a great surprise to the present author when first
seen in an SKB document with Prof Derek Martin as lead author. The date was 2002 or 2003.
Figure 21 shows part of the PhD study by an Iranian author: Dr. Hajiabdolmajid. In his 2000
publication he is supported by his presumed internal and external supervisors Prof Derek Martin
and Dr Peter Kaiser, both well known specialists in rock engineering and mining engineering.
The results they present, reproduced in Figures 21 and 22 were very important, but a huge ma-
jority of people working in rock mechanics have ignored the message and continue with GSI,
Hoek-Brown equations and FEM continuum software with ‘c + o, tan ¢’.
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€

Elastic-Brittle Elastic-Plastic

Figure 21. Mohr-Coulomb tri- and bi-linear elastic-brittle and elastic-plastic models of the well-known
URL (Manitoba) line-drilled mine-by tunnel. Magnitudes of the input parameters came from GSI and H-
B estimation. The objective of the modelling was to show the great improvement that results if the cohe-
sion is degraded while friction is mobilized, shown in Figure 22. The Mohr-Coulomb results are surpris-
ingly unrealistic, yet the criterion is so widely used. It is remarkable that so much incorrect modelling is
performed. The three authors are listed here Hajiabdolmajid, Martin and Kaiser (2000).
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Figure 22. A greatly improved result using a CWFH (cohesion weakening friction hardening) approach.
Hajiabdolmajid et al. (2000). The over-stressed volumes do not fall out as the analysis is still a continuum
solution, but the reality of location is convincing. The author and a colleague (Barton and Pandey, 2011)
also used this CWFH approach in mine stope modelling using Q-based input data CC and FC (see Barton,
2002) in FLAC3D models of pre-instrumented stope areas.
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Figure 23. The BEM fracture mechanics code FRACOD developed by Shen et al. (2013). This shows a
realistic development of log-spiral failure surfaces when jointing is sparse (the right-hand side of Figure
19). Red represents low, and green represents high factor of safety against further fracturing. In situ stress
levels were > 40% of UCS. These were scoping studies for the sub-Andean Olmos tunnel where there
were rock-burst challenges, since a ‘stress-raising’ TBM had to be used in the new contract. Shen 2004.

Figure 24. Left: FRACOD BEM fracture mechanics model of failure in a TBM tunnel (the English/Old
Beaumont tunnel). Centre: physical model of a bored tunnel (or well) in a 3D loaded block showing inter-
secting log-spiral shear surfaces due to inclined boring. Right: FRACOD models of 1,000m deep TBM
tunnel in massive or jointed rock. Shen and Barton, 2018. This ‘starting as a continuum’ model
(FRACOD) is of course in an elevated category in relation to the usual ‘continuously’ continuum models.

7 A CRITIQUE OF GSI, HOEK-BROWN EQUATIONS, AND THEREFORE CONTINUUM
ANALYSES THAT DEPEND ON THEM

In the opinion of the author it is rather remarkable and somewhat discouraging for the past
and future of our subject ‘rock engineering’, that so many young (and not so young) people
have adopted the RocScience-promoted and of course Hoek-promoted GSI, with the associated
Hoek-Brown equations. The following three pages (by others) came as a shock to this author.
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Figure 25. The GSI-rating selection scheme based on a brief encounter with ‘geology’ (the sketches) is
followed by what could truly be called black-box modelling. Where does the number of joint sets actually
appear? Why does slickensiding have to be ‘highly weathered? Why cannot rougher joints have clay fill-
ing and be weathered? GSI is actually the least logical and least ‘geological’ method in use in rock engi-
neering, and the sequence of Hoek-Brown equations are much more a priori than a posteriori (Barton,
2011). Yet one researcher recently expressed the opinion that finally one has a ‘geological’ classification
method. The reality is that any chance of ‘geology’ is immediately smoothed in a ‘continuum blender’
giving different viscosities i.e. shear strength. The result is not a geological representation of rock masses.
(Hoek et al. 2002, Renani & Cai, 2021).

Epn(MPa) = 100.000 - (6)
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1 + ¢(60+15D-GSI)/11

Eym(MPa) = E; (0.02 ¥ (7)
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Figure 26. The widely varying deformation modulus estimates connected with GSI. From: Renani & Cai
(2021): Forty-Year Review of the Hoek—Brown Failure Criterion for Jointed Rock Masses. One may seri-
ously ask how continuum modellers are choosing deformation modulus. Perhaps by waiting for the results
of the modelling and adjusting the disturbance factor D? Several private communications have stated
such, and if this is so it seems hardly defensible for presenting to a client.
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Figure 27. Surprisingly creative additions for ‘better’ quantifying GSI. Renani and Cai, 2021. The better-
known methods are listed in Table 1. It is a somewhat surprising list. With all the proposed improvements
what happens to the predicted H-B shear strength results? Is this a form of empiricism or just guessing?
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Table 1. A selection of some equations used to improve the quantification of GSI. Why a published and
widely used method should require so much improvement, or indeed be used by so many with such ap-
parent confidence, is not clear. Van & Vasarhelyi (2014).

GSI1 =RMR -5 = R1+R2+R3+R4+R5(=15)-5 (1)

GSI2 =1.5 R4 + 0.5 RQD (2)
GSI; = 15 log RQD J—r +50 (3
Jn Ja
GSl, =9 LH(RQD J—rJ+44 (4)
Jn Ja
52Ir/Ja
Sly- ——" _4+0,5RQD (5)
(4 iim) Q >
3 26,5+ 8,79InJc + 0,9InVb ©
® 1+0,0151lnJc—0,02531nVb
GSl; = 153 - 165 o 7)
)
0,19

8 EXAMPLES OF ROCK SLOPES: REAL, DISCONTINUUM, CONTINUUM

With the exception of highly trafficked road-cuttings and railway-cuttings, and steep urban
slopes above busy pavements, there will generally not be much enthusiasm for bolting or cable
anchors for ensuring rock slope stability in general. This is because there are millions and mil-
lions of rock cuttings and they cover a huge area all around the world. Of course, this support
reluctance will not apply to some critical high-dam valley slopes as especially seen in deep and
already naturally over-steepened valleys in China,

Temporary and more permanent open-pit mine slopes suffer the same no-bolting fate for ob-
vious economic reasons. Since there may be no rock bolts, the alternative selection of stable
slope angles will usually have to depend on the shear strength properties of the local rock joints,
and especially joint orientations. This is the philosophy behind Qiope. The first client wanted a
20km dam access road in a steep valley without bolts. (Barton and Bar, 2015). Some five hun-
dred design-chart case records mostly collected by Bar are shown later. (Bar and Barton, 2017).

Of more concern in this final section is the misinformation promoted by commercial software
companies, who hold courses showing the popular but hardly existing curved (‘spoon-shaped’)
potential failure surfaces that are relevant for soil slopes and rockfill, but not for slopes in joint-
ed rock unless this is extremely weak. (In fact, in about 1968 the author had sketched a curved
failure surface for completely disintegrated slates in an open pit, but such weakness is the ex-
ception as most of our civil and mining slopes are in jointed rock with enough strength to cause
deformation along discontinuities as opposed to ignoring their existence.) It seems that the as-
sumed ‘rock mechanics’ modelling performed by hundreds or perhaps thousands of young engi-
neers has actually been based on old-fashioned soil mechanics continuum principles, and such is
regrettably the case when adding ¢ and o, tan ¢ as in misleading Mohr-Coulomb and Hoek-
Brown methods. Figure 28 shows some alternatives that address discontinuities, whether joints
or filled discontinuities or fault planes., from Hoek and Bray (1974) and Barton (1971).
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Figure 28. Reality and representation — as discontinua. Central right diagram: Hoek and Bray.
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Figure 29. The Qqiope method is based on Q parameters with almost unchanged RQD, Jn, Jr and Ja. How-
ever wedge stability is considered so pairs of Jr/Ja apply to different sides of potential wedges, with rele-
vant orientation weightings. Since slopes are under lower stress than many tunnels, SRF has three appro-
priate categories, and Jw is now called Jwice. The relative effects of tropical rain and ice-wedging can be
roughly assessed. Co-author Neil Bar has been a very active collector of case records. Barton & Bar
(2015), Bar & Barton (2017). Qsiepe : 0.01, 0.1, 1, 10, 100. Critical slopes: 25°, 45°, 65°, 85°, ‘half tun-
nels’ meaning over-hang is possible. Not advised but likely to be possible due to cohesive strength.

