
CHAPTER 2

Collecting and Using Geologic Strucfilre Data for Slope Design

David E. Nlcholas* and Danny B. Sims*

2 . 7 .  I N T R O D U C T I O N
It is often said that the three most important factors in evaluating
residential and commercial real estate are location, location, and
location. Similarly, the three most important factors in the evalu-
ation of open-pit slope stability are structure, structure, and
structulre. The adverse interaction of geologic strucrures with the
mine walls is the greatest contributing factor to slope instabiliry
in open-pit mines, and the success of slope-stability analysis
depends upon the level of understanding of the characteristics of
geologic strucrure throughout the deposit.

In order to maintain clarity throughout this chapter, we will
first define the terminology used to describe geologic structure.
For data collection purposes, the geologic structures are divided
into fractures and major strucrures. Fractures are those geologic
sftuctures that are too small and usually too numerous to be
mapped and located individually. The major structures are those
geologic sftuctures that are long enough to be individually
located on a geologic map. There is a continuum between frac-
tures and major structures, and the differentiation between the
two is based on a lower-truncation limit for the length of major
stmcftrres. The minimum length for a major structure is usually
equal to the height of one design bench.

For purposes of structure analysis, the geologic stmctures
are dMded into rock fabric, intermediate strucnrres, and regional
structures. The rock fabric may include both fractures and major
structures. The intermediate and regional structures only include
the major structures.

The geologic structure terminology used in this chapter is as
follows:

t Geologic structures, which comprise all fractures and
major structures, regardless of their length.

t Fractures and,/or joints, which are geologic structures
that break the intact rock into more or less discrete
blocla. They usually comprise the rock fabric and some-
times the intermediate structures. The fractures and
joints are too numerous and too short to be mapped
individually throughout a deposit.

. Major strrlctures, which are geologic structures, such as
faults, that are large enough to be mapped and located
as individual structures. There is actually a continuum
between fractures and major structures, but the differ-
entiation is useful for design purposes. The lower-
length truncation limit canvary but generallyit is equal
to the height of a single design bench.

t Rock fabnc, whidr is defined as geologic strucrures that are
too numerous to be evaluated individually. They are there-
fore treated statisticallyin a slope-design analpis. The rock
fabric mayindude both fracnres and major strucnres.

. Intermediate structures, which are geologic stmctures
that are too numerous to be evaluated individually.
They are treated statistically in a slope-design analysis.
The intermediate structures only include major struc-
tures that are longer than a given, lower-length trunca-
tion limit. The lower-length tmncation limit can y?r4,
but it generally is equal to or greater than the height of
two design benches.

t Regional stntctures,which are major stmctures that are
of a regional scale. These structures generally have a
minimum length of 100 m; when these strucftlres are
faults, they are usually assigned unique names on geo-
logic maps.

r Strucrural domarns, which are zones in which the distri-
butions of orientation, length, spacing, and shear
strength are similar.

The geologic structure attributes that are most critical
include orientation, length, spacing, overlaps, and shear
strength. Structure length and overlap must be measured from
surface exposures. It is best to measure strucnlre orientation and
spacing from surface exposures as well, but these data may also
be obtained from oriented core. Shear-strength data can be
obtained equally well from either surface or core samples.

Although it is best to measure most of the critical geologic
structure attributes from surface exposures, there is usually a lim-
ited surface area that is exposed and accessible for surface struc-
ture data collection. It is therefore necessary to extrapolate the
available data and develop an accurate strucnre model as a basis
for the slope-stability analysis.

The rock fabric, intermediate structures, and regional struc-
nrres are defined to match the pit-slope design. A pit slope has
three major components: bench configuration, interramp slope,
and overall slope. The bench configuration is defined by bench
height, catch bench width, and bench face angle. The interramp
slope is formed by a series of unintemrpted benches, and the
overall slope is formed by a series of interramp slopes separated
by haul roads (Figure 2.L).

The bench height is determined by the size of the mining
equipment. The required bench width is based on either expected
tailure volumes or on relationships developed by Ritchie (1963)
and the State of Washington.The bench face angle is determined
by the geologic strucnlre, given that there are good blasting and
digging practices. The structures controlling the bench face angle
are usually the rock fabric because of their high frequency of
occurrence, but the bench face angle can also be controlled by
the intermediate and regional stmctures.