Returning to continuum models, according to Styles & Vakili (2020), the recently developed
Improved Unified Constitutive Model (IUCM) ‘takes the best parts of Mohr-Coulomb and
Hoek-Brown, with integrated confinement-controlled softening/hardening of cohesion and fric-
tion, confinement-controlled changes in the dilation angle, and porosity-controlled modulus sof-
tening’. However, the slope failure predictions shown in Figure 30 represent something usually
only seen in rockfill or hard soil. The *spoon’ mode shown apparently has a limited actual rela-
tion to geology or jointed/faulted rock. Open pit slopes fortunately seldom if ever fail like this.

Contour Of Velocity
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Parameter Rock Mass B
Density p (Vm?) 2.7
Intact Young’s Modulus E; (GPa) 282
Geological Strength Index GSI 40
Hoek Brown Constant mi 10
Intact uniaxial compressive strength ~ UCS (MPa) 20

Figure 30. 3DEC slice of a 200m high open-pit slope, using the [IUCM constitutive model. Such spoon-
shaped failure is possible in rockfill and in hard soil, but the writer does not believe it has been seen in
competent jointed and sometimes faulted rock. Perhaps with this relatively low UCS = 20MPa input, such
an unusual (for rock) failure mode is possible. Styles & Vakili (2020).
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The circular failure beliefs of Mohr-Coulomb and Hoek-Brown modelers, with Carranza-
Torres (2021) a presumed chief contributor and probably largely responsible for the smooth
curves of the H-B rockmass criterion of Hoek et al. (2002) and the associated most complex
equations, has given a very detailed recent treatise concerning ‘rock slope’ stability. Figure 31 is
his clear but apparently misleading introduction, as it does not and cannot correspond to slope
failure in competent, jointed, and perhaps faulted rock because the UCS and actual cohesion are
too high in relation to the artificial ‘lowering’ in the H-B shear strength beliefs.

Rock mass
properties
Mohr-Coulomb:
Y. 9.c
Hoek-Brown:
Y Cci> Mp, §
(a=0.5)

XA Critical circular
failure surface

Figure 31 According to Carranza-Torres, 2021 this figure represents ‘a section of a rock slope in a rock
mass that obeys the Mohr-Coulomb or Hoek-Brown failure criteria’. Slopes in competent jointed rock
cannot actually fail as in this figure. A continuum myth is presented, only valid for very weak saprolite or
soil-like material.
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Figure 32. Further ‘circular’ failure analyses using both FLAC and SLIDE computer modelling, apparent-
ly with input of ¢ and ¢ derived from combined GSI and Hoek-Brown. Carranza-Torres (2021). These are
basically resembling failure in hard soil, perhaps also very weak rock like saprolite, and rockfill.
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Figure 33 The ‘elegance’ of the relative ‘c’ or ‘¢’ dominance given by Carranza-Torres (2021) in his
many impressive ‘design charts’ cannot be denied. The relative depths of the various spoon-shaped pre-
dicted failures are interesting. But they do not apply to competent jointed rock. Joints sets, intact bridges,

and possible faults are each going to bring back reality.

Figure 34. Four major open-pit failures reproduced by Carranza-Torres (2021).
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The four major open-pit failures shown in Figure 34 were reproduced again by the present au-
thor, but for different reasons compared to Carranza-Torres. Cases a) and b) are strictly ‘inter-
nal’ failures that hardly extend to the crest of the slopes. Only case b) looks like jointed rock.
Case ¢) is lake-bed sediments and saprolite, so not jointed rock. Case d) which certainly extends
beyond the pit crest is actually an example of a wedge failure (Lorig et al. 2009), as was also the
case for the record Bingham Canyon mine failure shown in Figure 35.

Case d) was a major slope failure in northern Chile. Looking closer to the source, Chapter 10
of the invaluable ‘Guidelines for Open Pit Slope Design edited and partly written by John Read
and Peter Stacey, we can see reference to the failure as a “wedge failure’ example (Lorig, Stacey
and Read, Chapter 10: their Figure 10.12 caption reads: ‘Wedge failure disrupting the entire
slope’. So it is not an example of ‘circular’ (or ‘spoon-shaped’) failure. An even larger (and
world-record) failure involving a major planar discontinuity is shown in Figure 35.

Progressive failure of components:  *CcSs: crack, crunch, scrape, swoosh*

filed discontinuities = ,.‘E

0 4 0 0 0 (g,e0)2 180

Bingham Pit: No casualties. Monitored. Progressive failure....i.e. ‘T = ¢ then on tan ¢’

g SLIDING ON A BASAL FAULT
PLANE WITH WEDGE EFFECT
SEEN TO THE LEFT. NO
‘SPOON-SHAPED’ FAILURE AS
WITH CONTINUUM ANALYSES.

Figure 35 Bingham Canyon mine with its 70,000,000 m? failure. From top-to-toe the slide measured a
surprising 3km, and the debris looks like a frozen ‘liquid’. The adverse (tangential stress eliminating)
‘nose’ and a major discontinuity (a fault?) of many 100’s of meters length seem to be the main culprits.

9 CONCLUSIONS
1. In this lecture the writer has suggested ‘putting back jointing and geology’ into the

practice of rock mechanics modelling and understanding. Following the limitations but
useful lessons from physical fracture models, a number of UDEC-BB models were re-
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produced to emphasize the possibility of representing some details of ‘geology and
structure’ at least in 2D and occasionally in the more demanding 3DEC.

2. GSI with the ‘G’ in its initials has actually removed the geology from our subject,
once users leave the six ‘sketches’ and progress to the Hoek-Brown equations and
commercial software with the impressive but misleading curves of shear strength. Re-
grettably the uniquely opaque ‘black-box’ analyses effectively become homogenized as
in a food blender, but with variable viscosities. Continuum behaviour is clearly mis-
leading many and, in the opinion of this author, is hardly to be considered as rock engi-
neering or rock mechanics since missing engineering geology input. Looking at sketch-
es and guessing a representative ‘joint condition’ (and modulus) is not defensible.

3. We have been warned for more than 5 decades — historians in our subject would claim
even longer — that we should not add ‘c’ and the frictional component of strength based
on ‘@’ (ontan ¢). At the very least it should be ‘c then sigma n tan phi’. This separation
in time and deformation is logical and urgently needed.