Interramp, multiple-bench, slope-stability analysis concerns
only those failures that incorporate two or more benches. Struc-
tures that affect the interramp stability must therefore be equal to

* Call & Nicholas, Inc., Tucson, Arizona.

TL



u2 Rock Slope Design Consideratlons

FIGURE 2.1 Typlcal openplt deslgn closs sectlon

or greater in length than the height of two design benches. The
structures that have a minimum cutoff length equal to the height
of two design benches are, by definition, the intermediate struc-
tures. The intermediate strucrures are analyzed statistically to
determine the probability of structurally controlled multiple
bench failures that affect the interramp slope stabiliry.

For both the bench face angle and the interramp slope analy-
sis, the distribution of the geologic structure characteristics is
required for statistical analysis. Collecting the data and interpret-
ing these disuibutions are a challenge for the geologist and geo-
technical engineer.

Overall slope stability concerns only those failures that
incorporate most ol if not all, the height of the pit slope. The
overall analysis can incorporate all of the geologic structure data-
base. The regional structures are projected to future pit designs,
and the interaction of the designed pit walls with each unique
regional strucnrre is analyzed. The rock fabric data and interme-
diate structure data are used to characterize the rock mass to
determine whether there is a potential for rock-mass failure,
either solely through rock fabric, intermediate structures, and
intact rock or in combination with a regional structure.

The greatest challenge in overall stability analysis is probably
in determining the rock-mass strength for a pit highwall. An over-
all weak rock mass can fail through areas that do not contain
regional strucnrres. Also, a non-daylighted regional structure may
require a rock-mass buttress between the fault and the pit. In this
case, the rock-mass strength must be known to determine the
required butrress width. The rock-mass failures generally occur
through rock-fabric-scale strucnlres, intermediate structures, and
intact rock. The rock fabric and intermediate stmctures that pro-
vide the weakest failure path in the rock mass generally occur in
regular orientations within a structure domain; therefore, the rock-
mass strength is directional dependent.

2 . 2  M A J O R  S T R U C T U R E S
The interramp and overall slope analysis mainly utilizes the inter-
mediate and regional structures, both of which are part of the
major-structure database. Major-structure data have a more sig-
nificant impact on the slope design than that of the rock fabric,
and the major-structure data are therefore the most important
geologic structure data. The major-structure data are also the
most difficult to collect and interpret.

2.2.L Regional Structures
Regional structures are greater than 100 m in length, but major
sftuctures can only be mapped one bench at a time. Accurate sur-
vey, mapping, and interpretation methods are essential to deter-
mine bench-to-bench continuity and true structure length.
(Mapping techniques are discussed in more detail later in this
chapter.) Another problem in mapping regional structures is that
it is difficult to determine the continuity of flat major sftuctures,

dipping 30' to 60'; yet these structures are the most critical to
slope design. Therefore, it is important for the geologist to look
for these flatter structures and, if unceftain, put them on the map
and let the geotechnical engineer justify the drilling to determine
the structural continuity. The regional structures have to be cor-
rectly projected on to each future pit plan, and, if possible, a
sfiucture contour has to be developed of that regional structure
for future planning.

The shear strength of the structure should be determined
from direct-shear test of the material that defines the fault zone.
Fault zones are variable; the strength that usually connols the
behavior of the fault is the strength of the material that is the
weakest and comprises at least 20olo of the fault zone.

2.2.2 Intermediate Structures
Ttre intermediate and regional stmcnrre data are collected by the
same major strucrure-mapping technique. Those structure tlpes are
differentiated in the interpretation of the data. Ttre intermediate
structures are those that have interpreted lengths that are greater
than the height of two design benches and are less than 100 m.

Intermediate structures are mapped indMdually as major
structures; however, in the stability analysis, they may be used as
either unique strucrures or as paft of a database for statistical anal-
ysis. The characteristics required are orientation, spacing, length,
and shear strength. Similar to the collection of regional stmcture
data, it is important that the geology staff follow rigorous survey-
ing, mapping, and interpretation methods to ensure that stmcture
lengths are properly represented on maps and in the database.

2.2.3 Mapping Techniques
Several methods are commonly used to map major structure in
open pits: (1) face method, (2) mid-bench method, and (3) Ana-
conda (touch point) method. Call & Nicholas, Inc. (CNI) recom-
mend the face method. The relative advantages and disadvantages
of each method are presented in the following discussion.

The discussion of each method is aided by a hypothetical,
plan-view geologic map, which would be produced with each dif-
ferent method for the same geology. An oblique view of a hypo-
thetical pit wall is presented in Figure 2.2.

Two rock types are present, and they are cut by faults and
single joints. The 3,71S-level bench face has a wedge failure, and
the 3,710-level bench face has a plane shear on the lithologic
contact. Survey marks are represented on each bench.

A plan-view base map for the oblique view map is presented
in Figure 2.3. lt is important that a toe-crest base map be used
regardless of the mapping method. A toe-crest map accurately
represents areas that are horizontal benches and areas where the
topography is sloping.

Face Method. The face method (Peters 1978) differs from
the Anaconda and mid-bench methods in that the face method
does not utilize a horizontal datum plane. The face method is a
surface trace method that is similar io common techniques used
for most surface mapping.

The face method is conducted by first surveying the bench
area to be mapped. Survey marks are made in bright paint on the
middle of the bench at 5- to 10-m intervals. If mapping an exist-
ing highwall, the mapping should begin at the lowest level and
progress upward. Following this method, the survey marks on
the bench below can be easily used to locate where structures
reached the crest on the bench below, even though these struc-
tures cannot be seen by looking over the crest from above. The
ability to know exactly where a sftucture reaches the crest is
important because the mapper can stand at that crest point and
look in the direction of strike across the horizontal bench to see
whether the stmcture continues to the next level.

The survey data are recorded on the same opaque paper on
which the toe and crest map is plotted. A gridded Mylar sheet is
overlain for collection of the strucnrre data. The mapper
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FfGURE 2.4 Face method structure map for geology shown on Figute 2.2

traverses the bench and identifies those structures that are con-
tinuous for a length equal to or greater than a single bench
height. The structure is traced on the map exactly as it appears on
the face. The exact locations of the crest or toe intersections are
critical for determining bench-to-bench continuiry. The strike
and dip of the strucnrre are measured with a compass, and the
structure is dashed on the bench above and below in the strike
direction. The dip is plotted with conventional dip-direction sym-
bols for different structure tlpes. The structure rype, strike, and
dip are noted next to the stmcture for ease in building a srructure
database from the map. Important features, such as plane shears,
wedges, muck piles, tension cracks, and water seeps, should also
be drawn onto the strucnrre map.

The structure data should be posted to a master map at the
end of each day. The new data should be interpreted in the con-
text of previous data so that structure continuity and potential
structure domain boundaries can be detected. This also gives the
mapper direction when mapping future bench faces as mine
development progresses.

A face-type major-structure map (Figure 2.4) was generated
for the geology shown on Figure 2.2. Nl structures can be repre-
sented on the map because there is no horizontal datum plane to
which the srmctures are projected. The relationship of structure
to physical condition of the face can be clearly demonstrated.

Advantages to the face method include the following:

r Structures are plotted as surface traces at their actual
locations, and acrual structure lengths are drawn
directly on the map.

r It is possible to accurately represent the relationship of
sftucture to physical conditions of pit walls.

r Notation of the exact location of structure intersections
with the toe and crest makes it possible to accurately
determine bench-to-bench continuiry of structures. This
is especially true for the low-angle structures.

Mid-Bench Method. The mid-bench method uses a hori-
zontal datum plane located at the mid-bench elevation of the
face. A mid-bench major-stmcture map (Figure 2.5) was gener-
ated for the geology shown on Figure 2.2. Structures are only
represented by a strike-and-dip symbol at the point where the
structure crosses the mid elevation of the face. One potentially
important low-angle major suucnrre does not cross the mid ele-
vation of the face and therefore is not represented on the map.

The advantage of the mid-bench method over the Anaconda
method is that structures are less likely to be covered by muck at
the mid-bench elevation than they are at waist height. Overall
disadvantages to using this method include the following:

r Difficulties arise in plotting structures that do not cross
the mid-bench elevation datum plane in the face.

t It is difficult to accurately represent the relationship of
structures to the physical conditions of pit walls.
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FfcURE 2.5 Ml&bench structure maps for geology shown on Flgwe 2.2

r It is difficult to determine bench-to-bench continuity of
structures because the intersection of a strucnrre with the
toe and crest is not specifically noted. This is especially
true for the highly important low-angle major structtlres.