4. A newer proposal for a more comprehensive (progressive) failure criterion is the CcSs
‘crack’ ‘crunch’ ‘scrape’ ‘swoosh’ concept applied in Barton (2021). This has the abil-
ity to add the progressive contributions of the broken cohesion of rock bridges, the re-
sulting rough, fresh fracture surfaces, the joints (if one or more sets are suitably orient-
ed), and finally the lower resistance of faults or clay-filled discontinuities.
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ABSTRACT:

With increased application of remote sensing techniques and three-dimensional numerical models
the complexity of large landslides and rock slopes has become evident. The morphology of the
landslide ground surface can now be investigated in detail even in heavily vegetated slope and
used to constrain damage and numerical models. In this paper we show the importance of char-
acterising sliding, lateral and rear release surfaces and realistically importing these surfaces into
3D numerical models. The contribution of brittle fracture of intact rock bridges and step-path
lateral and sliding surfaces to rock slope failure mechanisms is illustrated. . Past rock slope/land-
slide models have considered failure growth through retrogression into the slopes, in itself a chal-
lenging process to model. We show how it is necessary to consider the growth of landslides both
into and along the slope to capture the true progressive three-dimensional slope failure mecha-
nism. We illustrate the importance of considering the detachment surface of rockfalls and the
propagation of extensile and shear dominated rockfall mechanisms. The need to consider land-
form evolution and changing slope kinematics is demonstrated and potential methods discussed.
for optimizing the use of rock slope/landslide “bigdata” sets reducing uncertainty

1 INTRODUCTION
1.1 Background

Early rock slope engineers performed elegant vector algebra recognizing the complex block
shapes involved in rock slope failures and considering both sliding and rotational forces/moments
(Londe 1965, 1973, Londe et al 1969 and Wittke 1965). The major impetus in rock slope engi-
neering came from the publication of “Rock Slope Engineering” by Hoek and Bray (1974) and
the CANMET Pit Slope manuals (1977). At this time highly practical stereographic techniques
were developed to consider the three most simple failure mechanisms (i.e., planar, wedge, and
toppling). Limit equilibrium techniques developed rapidly following the Aberfan disaster with
the use of block analyses and methods of slices. Small scale bench/multi-bench analyses using
planar/wedge and toppling analysis necessitated simplifying assumptions regarding daylighting
of failure surfaces, rigid impermeable blocks (no fracture/yield), and, of particular importance to
slope kinematics, the presence of lateral and rear release surfaces offering no resistance to move-
ment (Figure 1, Table 1). Although toppling analyses considered 2D-rotational moments, the as-
sumption of simple planar surfaces made limit equilibrium analyses easy to undertake by graph-
ical methods or hand calculators. The methods of slices were adopted from soil mechanics for
large scale rock slope failures, but generally assumed simplified 2D sections and plane strain.
Although limit equilibrium analyses of wedges using vector algebra allowed the rotation of blocks
to be considered, these have not been routinely adopted in current commercial codes. Subsequent
development of methods based on columns has allowed three-dimensional limit equilibrium anal-
ysis of rock slopes and landslides, but these methods still retain assumptions, such as rigid imper-
meable blocks with no brittle fracture and shear dominated failure criteria, that may in some cases,
limit their applicability

75



IX Latin American Rock Mechanics Symposium ISRM International Symposium
© 2022 ISRM, ISBN 978-99925-3-874-6 Jose Félix Pavon, Editor

In this paper the authors summarize important research over the last two decades using both
remote sensing and numerical modelling observations that have provided considerable insight
into the complexity of landslide and rock slope failure mechanisms.

1.2 Rock slope/landslide failure mechanisms.

There has been extensive discussion on landslide failure mechanisms since the early landslide
classifications of Varnes (1978) with the latest modification being Hungr et al. (2014). Important
work was also published by Glastonbury and Fell (2010) and Varga and Gorbushina (1996). The
latter, although never widely recognized, contained insightful recognition of the importance of
geology and tectonic structures. The common factor in all these classifications is the consideration
of landslides to a large degree as 2D phenomena; this is increasingly problematic given recent
research using remote sensing techniques to characterize and monitor landslides.

Upper slope

Face

For sliding
Yi>yp>¢

SLICE OF UNIT
Release Surfaces THICKNESS

Sliding or Failure
Surface

Figure 1. Kinematics of planar rockslides a. Daylighting and sliding criteria, after Wyllie and Mah (2004,
2018), b. Lateral release assumptions, (after Hoek and Bray 1974).

THE ANATOMY OF LANDSLIDES AND ROCK SLOPE FAILURES
1.3 Background

The body of a landslide/rock slope failure can be considered as comprising five main types of
surface viz. the ground surface, the sliding or basal surface, the lateral and rear release surfaces
and the rockfall detachment (separation) surface.

1.4 The ground surface

Originally the surface of rock slopes and landslides were characterized mainly using field surveys.
In areas where rock outcrops and are devoid of vegetation, high quality engineering geology and
geomorphology mapping is possible. In areas that are forested and/or difficult to access, terrain
mapping can be severely limited. The availability of airborne and ground-based multi-sensor re-
mote sensing techniques has made it possible to map the ground surface morphology in great
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detail even in forested terrain. The structures controlling rock slope and landslide stability can be
mapped remotely (including through automated mapping methods) with the exception of joint
surface characteristics (e.g., compressive strength, alteration, infill) which generally still require
field mapping. As a pre-requisite for rock slope/landslide investigations, the authors strongly rec-
ommend field mapping wherever possible, in addition to historic air photointerpretation.

Table 1. Assumptions made, and their implications and validity in complex landslide/rock slope analysis

Assumptions

Implications

Validity

Rigid block

Weight acting through centroid,
No intact rock fracture or yield

Large landslides/open pit slopes
commonly involve both brittle
fracture and yield which may
change kinematics

Plane/wedge joint intersection
daylights

Dip/plunge of intersection <
dip of slope

Does not consider basal wedges,
active passive failure and non-
daylighting wedges

Lateral and rear release surfaces
present

No resistance on release sur-
faces

Often considerable rough-
ness/rock bridges on lateral and

rear release surfaces — complex
3D geology mobilizes resistance
Can have important implications
for kinematic confinement and
depth of support installation
Often highly fractured rock
masses requiring more sophisti-
cated groundwater analysis in
large/ high risk slopes. Com-
partmentalization of groundwa-
ter tables may be present in
faulted terrain.