Anaconda Method. The Anaconda method was developed
for underground mapping, and it is probably the best method for
that situation. The method is essentially the same as the mid-
bench method, except the Anaconda method uses a waist-high or
shoulder-high datum line to which all structures are projected. It
is therefore primarily a method for producing level maps.

In an open pit, a measuring tape is laid out on the flat bench
for survey reference. Structures are plotted at the face where they
intersect the datum line. A strike-and-dip symbol is placed on the
map at the intersection of the structure projection with the tape.
The greatest operational difficulty with this method is that the
waist-high or shoulder-high datum is often covered with muck.

An Anaconda-type major-strucnrre map (Figure 2.6) was gen-
erated for the geology shown in Figure 2.2. Notice that stmctures
are only represented by a strike-and-dip symbol at the point where
the strike of the stmcnrre crosses the survey line on the bench face.
Structure surface traces are not shown because the map is a two-
dimensional level map. Two structures do not cross the surveyline,
and they cannot be displayed on the map. In an undergtound map-
ping situation, these stmcrures would be projected to the intersec-
tion of the structure plane with the horizontal datum plane.

However, on an open-pit topography map, this line of intersection
would either be behind the current pit wall or in open air.

The following are disadvantages to using this method in an
open pit:

r Low-angle structures that are striking parallel to the face
will be projected either into air within the pit or into rock
far behind the exposed face that is being mapped.

r It is difficult to represent the relationship of structure to
physical conditions of pit walls. For example, the rela-
tionship of individual stmctures to wedge and plane-
shear failures is not easily represented.

r It is difficult to determine bench-to-bench continuitv of
structures.

2.2.4 Malor€tructure Data Management
Major-stmcture data should be compiled graphically on current
pit maps and on level maps. Regional structures should also be
graphically projected to future pit designs and cross sections. An
example of a current pit, face method, major-structure map for a
limestone mine in North America is presented as Figure 2.7.

Level maps should be consrnrcted for structure data inter-
pretation. Level maps can be constructed from face method maps
at any elevation, including the toe elevation, crest elevation, or at
the mid-bench elevation, because the actual surface traces are
mapped over topography with this method. The toe elevation is
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FIGURE 2.6 Anaconda method structure map for geology shown on Flgure 2.2

most commonly used for level maps that are constructed from
face maps.

Major-structure data should also be entered into a database
for stability analysis. The data for each strucnrre should include
an ID number, nofthing, easting, elevation of the stmcture mid-
point, rock type, sftucture qpe, dip direction, dip, length, thick-
ness, and filling materials. Other data may be pertinent at
different propefties. With a spreadsheet, it is possible to soft struc-
tures by any variable for analytical purposes.

Any mine employee can identify a major slope failure after it
has occurred. It is the job of the geologist and the geotechnical
engineer to anticipate and avoid potential problems. To accom-
plish this, regional structures and rock types should be projected
to future pit plans so that potential failure geometries can be rec-
ognized. Plan maps and cross sections should be produced for all
annual pit plans through the final design. If the potential failure
geometries are recognized early, the mine design might be
altered to either avoid or control interramp and overall failures.

2 . 3  F R A C T U R E S
The rock fabric is used in the bench design and in the determination
of the rock-mass strengths. Fracttrres are too numerous to be ana-
lped as unique geologic structures, and the fracnrre data are gener-
ally analyzed by statistical methods. The fracture data are collected
by mapping methods that provide the appropriate input par€rme-
ters. Most of the fractures that are measured usually have lengths
that are less than the bench height, and the minimum cutofflength
is usually 0.3 to 1 m. Fracnrre spacing is usually less than 5 m.

2.3.7. Mapping Techniques
The fracture data are most commonly collected by using the

fracture-set mapping method, scan-line method, cell-mapping
method, and oriented-core method.

The various fracture data collection methods were summa-
rized by Call (L992) as follows:

t Fracture-Set Mapping. Fracture sets are visually identi-
fied during the course of regular geologic mapping, and
the fracture set orientation, length, and spacing are
recorded.

t Scan-Line Mapping (also commonly called Detail-Line).
The scan-line method is a systematic spot sampling
method in which a measuring tape is stretched along
the bench face or outcrop to be measured. For all the
fractures along the tape, the point of intersection with
the tape, orientation, length, roughness, filling type,
and thickness are recorded.

t Cell Mapping. The bench face or outcrop is divided into
cells. Normally, the width of the cell is equal to one to
two times the height of the cell. Within each cell, the
fracture sets are visually identified, and the orientation,
length, and spacing characteristics are recorded along a
line that is oriented in anv direction.
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t Oriented Core. Oriented core provides fracture orienta-
tion and spacing data, but length data cannot be deter-
mined with this technique. The oriented core is similar
to the scan-line mapping method. Oriented coring is
used when the rock t)?es of interest are not exposed. It
is also used to determine whether the geologic struc-
tural domains, which were mapped on the surface,
extend back behind the pit walls.