Strike of plane +/- 20 degrees to strike of slope

Impermeable block Pore water pressures act on slid-

ing and rear release surfaces

Important factors, when interpreting the data from ground surface remote sensing include, but
are not limited to, slope (dip), aspect (dip direction), deformation (qualitative and quantitative
evidence), morphology, surface drainage, seepage, erosional/depositional features, evidence of
instability (cracking, lineaments, failure blocks, intact rock fracture), structures and changes in
remote sensing imagery texture and colour. Remote sensing of landslides has shown that the sur-
face features such as lineaments, depression, cracks, etc. contain important information on the
underlying failure surface mechanism. The remote sensing imagery can also allow recognition of
multiple blocks within landslides exhibiting changes in surface morphology/texture and displace-
ment, possibly reflecting changes in the dip/dip direction of the failure surface. The Downie Slide,
BC (Canada) is a 1x109 m® volume post-glacial landslide, which is currently sliding at rates of 3-
5 mm/yr Figure 2a shows the heavily vegetated nature of the Downie Slide and is an excellent
example of how airborne LiDAR (Figure 2b, 2c) can be used to further our understanding of the
3D complexity of the landslide ground surface morphology (Donati et al. 2020, 2021a; Westin
2017). The central part of the Downie Slide LIDAR shows smooth texture with little evidence of
surface deformation corresponding to uniform translational sliding along the sliding surface.
Other areas show highly disturbed topography where there is a change in the dip of the sliding
surface and an active-passive block deformation. Lineaments on the Downie Slide ground surface
trend in varied directions (Figure 2b), reflecting changes in the dip direction (aspect) of the sliding
surface and zones of compression and extension. The direction of the recorded slope displace-
ments also reflects 3D changes in the failure surface orientation (Figure 2d). Varied failure mech-
anisms occur across the Downie Slide, with hummocky ground morphology in the upper slope,
associated with secondary slumping failures within damaged rock, contrasting with uniform trans-
lational sliding and active passive ground surface morphologies in the central and lower slope.
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Figure 2e shows a preliminary interpretation of a structure through the Downie slide resulting in
the changes in orientation of the failure surface and post failure retrogression along a possible
linear structural damage zone. As a recommended practice, ground surface features such as
scarps/lineaments recognized on remote sensing imagery should be investigated using 2D sec-
tions to determine the relief and inclination, and then imported into slope analysis models as con-
straints (if a 2D mechanism is appropriate). However, it is now relatively easy to import the 3D
ground surface into limit equilibrium, continuum, discontinuum and hybrid numerical models
(Figure 3). Block boundaries and lineaments can often form important constraints for 3D slope
modeling. Figure 3a shows the block boundaries interpreted at the Downie Slide and imported
into the three-dimensional distinct element code 3DEC, and Figure 3b displays the results of sim-
ulation using a strain softening constitutive criterion; close agreement is obtained between the
observed surface lineaments in the airborne LiDAR and the damage simulated in the numerical
model. Figure 3¢ shows a current view of the 1965 Hope Slide and Figure 3d a Structure-from-
Motion (SfM) photogrammetry model constructed from pre-failure historic air photographs. The
old air photographs were used along with recent field mapping and multi-sensor remote sensing
to interpret the multi-block three dimensional structures at the slide. Figure 3e shows the results
of'a 3DEC analysis with the model simulation proceeding from left to right from 65000 to 72000,
77000, and 95000 calculation steps. It is observed, agreeing with earthquake records, that the
failure occurred in two stages involving failure of block 4 and block 5, which formed the upper
part of the slope. A prehistoric landslide slide was determined to be a keyblock which provided
the kinematic release for the eventual 1965 failure. The complex 3D multi-block structure and its
control on rock slope failure is clear.

Figure 2. a. Heavily vegetated Downie Slide, British Columbia (Canada), b. Airborne LiDAR imagery
showing lineaments and zones of surface damage, c. Shear zone reconstruction overlain on LiDAR, d.
Variation in dip direction of failure surface, e. Preliminary interpretation of structural damage zone, show-
ing the alignment between the valley behind the landslide crest, and the intersection of the planes forming
the shear zone.
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Figure 3. a. Multiblock 3DEC model geometry based on Airborne LiDAR and GIS failure surface recon-
struction b. Results of strain softening 3DEC simulation show good agreement between observed ground
damage in airborne LiDAR imagery and simulated model damage. c. Photograph of Hope Slide, British
Columbia (Canada), d. Multiblock geometry of the Hope Slide based on SfM model from pre-failure air
photographs and recent field and remote sensing mapping, ¢. Results of 3DEC simulation based on remote
sensing and field mapping showing two-stage failure involving blocks 4 (B4) and 5 (B5) with initial failure
outline in blue and final failure outline in red; blue arrow indicates model simulation from 65000 to 95000
calculation steps.

1.5 The sliding surface

Landslide sliding surfaces may be considered in terms of their genesis, the number of surfaces
involved, orientation, planarity or curvilinear nature, roughness/morphology, continuity/connec-
tivity, and shear zone thickness. In landslides in rock the sliding surface is usually sedimentolog-
ically or structurally-controlled, ranging from simple bedding plane sliding to failures controlled
by complex faulting, folding and metamorphic structures. It is common to recognize instability
along single, multiple-planar or folded curved surfaces in 2D, but in reality, the failure may be
complex, involving 3D surfaces with varying dip and dip direction potentially leading to segmen-
tation and multi-block failures as shown in Figures 2 and 3. The 3D morphology of the sliding
surface may be influenced by undulating metamorphic foliations as at the Downie Slide (Figure
4a), Aknes slide (Norway, Figure 4b) and Fels slide (Alaska, Figure 4c), or complex multi-stage
folding and fold interference patterns, as at the Vajont Slide (Italy, Figure 4d).
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Figure 4. Foliated rock masses influencing the three-dimensional complexity of rock slope failures at a. the
Downie Slide, BC. b. Aknes, Norway and c. Fels, Alaska, d. Complex folding, and interference structures
observed along the exposed failure surface at the Vajont Slide (Italy).

Whereas small rock slopes may occur within with one structural/geotechnical domain with rock-
fall/rock slope failures from single or multiple planes, large open pit slopes and landslides com-
monly involve multiple domains. Wolter (2014) recognized the distinct variations in failure mech-
anisms of the two blocks, separated by the Massallezza gully, forming the Vajont Slide whereas
Donati (2019) proposed the division of the Downie slide into damage domains. We suggest that
landslides, as is common in open mining practice, should be sub-divided into landslide domains
that display variations in structure, geotechnical characteristics and failure surface/mechanism
and observed displacement magnitudes/direction. This activity was shown to be beneficial in sup-
porting the interpretation of failure mechanism and style of deformation, particularly at sites with
limited (or no) availability of subsurface data.

The roughness of a sliding surface may thus be considered at varying scales from the small scale
as measured using shear box tests/JRC field charts to large scale morphologic changes. At the
small-scale, 3D roughness may be influenced by sedimentological features such as turbidite struc-
tures or tectonic structures such as fold/fault slickensides. Movement along a fault may result in
meter-scale features which can be along dip, strike or oblique depending on fault block move-
ment. The reader is referred to Stead and Wolter (2015) who provide a detailed discussion on the
influence of structural geology on rock slope stability. The persistence or continuity of structures
is a critical factor in rock slopes and landslide instability. As suggested by Sturzenegger (2010)
the ISRM’s “Suggested methods for discontinuity characterization” (1978) is not amenable to the
description of extremely persistence structures such as faults and bedding plane which may lead
to single sliding surfaces of 10’s to 100’s m and mountain slope/pit slope scale instability. In
practice it is important to consider 3D persistence along both strike and dip. The persistence or
continuity of a sliding surface is usually considered only in 2D along the dip direction where it
may comprise multiple discontinuities linked together by inclined or orthogonal joints and/or in-
tact rock bridges that require to be fractured to allow displacement. The percentage of rock bridges
may be estimated using discrete fracture network (DFN) modelling based on field mapping, but
this is an extremely challenging task. In reality, the persistence of discontinuities in 3D must have
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an important effect. Jennings (1970) recognized 3D dimensional strep-paths and Sturzenegger
and Stead (2012) show a range of types of step-paths at varying scales observed at the Palliser
landslide in Alberta (Canada, Figure 5). Tuckey and Stead (2016) and Elmo et al. (2018) describe
the complexity in characterizing the influence of rock bridges on rock slopes stability.

Type 1 Type 2

2 V J2/J3
Intact rock
‘ = fracture + low

" persistence

5m discontinuities

Intact rock
fracture + low
persistence
discontinuities

J2/J3

Intact rock
1Tm fracture + low
— persistence
discontinuities

Figure 5. Step-path types recognized at the Palliser Landslide, Alberta (Canada), modified after Sturzeneg-
ger and Stead (2012). Note the extreme variation in scale of the step-paths from 1 — 10's m.

An example of a complex undulating step-path surface in a rock slope near Canmore (Alberta)
is shown in Figure 6. In rock masses with multiple deformation episodes and complex jointing
such as porphyry copper deposits complex, 3D step-paths may develop. The importance of con-
sidering connectivity in rock mass instability has been shown by Alghalandis et al. (2014), Elmo
et al. (2022) and Karami-Shariff et al (2022). When considering the failure mechanism in land-
slides and rock slopes it is suggested that 3D connectivity should be investigated, as it may play
a crucial role in the slope evolution and the associated hazard.
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Figur 6. Complex undulating step path formed by a combination of discontinuity sets and intact rock
fracture, Canmore, Alberta (Canada).

The greater the connectivity of the fracture network in a slope, the less intact rock (rock bridge)
fracture/damage required for a slope failure. Conversely, the lower the rock mass connectivity,
the more stable the rock slope should be. It is important, however, to considered connectivity in
terms of both adversely oriented discrete structures, as well as the rock mass slope network (i.e.,
a through-going highly connected fault/fault zone may exist within a massive low-connectivity
rock mass). The degree of brittle fracture and damage involved in landslides and rock slope fail-
ures has been the subject of considerable research by Havaej (2015) and Donati (2019). Failure
along a single through-going sliding surface may involve brittle fracture and failure of along plane
(dip and strike) rock bridges as well as failure of small-scale rock asperities that occur along the
sliding surface. An active-passive or biplanar failure may involve considerable yield and brittle
fracture at the interface between the upper active block and the lower passive block, commonly
referred to as transition zone or Prandtl prism (Figure 7a,b). Variations in strike of the transition
zone failure may also occur, resulting in an inherently 3D failure mechanism (Figures 7 d,e). Non-
daylighting structures may form wedges plunging steeper than the slope surface, which may fail
by brittle breakout mechanisms (Figure 7¢). Brittle failure may also lead to the development of a
“root sliding surface” at the limit of flexure of toppling columns in rock slopes with the potential
for sudden global slope translational/rotational failure (Figure 7f). Brittle fracture is also a key
component of buckling failures in footwall open pit slope slopes and bedding parallel mountain
slopes.
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Figure 7. a. Brittle fracture and graben features associated with active-passive slope failure in faulted Coal
Measures., b. Brittle fracture model of active-passive slope failure, after Havaej, 2015, Havaej and Stead,
2016, c. 3D brittle fracture model of non-daylighting wedges, d. Vajont Side, Italy, e. 3D brittle fracture
model of Vajont Slide showing brittle fracture at active-passive block transition, f. UDEC model of toppling
failure showing development of tension red and root zone (yellow)

1.6 Rear and lateral release surfaces

Rear and lateral release surfaces have been the subject of limited research, yet are often a crit-
ical element in landslides and rock slope failures. Release surface may vary in scale from joint-
controlled rock fall, where the lateral boundaries and ends of the block form the release surfaces,
to mountain/pit slope scale features. There is a wide range of release surface geometries dependent
on the interaction between the structural geological features and geomorphic processes/land-
forms.

1.6.1 Rear release surfaces

Rear release surfaces were originally treated in limit equilibrium analyses as having critical loca-
tions and depths dependent on the relationship between the tensile strength of the rock, the failure
surface orientation, and the slope geometry. In most rock masses, the location of the rear release
surface will be dependent upon the presence of appropriately oriented planes of weakness, such
as faults or joints. Where through-going persistent faults or bedding planes extend to and intersect
the slope surfacer at the back of the landslide, no rear release surface may be present, apart from
tensile cracks through the soil cover. The scale of rear release surfaces (depth, length, and width)
has yet to be rigorously investigated. In small scale rock slopes, rear release surfaces may be
formed by usually subvertical metre-scale joint planes. However, at mountain scale, rear release
surfaces may be formed by extremely persistent joints and faults (Figure 8a), or combined bed-
ding-cleavage-jointing step-paths within fold hinges (Figure 8b)
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Figure 8. Examples of mountain scale rear release structures, a. Active-passive failure with dilation along
high angle rear release surface and failure involving combined jointing — intact rock facture at the toe (Mt
Kidd, Alberta, Canada), b. Rear release of the 1903 Frank Slide, Alberta (Canada) involving combined
brittle fracture and jointing within the hinge of a major fold.

The spacing of the structures may play an important role in step-path rear release. The length
and orientation of rear release surfaces determines the volume of the slope failure. Rear release
surfaces may strike in a direction oblique to the strike of the slope face, with important implica-
tions for both the three-dimensionality of the failure mechanisms and for support design. In large
open pit slopes and landslides, rear release surfaces tend to be more complex, and may involve
multiple structures with the global release surfaces branching across different structural and ge-
otechnical domains. Release surfaces may also be stepped in plan or encompass zones of localised
wedge/toppling instability as observed at the Downie Slide, BC. Variations in the rock mass qual-
ity may see more retrogression in the weaker more weathered rock mass. In such cases, it is im-
portant to consider different generations of releases surfaces with primary release surfacers for
the main failure and secondary release surfaces corresponding to post-main failure instability
(Figure 3b). The existence of multiple rear release surfaces is evident in long-term failures which
retrogress into and extend in length over time along the slope as the failure grows and/or local
failures coalesce into larger global slope failures, as noted at the Alexandria slope failure, BC
(Canada, Figure 9a) and at the Fels slide (Alaska, Figure 9b). Geoscientists and engineers should
also consider that in a retrogressing failure the main failure process may involve multiple “inter-
nal” rear release surfaces with sometimes evidence only of the final rear release surface at the
headscarp of the landslide. In-slope rear release “surfaces” may also form at fault zones within a
tectonically damaged rock mass with expression in the topography as depressions, grabens or
sackung features.
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Figure 9. Retrogression and lateral growth of landslides, a. Multiblock failure of the Alexandria landslide
with eight blocks defined based on GIS, geomorphic mapping and InSAR displacements (after Francioni
et al 2021), b. Progressive growth of the Fels Landslide along and into the slope with retreat of the Fels
glacier based on SAR-speckle tracking and GIS interpretation, after Donati et al. (2021c)

1.6.2 Lateral release surfaces

Lateral releases surfaces have often been considered (or assumed) as sub-vertical surfaces or-
thogonal to the strike of the slope and sliding surface, thus providing no restraint to the landslide
movement or rock slope failure. Lateral kinematic release may be provided by topography, for
instance through gully incision on one or both sides of a landslide. Where two gullies exist or
where there is a change in slope strike such as at a promontory, then lateral release Where two
gullies exist or where there is a change in slope strike such as at a promontory then lateral release
structures may not be required (e.g., Randa rockslides, Leith 2012). Where a gully exists on one
side only, then a structure is required on the other side. Where no gullies are present then structural
surface for lateral release, or a combination of structures and intact rock fracture may be required.
(Brideau 2010). Figure 10 shows lateral and rear release characteristics for several major land-
slides.
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Figure 10. Selected major landslides showing complex landslide boundaries and lateral and rear release
surfaces, a. Downie Slide, British Columbia (Canada), b. Hope Slide, British Columbia (Canada), c. La
Clapiere (France), d. Madison Canyon (US), e., Frank Slide, Alberta (Canada), f. Vajont Slide (Italy)

B

Remote sensing has shown that the morphology of lateral release surfaces, as with the sliding and
rear release surfaces, may be complex with significant surface roughness necessitating significant
dilation, and even intact rock fracture for a slope block to move. The combined roughness of the
lateral release surface and the failure block geometry (shape) may lead to complex translation and
rotational block movements. Figure 11 and 12 shows the use of LiIDAR combined with GIS and
amplitude profiles to characterize the morphology of the lateral and sliding release surfaces at the
Palliser Landslide in Alberta.
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Figure 11. Morphology of the Palliser landslide, Alberta (Canada), lateral and sliding surfaces. Sections
through the ground-based LIDAR show large variations in the amplitude of roughness which would have
provided significant resistance to sliding.
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Figure 12. Aspect and slope maps of the basal (a) and lateral (b) surfaces of Palliser landslide, Alberta
(Canada), highlighting the roughness and undulations. See fig. 11 for location. Note that the aspect and
slope maps of the lateral surface (b) were created after registering the surface on a horizontal plane. There-
fore, the orientation of the surfaces is relative.