The fracture-set mapping method is a general mapping
method, and to the authors'knowledge, has not been described
in detail in the literature. The scan-line method has been
described in detail by numerous authors (Call, Savely, and Nicho-
las 1976; LaPointe and Hudson 1985; Warburton 1980). The
reader is referred to these and other papers for further discussion
of the scan-line mapping method. While the cell-mapping
method has been summarized in previous literature (Call, Savely,
and Nicholas t976; Call L992), it has never been described in
detail. A detailed explanation for the cell-mapping method is pre-
sented in Appendix A. There tue a number of oriented-core tech-
niques, including Clay imprint (Call, Savely, and Pakalins 1982),
Craelius (Rostrom 1961), and the Scribe method.

All three of the surface mapping methods will provide the
basic data on orientation, spacing, and length. Cell mapping and
fracture-set mapping are preferred because more data can be col-
lected over a larger area to better define (1) the limits of struc-
tural domains and (2) the variability of the joint characteristics
with the structural domain. The choice of the technique depends
on gpe and amount of staffing available. The scan-line method
requires little to no judgment in the data collection; cell mapping
and fracture-set mapping require geologic judgments to be made.
The scan line represents detailed information at one location
equivalent to one or two cells. It would take three to seven times
longer to map enough scan lines to cover the same area using the
cell or fracture-set methods. The normal scan line is horizontal
and has the inherent problem of mapping those joint sets that do
not intersect that horizontal line, such as flat-dipping joint sets or
sets that strike parallel to the wall orientation. The only way to
map those sets is to map a vertical scan line or a face perpendicu-
lar to the wall. Fracture-set and cell mapping permit mapping all
sets in all directions. The scan-line method can be used when
confirming the distribution of the strucftlres and also when indi-
viduals collecting the data lack geologic training.

Oriented coring is used either to collect data where surface
data are limited or to determine whether the structural domains
mapped at the surface extend behind the pit walls. Oriented core
does not provide length data. Additionally, the oriented data is
more scattered than is the surface mapping data because the ori-
ented core represents only 7- to 15-cm" of the fracture plane.
Consequently, it does not represent an average orientation. Also,
the oriented core has a definite blind zone, which must be consid-

-ered when analyzing the data.

2.3.2 FractureData Processing
Fracture data are very amenable to computer processing. The pro-
cess is to (1) develop Schmidt plots to define zones of similar
structure orientations and stmcnlre domains (which are discussed
in the next section) and then (2) define the distributions of the
geologic or design sets. Design sets are those structures that
define a ceftain potential failure mechanism, whereas a geologic
set is defined because of a geologic condition. In general, a geo-
logic set has less dispersion in its orientation. For slope analysis,
we generally use the design set, except when the geologic set is
defined by bedding or foliation that have length or spacing char-
acteristics significantly different than those of the other joints
mapped (Figure 2.8).

For each of the design sets, the defined distributions are the
dip direction, dip, minimum dip, spacing, length, and overlap. In

general, the dip direction and dip have a normal distribution,
where the mean and standard deviation describe the distribution.
The length and spacing generally are a Weibull function of which
the negative exponential is a unique form.

Weibull Equation.

Y - l00x e-o'xb EQ.2.1

Where:
y= probability thatX is greater than or equal toX
X = characteristic being defined, such as spacing or length
b = constant
c = constant; if b = 1, then a= l/(mean of the characteristic)

Figure 2.9 shows the impact of using a negative exponential
versus the Weibull for fault data from a porphyry copper deposit.
The length distribution is a minimum length distribution because
we cannot always measure the total length of the structure. Also,
we do not always measure the extreme short lengths because of
difficulty in observation; statistical techniques are applied to
tnrncated distributions to provide an estimate of the "uue" distri-
bution. There are also statistical techniques for extrapolating
measured lengths given the available window size, but the
extrapolation becomes unrealistic when the measured length of
the structure approaches the size of the mapping window.