As with rear release surfaces, multiple lateral release surfaces, reflecting a complex structural
geological setting, may allow over time, the lateral growth of multi-block, 3D landslides. As pre-
viously discussed, extensive research conducted at the Hope Slide, BC (Brideau et al., 2005,
Donati et al. 2021b) has shown that multiple internal lateral release surfaces were present as shear
zones within the rock mass and were an important control on the kinematics of the failure. Engi-
neers and geoscientists should consider not only the dip and dip direction of the lateral and rear
release surfaces, but also the plunge of the mutual intersections between the sliding, lateral and
rear release surfaces forming the landslide block geometry. It is recommended that the plunge and
trend of all such major structure intersections be systematically compared to three-dimensional
monitoring data from remote sensing (e.g., INSAR, LiDAR) and geodetic monitoring methods
(e.g., GNSS) to investigate the structural controls on the failure mechanism. An example is pre-
sented by Donati et al (2021¢) who were able to estimate the shape of the failure surface beneath
the Fels slide (Alaska) using SAR speckle tracking data and the calculated plunge and trend of
the displacement vectors.

1.6.3 Understanding the importance of tectonic control on release surfaces

As evident from previous discussions and work by the authors tectonic structures have an over-
riding effect on rock slope failures and landslides. All too often, however, particularly with the
advent of remote sensing and autorecognition of joints and joint sets, there is arguably a lack of
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critical analysis as to which structures are important in a slope. The authors recommended tectonic
structures be treated in a hierarchical 1%, 2",3™, 4% order manner as is done in groundwater studies
in large open pits, Beale and Read (2014).1% order faults, shears and major joints spanning the
entire slope clearly have the potential to form release surface for major failures as observed in the
Vajont Slide (Italy, Figure 13a), translational failure along Maligne Canyon (Figure 13b), Goldau
Slide in Switzerland (Figure 13c¢), the Hope Slide, BC (Figure 3) or to form damage zones, such
as at the Downie Slide, BC (Figure 2).

= =,x i 2 (i1 1 ' . e
Figure 13. Major 1% order structures forming the lateral release surfaces at a. The Vajont Slide, Italy, b.
Maligne Canyon, Alberta, Canada and c. Goldau Slide, Switzerland.

In contrast, minor, 4™ order lower persistence joint sets are more liable to provide release for
rockfall/bench scale instabilities. Where major fault zones exist along a valley, the possibility of
tectonic damage at the toe and associated fault structures/splays forming release surfaces should
be considered (Kremsater 2021). The observed progressive failure of post-glacial slopes and deep-
seated gravitational displacements may involve on-going fracture of the rock mass until lateral or
rear release is through-going and the slope is brought to a state of failure.

1.4 The detachment surface

Conventional kinematic analyses using stereographic procedures consider sliding failures (pla-
nar and wedge) and rotational/toppling failures; these modes of failure are dominated by shear
failure. In rockfalls on high rock slopes the engineer must consider the above modes but should
also consider extensile gravity failure of rock blocks from undercut sub-horizontal detachment
surfaces. Such failures are similar to underground gravity wedges and hence can easily be incor-
porated into slope stereographic kinematic analysis. These sub-vertical blocks detach over time
through a combination of tensile fracture and separation on joints. They clearly provide evidence
of the importance of rock bridges in rock slope stability as tensile strength dominates over mobi-
lised shear strength in these environments. Extensile dominated rockfall may involve free fall or
cantilevering of beams away from the overlying detachment surface. In shear-dominated rock-
falls, the rockfall separates away from the detachment surface, which is orthogonal to the sliding
surface. Rockfall on steep rock slopes has been investigated in detail by many researchers using
change detection laser scanning methods. Real time laser scanning monitoring by Williams (2017)
showed how rockfalls are more frequent and of lower magnitude than indicated by monitoring

&9



IX Latin American Rock Mechanics Symposium ISRM International Symposium
© 2022 ISRM, ISBN 978-99925-3-874-6 Jose Félix Pavon, Editor

over longer time intervals. Small scale release surfaces and block failures (generally referred to
as precursor rockfalls) may provide the kinematic conditions (removal of toe and/or lateral con-
finement) for larger scale failures that mobilize larger slope scale release surfaces. Kromer et al.
(2015) present an interesting case study demonstrating the importance of rock slope precursor
activity using change detection ground-based LIDAR; this is an important area for future research.
Failure sources areas may grow and coalesce both retrogressively into the slope and along slope
in an inherently three-dimensional process. The authors have investigated the lateral and rear re-
lease and detachments surfaces of rockfalls at numerous high rock slopes in Western Canada and
Europe. Figure 14 shows examples of upslope rockfall migration with evidence of shear and
extensile beam modes of failure. Shear dominated rockfalls typically occur as sliding and wedge
failures, whereas extensile failures show clear brittle fracture in the subvertical source zones.
Shear dominated rockfall source zones may be bounded by step-path lateral release surfaces on
one side and brittle fracture on the other (Figure 15b). The step-path lateral boundary reflects the
upward propagation and growth of the source zone over time. Subvertical rockfall may culminate
in a circular step-path detachment surface or involve multiple lateral release surfaces forming
blocks that progressively detach along the length of the slope. In more massive rock slopes can-
tilevering of joint-bounded blocks may occur with cracking and rockfall due to beam failure (Fig-
ure 14b). Rockfall may also involve plan rotation movements (Figure 16a, b). In such cases, it
important to consider not only the dip of the folded sliding surface but the plunge of the fold
which can exacerbate oblique rockfall displacements.

tachment. a. Detachment of block involv-
ing intact rock fracture along sub-vertical jointing, Squamish Chief, BC (Canada). B. Extensile detachment
of blocks involving cantilevering beam pinned at one end with rotating out of slope c. Curvilinear detach-
ment roof rockfall, Lago di Pontesi (Italy).

90



IX Latin American Rock Mechanics Symposium ISRM International Symposium
© 2022 ISRM, ISBN 978-99925-3-874-6 Jose Félix Pavon, Editor

Figure 15. Shear dominated rockfall with detachment progressing upslope. a. Detachment from joints or-
thogonal to bedding with V-shaped upward migration, Vajont slide, b. Upslope migration of rockfall in-
volving step-path detachment surface on one side and brittle fracture on upper right, Maligne Canyon,
Alberta (Canada).

Brittle

fracture-rock
bridges ‘

Figure 16. Plan rotational rock slope displacements a. Block rotation along strike resulting in dilation of
step path jointing and brittle fracture at the toe of the column, Joffre, BC (Canada). b. Plan rotation of
foliated rock mass along a plunging fold limb, Lake Louise, roadcut, Alberta (Canada).