Overlap cannot be measured using the cell-mapping and
fracture-set methods. When using the detail-line or scan-line
methods, the amount of stmcture above or below the line can be
measured. In our experience, the overlap is uniformly distributed
for many fracture sets. This distribution is not applicable in bed-
ded or foliated deposits where many of the fractures are termi-
nated against the bedding or foliation. It is important not to focus
on which distribution is most common but rather to focus on
using the best distribution that fits either the data or the observa-
tions. In the probabilistic analysis, the resulting answer is depen-
dent on the distribution used.

Shear strengths from fractures are determined from direct-
shear test of natural fracnues or fault gouge material. It is important
to measure the range of shear strengths so that the distribution of
strengths can be defined. For each stmcnrral domain, we measure at
least three samples; six samples per rock tlpe are preferred. If one
joint set is more pervasive than another joint set, the shear strength
of this set should be measured as an individual group.

2 . 4  S T R U C T U R E  D O M A I N S
The stmcture model comprises any number of individual struc-
ture domains. Each stmcture domain contains geologic structure
characteristics that are different from the geologic stnrcture char-
acteristics within neighboring domains. Boundaries that often
define snucture domains are engineering rock-t1pe contacts and
major structures, such as regional faults and fold axes.

Ttre first level of structure-domain division is to separate the
deposit into regions with different engineering rock t)?es based
on rock shear strength and fracnrre shear-strength properties.
Rocks with similar strength values, regardless of petrogenesis, are
considered to be unique engineering rock types, and the engineer-
ing rock-qpe boundaries act as the primary strucnlre domain
boundaries. Usually, the rock strength is related to the primary
litholory or to secondary alteration; therefore, engineering rock
t)?es can be direcdy related to either litholory or alteration.

The second level of division for structure domains is regional
stmctures. Fracture and intermediate structure orientations may
vary significantly on either side of a regional fault. Fold axes are
almost always structure domain boundaries because they define
a boundary between areas where bedding and bedding-related
fractures change in orientation.

Geologic structure orientation, length, and spacing may
either be consistent across engineering rock-type boundaries and
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regional structures or they may vary between the engineering
rock types and regional stmctures. The structure orientations are
usually the best indicators of the similarities or differences
among structure characteristics. Structure orientations are the
easiest and most reliable sfiucture characteristic to measure,
because structure orientations can be measured at the surface
from mapping and at depth from oriented core. Orientation anal-
ysis is relitively simple because variations in orientation can be
easily detected on stereonets. Once the basic sfiucture domains
have been interpreted, they should be subdivided into regions

both by elevation and plan. If the Schmidt plots are similar, one
stmcture domain exists; if they are not similar, subdividing may
be required. The engineer or geologist has to determine which
feature is causing the need to subdivide the structure domain.

2 . 5  E N G I N E E R I N G  R O C K  T Y P E S
Engineering rock types are defined by intact rock and fracture
shear strength; these are both critical characteristics that are
used in a strucntral analysis. Geologic rock t)?es with similar
strength parameters are Sfouped into engineering rock types.
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Strength test results may require dividing engineering rock types
on the basis of protolith (irrespective of alteration), alteration
t)?e (irrespective of protolith), or a combination of both.
Strength parameters for a given geologic rock rype may also vary
with depth or with geographic location within the deposit,
requiring the division of one geologic rock rlpe into nrro or more
engineering rock types.

The engineering rock-rype model for the Grasberg lgneous
Complex (GIC) is presented as an example of the relationship
between protolith, alteration, rock-quality designation (ReD),
relative depth, and rock strength. The GIC is a diatreme, hosted
within limestone. Many individual igneous phases have been
identified within the GIC, and the igneous rocks can be broadly
divided into the intrusive rocks and the relatively older volcanii
rocks (MacDonald and Arnold 1994). Figure 2.70a demonstrates
the relationship of the protoliths in cross secrion.

Rock-strength tesring was conducted for all protoliths and
alteration t]?es, and the results were compared against all of the
variables that were recorded for each test sample. The other vari-
ables included location, protolith, alteration type, and ReD. pro-
tolith, alteration t)?e, RQD, and relative depth ultimately
differentiated the engineering rock rypes.

All of the igneous protoliths have been hydrothermally
altered; the alteration t)?es include quartz-magnetite stoch^/ork,
potassic, phyllic, and anhydrite stable alteration. Some of the
hydrothermal alteration types overlapped so that there is some
subjectMty in attributing a particular alteration rype to a given
rock sample.

Alteration anhydrite was leached in the near-surface envi-
ronment to depths of 600 m. The leached rock is referred to as
pokerchip. The pokerchip is characterized in core by a measured
RQD of 5o/o or less in continuous runs. The anhydrite stable rock
is best distinguished in core as rock with continuous measured
RQD values of 95o/o or greater. The interface between pokerchip
and anhydrite stable rock is often only a few meters thick.

Limestone was consistent in rock-strength properties, and
all limestone was assigned as the limestone engineering rock
type. Igneous rocks with an RQD of 5o/o or less, regardless of
protolith or hlpogene alteration, had similar rock-strength
characteristics and were assigned to the pokerchip engineering

Iocl( rype. All igneous rocks with an ReD of 9so/o or grearer
had similar rock-strength characteristics, regardless of pro-
tolith (intrusive phase or volcanic rock rype in this case), ind
w-gre assigned to rhe anhydrite stable engineering rock rype.
All quartz-magnetite-altered rocks, regardless of intruiive
phase or volcanic rock type, had similar strength values and
w-gre assigned to the quartz-magnetite engineering rock rype.
All potassic-altered rocks, regardless of intrusive phase or vol-
canic rock type, had similar rock-strength values and were
assigned to-the porassic engineering rock type. Rock-strength
properties for phyllic-altered rocks showed variabiliry wlth
depth; the phyllic-altered rocks were divided into the lower
phyllic and upper phyllic engineering rock rypes to reflect this
difference. The resulting engineering rock rype model is pre-
sented in Figure 2.10b.

2 . 6  R O C K . M A S S  S T R E N G T H
The purpose of this chapter is not to review all classification tech-
niques and all methods to estimate rock-mass strength; however,
they must be discussed as part of the geologic siructure data
analysis. chapters 3 and 4 discuss the use of-these data in the
catch bench, interramp, and overall slope analyses.

2.6.7. Rock-Mass Classiflcation
All drill holes and bench faces should be mapped using one of the
rock-mass classification techniques. Two of the more popular sys-
tems used today are Bieniawski's rock-mass rating (Bieniawiki
1974) or Barton's rock quality (Barton, Lien, and Lunde 1974).
Although these classification systems have empiricar data to cor-
relate ground behavior, such as slope angles, the empirical data
should only be used if strucftrre data are not available.

There are techniques to estimate the rock-mass strength from
these rock-mass classifications (Hoek and Brown L992; Laubscher
1977), and using a classification to estimate the rock-mass
strength is both appropriate and prudent. However, the user must
be aware that there is a directional condition to the rock-mass
qtrength. For example, a rock mass with a low ReD or with a high
fracnrre frequency will have the same classification whether tf,e
joint set is-dipping _back into the pit wall or dipping into the pit.
Although the classification techniques allow adjustments to their
values for directional considerations, they still do not provide good
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estimates of directional strengths. If possible, the geologic struc-
ture data should be used to modify those strengths.

2.6.2 Fracture Models
Because the fabric of the rock mass is comprised of several inter-
secting joint systems, the strength of the rock mass will be aniso-
tropic. This directional rock-mass strength can be estimated
using fracture-modeling techniques. A step-path model (Call and
Nicholas t978) was one of the early efforts to quantify this vari-
ability. At the time, available computer memory was a serious
constraint, and the analysis was limited to the evaluation of only
the flattest step-path angle, which was not necessarily either the
path at the critical angle or the path with the lowest percentage
of intact rock. Because the failure path of interest is problem spe-
cific, Call & Nicholas, Inc. has developed a fracture simulation-
modeling program that enables the engineer to visually evaluate
the potential for the formation of step-path failure geometries.
Initially, the fracture simulations were used to predict block sizes

INTACT PATH
FRACTURE DEFINED PATH

FIGURE 2.13 Path with least percent Intact rock

in a cave and, subsequently, were used for the evaluation of fail-
ure geometries in underground (Nicholas and Miller 1984) and
surface excavations. A similar program, FracMan, has been used
by Golder Associates to model geologic structures in either two or
three dimensions. The remainder of this discussion refers to the
fracture-modeling program used by Call & Nicholas, Inc.