2 SLOPE KINEMATICS AND LANDFORM EVOLUTION

Remote sensing (characterization and monitoring) and numerical modeling of landslides over re-
cent years have clearly shown the importance of considering landslides as 3D block movements
as opposed to the 2D blocks adopted in conventional 2D analyses. Investigations on the Downie
Slide, the Hope Slide, and Elliot Slide, BC (Canada), the Aknes slide (Norway), Fels slide
(Alaska), and Vajont Slide (Italy) have all indicated that slope failures comprise multiple blocks
that move often at different rates and different directions. The size and shape of the blocks in-
volved is important as keyblocks may be present as at the Hope and Elliot Slide removal of which
by ancient landslides predetermine eventual failure. Changes in the landslide release surfaces with
respect to landform evolution, slope damage and the importance of kinematic confinement both
in-slope and along slope should always be considered. Keyblocks at the slope toe may be removed
by undercutting (glaciation/river/coastal erosion) and result in the generation of new release sur-
faces that bound landslide blocks that were previously non-removable. Loss of confinement may
occur within a slope when a block fails allowing lateral progression of instability. The interaction
between geomorphic process such as glacial retreat, river and coastal erosion can be controversial,
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e.g. it the removal of the support of the ice or the changing kinematics that is important.? Not-
withstanding, the observed slope toe that follows glacier retreat is both damaged by glacial pro-
cesses and steeper due to glacier erosion; this can facilitate either daylighting of incipient basal
release/failure surfaces, rock mass failure, or both, Figure 17 In foliated metamorphic rocks of
low rock mass strength failure may occur concurrent with glacier retreat with the failure develop-
ing laterally and in-slope instantaneously. In stronger, brittle rocks the undercut toe may fail long
after the glacier has disappeared sometimes in a violent, energetic manner. It is important to also
consider the effect of marine erosion removing weak rock/faulted rock masses to form lateral or
rear release to major coastal landslide blocks or rivers/gullies incising into mountain slope to form
lateral release surfaces. Geomorphic processes include the removal of toe/lateral keyblocks, the
effects of stress-relief, and weathering. The kinematics of a rock slope may change with block
removal as observed at the Joffre Slide, BC, where the translational failure of one block allowed
an adjacent block to fail along slope by toppling/rotation of rock columns (Fullin, 2020). Failure
of a surface layer of a steep rock slope may occur within a stress-relief loosened “damage skin”
that moves into the slope with time through continuing rockfall at multiple scales. Such a migra-
tion of the damage skin may lead to larger scale landslides where the necessary large scale release
surfaces are present. In 2D simple failure mechanism are assumed to involve one block (pla-
nar/wedge), two-three blocks (active passive +/- Prandtl deformation zone). When a slope is con-
sidered in three dimension it is common to see multiple blocks along slope in addition to in-slope.
The blocks interact along internal lateral and rear release surface often with varying dip/sip direc-
tion basal sliding surface. The rock block shape is critical in three-dimensional stability and re-
quires a 3D-distinct element keyblock approach. Constraining rock slope modelling using com-
bined remote sensing (characterization-monitoring) and boreholes is essential.

Slope break

Oversteepened
slope

0m Ice height char %
[ P FAN V)

Figure 17. Examples of slope instabilities driven by glacial retreat: a. view of the oversteepened
slope left by the retreat of the Fels glacier, which initiated the movement of the Fels slide (Figure
9b); c. results from a change detection analysis, showing the retreat of the West Grenville Glacier
between 1965 and 2021, which promoted the detachment of the 2021 Elliot Creek slide, British
Columbia (Canada), outlined in red. The yellow line shows the boundaries of an older landslide
scar, which also enhanced the kinematic freedom of the 2021 landslide.
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3 CONCLUSIONS AND FUTURE CHALLENGES IN UNDERSTANDING COMPLEX
ROCK SLOPE FAILURE MECHANISMS

Remote sensing has clearly shown the variations in slope displacements in 3D and allowed
correlations between the failure surface morphology and slope deformations. To improve our un-
derstanding of rock slope failure mechanisms we must o fully utilize the enormous amounts of
data that are being collected Figure 18a.
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Figure 18 a. “Bigdata” sets being collected on rock slope characterisation, monitoring and modelling, b.
Conceptual uncertainty in rock slopes and landslides and potential improvements through combined ma-
chine learning (ML), modelling and site investigation methods.

This data also needs to be used in constraining numerical models. The problem of analyzing
“bigdata” sets in a timely fashion is a major challenge to rock engineers and requires the use of
improved methods of data analysis and visualization. Collecting remote sensing data, in itself,
does not improve our understanding of slope failure mechanism unless the right data is being
collected and the relationships between data can be identified. The authors suggest that a machine-
learning approach is essential to allow the enormous data sets to be fully utilized in constraining
numerical models, reducing uncertainty, improving our understanding and reducing risk, Figure
18b. Further research is required to characterize sliding, lateral, rear and detachment surfaces in
detail using remote sensing, geophysics, borehole methods and numerical modelling. The me-
chanical properties assumed for numerical modelling of large-scale release surfaces also requires
further investigation and constraint through combined remote sensing and numerical modelling
of rock slopes and landslides at varying engineering scales. It is essential that 3D models that
realistically simulate observed slope behavior be adopted more widely. These models should be
able to simulate multi-block landslides involving brittle fracture but should not be oversimplified
to do this. The role of groundwater pressures on release surfaces in three-dimensional rock
slope/landslides models has been the subject of limited research. The water pressures along the
base of landslide blocks have been considered in 3D distinct element models and similarly the
influence of rear release (tension crack) water pressures has received considerable emphasis in
rock slope stability. The role of water pressures on lateral release surfaces however requires fur-
ther investigation. It is known that the same structures that may function as lateral release surfaces
in landslides can also result in compartmentalization of groundwater pressures. It is thus highly
likely that different blocks within landslides may be influenced to very degrees by groundwater.
The role of pre-failure landslide fracturing, and structures have been suggested to result in ampli-
fication of earthquake waves; releases surfaces both internal and bounding may interact with seis-
micity in a complex manner. The time dependency of displacements in slopes and their relation-
ship to lateral release surfaces (block shape) is an area for future research using InSAR/GPS
combined with 3D numerical modelling. Remote sensing should be used to characterize
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lineaments related to release surfaces and the three-dimensional plunge/trend of slope displace-
ment vectors over time compared with the plunge/trend of release structures. Emphasis should be
given to constraining and differentiating time dependent movements related to release surfaces
and to the rock mass.

Considerable potential now exists for using remote sensing and numerical models to improve
our understanding of the three-dimensional nature of landslides and simplification of land-
slides/rock slope failures to 2D entities should only be dome after careful and rigorous justifica-
tion.
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Investigation into long-term coal pillar stability
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ABSTRACT:

Although the basic mechanisms of coal pillars are well understood, gaps exist in some critical
areas, particularly in relation to long-term stability. This study investigates the long-term stabil-
ity of coal pillars by considering three-pillar system failure modes: (i) pillar failures due to pillar
spalling (i.e., reduced pillar width), (ii) pillar failures due to continuous roof failures (i.e., in-
creased mining height), and (iii) pillar failures due to weakened floor. The mechanisms of pillar
failure caused by the three failure modes are discussed. The concept of ‘geometrical limits’ is
implemented to calculate the critical spalling depth for pillar failure caused by rib spalling, and
the critical mining height for pillar failure due to roof falling in long-term. In addition, an ana-
lytical technique has been developed to quantitatively assess the bearing capacity of soft floor.
This analytical model shows that the bearing capacity decreases linearly with decreasing cohe-
sion of the floor. The assessment approach proposed in this study can help to quantify the long-
term stability of coal pillars.

1 INTRODUCTION

Despite coal pillars being one of the most researched aspects of underground coal mining,
their behaviour, interaction with surrounding rock masses and strength remain a subject of re-
search due to the inherent complexity and variability of rock masses. Although the basic mech-
anisms of pillars are well understood, gaps exist in some critical areas, particularly in relation to
long-term stability.

Pillar stability is an important consideration during mining and following mining. During
mining, pillars provide a safe working environment for underground workers. In the long-term,
after mining has ceased, in many cases, the pillars are required to stay stable for subsidence con-
trol purposes.

The design of long-term stability of coal pillars in Australia is currently based on a factor of
safety of 2.11 using the well-known UNSW pillar design formulae (Salamon et al, 1996), which
corresponds to a probability of failure of 1 in a million. However, an important limitation of the
UNSW formulae in its derivation was that it could not define the annualise probability of fail-
ure; that is, the effect of time was not quantified.

A pillar system comprises the coal pillar, roof, and floor. The strength of pillars can reduce
over time due to two distinct spalling processes that (i) start at pillar edges and works their way
towards the pillar core, and (ii) start in the roof and continues until it reaches equilibrium. The
long-term pillar system failures can also be caused by the progressive weakening of the floor.

This study aims to examine the long-term stability of coal pillars by considering the three pil-
lar system failure modes: (i) pillar failures due to pillar spalling (ii) pillar failures due to contin-
uous roof failures, and (iii) pillar failures due to weakened floor. The concept of ‘geometrical
limits’ is implemented to assess the pillar failure caused by rib spalling and roof failure with
time. Furthermore, an analytical technique is developed to investigate the pillar failure due to
softened floor in the long-term.
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2 ANALYSIS OF FAILURE MODE OF LONG-TERM STABILITY OF COAL PILLARS

2.1 Australian coal pillar design methodology

The methodology used in the studies of Salamon and Munro (1967) in South Africa and
Salamon et al (1996) in Australia are identical. In both studies, it was postulated that (i) the
strength of a pillar can be expressed as a function of the linear dimensions of the pillar, (ii) the
mean stress acting on a pillar is the tributary area load, and (iii) failure occurs when the true
load exceeds the actual strength, which can be expressed in terms of the conventional factor of

safety (SF):

FoS — Strength
Load )
The general ‘power’ formula for strength (o;,) was defined by Salamon et al (1996) as:
(wO)"
o =K——7F—
4 hﬁ
()

where K,a and [ were determined by a statistical analysis of collapsed and uncollapsed
pillar geometries, w and /4 are pillar width and mining height, in metres. @ is a dimensionless
‘aspect ratio’ factor to account for pillar length. Salamon et al (1996) determined the values for
K, and S tobe 8.6 MPa, 0.51 and —0.84 respectively.

The dimensionless aspect ratio is a modification of hydraulic radius concept (effective pillar
width) of Wagner (1980) and is as follows:

When pillar width to height (w/h) ratio <3:

0=1
A3)
When 3<w/h<6:
(w/h)=3
o)
w+l @)
where [ is pillar length in metres.
When w/h >6:
o5
w+l 5)

Salamon (1982) proposed an extension to his original pillar strength formula to account for
the increased strength of “squat™ pillars with large width-to-height (w/h) ratios (Madden and
York, 1998). Salamon et al (1996) proposed the following squat pillar formula in Australia:

0.51 25
o = %{029“%) —1} + 1}
w 5 6)

Where o, is the strength of a squat pillar.

In the analyses, the load acting on pillars was calculated using the Tributary Area Theory
(TAT), which assumes that each pillar carries a proportionate share of the full overburden load.
Assuming H is depth to the seam floor (m), & is roadway width (m), w is pillar width (m),
C is centre distance (m), then for a square pillar layout the pillar load (g, ) can be estimated in
MPa units as:
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where C=w+b and y isthe average specific weight of the overburden rocks.

2.2 Conventional modes of pillar failure

The exact mode of failure of coal pillars is not known with any certainty, particularly in old,
sealed panels. The majority of cases in the failed databases collated around the world were gath-
ered using the observed surface subsidence and, where possible, mining experiences in neigh-
bouring panels of the failed panels. Nevertheless, many authors discussed the possible pillar
failure modes and found that there are four conventional long-term failure modes of a pillar sys-
tem (excluding; (i) sudden, violent failure due to instantaneous release of strain energy and (ii)
flooded workings that may completely disintegrate the coal pillar). These modes are:

(a) Progessive pillar spalling (i.e., pillar is the weakest element in the system).

(b) Progressive roof spalling (i.e., the roof is the weakest element in the system).

(c) Pillar foundation (i.e., floor) failure, which, in turn, pulls the pillars apart and fails it (i.e.,
floor is the weakest element in the system)

(d) Any combination of the above.

3 ASSESSMENT OF LONG-TERM STABILITY OF COAL PILLARS

3.1 Pillar failure caused by rib spalling

3.1.1 Progressive pillar spalling mechanism

It is well-known that the strength of pillars may reduce over time by a spalling process that
starts at pillar edges and works its way into the pillar core (van der Merwe, 1993; van der Mer-
we, 2003; Salamon et al, 2006; Canbulat, 2010). In this failure mode, it is assumed that the
weakest element of the pillar system is the pillar, whilst the roof and floor are stable. As the pil-
lar ribs weaken, spalling occurs, and the effective size of the pillar decreases. Eventually, it
reaches the stage where the loss of strength is sufficient to result in failure of the pillar (van der
Merwe, 1993). This failure mechanism is entirely controlled by the volume of space available
underground to allow sufficient spalling for failure, which also implies a maximum depth of
spalling. This limitation is referred to as “Geometrical Limits”. This concept of spalling was
first suggested by Salamon et al (1998).

A further study conducted by Canbulat and Ryder (2002) simplified the model for the South
African strength formulae. In their study, Canbulat and Ryder (2002) assumed that a spalling
pillar, of original width (w) and height ( /), continues to scale until a width (w, ) is reached at
which the ‘apron’ of scaled material forms a fully confining rim of height /# and width c, this
is given by:

c=hcotg )
where ¢ = angle of repose.

A field observation of pillar rib spalling is shown in Figure 1, illustrating the geometry in-
volved. It may be that the total width of the spalled apron w;+2¢ exceeds the centre spacing “C”
of the pillars, and overlap occurs with the aprons around the neighbouring pillars.
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Figure 1. A scaled pillar indicating the angle of repose and the heigt of the rubble, after Canbulat and
Ryder (2002)

3.1.2 Spalling of pillar at failure

In order to determine the required spalling distance to reduce the factor of safety to the criti-
cal factor of safety (i.e., S~=1), the approach developed by (van der Merwe, 1993) can be used.
In this approach, it is assumed that the original pillar width spalls by an amount, d., then the ef-
fective pillar width at critical factor of safety is w—2d_ . The critical spalling depth at failure
can be solved in Equations (1), (2), (6) and (7) by assuming that the pillar centre distance is con-
stant; that is:

B 1
B2 \2ra
d,(5,) =% w-| IC
2 KO o
B 1
0.11 2 078
1 HS,h"'C
dc(Sc)z_ w— ;/ - 2.5
21 | 27,6307 {029 (W) /5H) 1] 1] (10)

where d . is maximum possible spalling.
Once the critical spalling depth is known, and the rate of spalling is known, the time elapsed
to failure may then be calculated using the following formula:

ACSECR

(11)

where r is the rate of rib spalling in m/year.

3.2 Pillar failure caused by roof failure

3.2.1 Progressive failure of roof

Previously a number of authors have stated that pillars may also fail through progressive roof
failure, which, in turn, increases the effective mining height and reduces pillar strength and
stiffness of the pillar, as stated by Salamon and Wagner (1985). In this mode of failure, it is as-
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sumed that the weakest element in the pillar system is the roof, i.e., the immediate strength of
the roof is less or equal to coal.

In this case, the failure is driven by increased roof height through progressive failure of im-
mediate roof. In theory, as the roof fails, due to bulking factor, the failed material will chock up
at some distance into the roof and will reach the maximum height possible, provided that the
pillars are not at shallow depth and the failure does not reach the surface (i.e., bulking controlled
failure). However, the bulking controlled failure rarely fully develops due to the fact t