The input to the model includes the orientation of the section
of interest and the statistical distributions of the dip, dip direction,
spacing, length, and overlap for the fracture sets of interest. Struc-
tures sampled from these distributions that do not meet the mini-
mum length requirements specified by the user are suppressed in
the rendering of the simulation. Geologic sets selected for the anal-
ysis usually have a dip direction that is within t40' from the bear-
ing of the section. The orientation sampling that is conducted is
based on the distribution statistics for the geologic set being mod-
eled. However, the minimum and maximum range of sampled val-
ues is constrained by the limits of the observed population, as
shown on the Schmidt plot (Figure 2.11).

Individual structures are sampled in window strips, the nar-
row dimension of which is a function of the mean length of the
set. The sampling windows are oriented horizontally for struc-
tures with dips (45' and vertically for structures with dips <45").
Once a simulation has been generated for the section (Figure
2.t2), a separate module is used to verify that the structure over-
lap from the window sampling routine has produced the correct
apparent spacing for each set.

After the section has been generated (Figure 2.I2) and veri-
fied, potential step-path failure geometries are identified and
traced on the section. The critical path may be the one with the
flattest possible inclination, the one with a predefined inclina-
tion, or the one with the least intact rock (Figure 2.13). Plots of
percent intact rock versus step-path angle or plots of other
parameters of interest can then be produced for any step-path
geometries identified.

To estimate the rock-mass strength along the section ana-
lyzed, the intact and fracture shear strengths are weighted based
on the percentage of the failure path that must pass through
intact rock. This modeling technique has worked well in cases
where the strength of the rock mass in front of a non-daylighted
major structure, such as a fault, must be determined to see
whether the remaining bunress is strong enough to support the
rock above it (Figure 2.74).
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2 . 7  C O N C L U S T O N S
The geologic structure characteristics and the orientation of the
pit wall relative to the strucnlre orientations usually determine
the attainable slope angle in rock. The delineation of structural
domains and the definition of the strucrure characteristics within
each domain are essential to ensure that the structure character-
istics are applied only to those areas of the current and future pits
where they will actually exist.

Major-stmcture data are the most important and the most
difficult structure data to collect and interpret. Strucrure length is
the most difficult major-structure characteristic to measure,
because the exposure in a pit requires conducring mapping on a
bench-by-bench sequence, either on an existing highwall or on
pushbacks of consecutive phases. Appropriate survey, mapping,
and interpretation techniques are necessary to accurately measure
the major-structure lengths. We strongly recommend mapping
structure data for geotechnical analysis using the face-mapping
method.

The major-structure data should be plotted on current pit
topography maps, and the data also should be compiled on level
maps and in a database. Level maps can be used to determine
vertical and lateral continuity of major structures as the mine
development expands. Regional stmctures should be extended
along strike to the limits of the level maps so that they can be eas-
ily ploned on all future pit plans. The database can be used for
statistical analysis for the intermediate structures.

Relatively short structures that comprise the rock fabric are
too numerous to map and analyze individually, so they must be
mapped with techniques that provide the appropriate input
parameters for statistical analysis. There are several techniques
for collecting the rock fabric data, and each has its own advan-
tages and disadvantages. We recommend the cell-mapping
method, which is described in detail in Appendix A.

Rock-mass strength is one of the most difficurt parameters to
quantify in slope analysis because, given the large site of the rock
mass, there are no practical means to directly measure the rock-
mass strength. Determination of rock-mass strength with common
rock classification systems can be useful, but the classification svs-
tems usually do not account for the directional dependence of the
rock-mass strength imposed by the rock fabric. A fracture model is
required so that the directional aspect of the rock-mass strength
can be quantitative.

2 . 8  A C K N O W L E D G M E N T S
The chicken scratch Fracture Model was developed with the help
of many people. Major contributors include David Nicholas, Dan
White, John Marek, Richard Call, and paul pryor. We thank
chuck Brannon and George MacDonald of Freepon McMoRan
copper and Gold company for granting permission to present
and review the Grasberg rock-type data.

2 . 9  R E F E R E N C E S
Bafton, N., R. Lien, and J. Lunde. LgT4.Engineering classification of rock

masses for the design of tunnel support. RockMechanics, 6:4:1g9-
236. originally published in 1974 as Analysis of rock mass quality
and support practice in tunneling. Norwegian Geotechnical lrut., 

-

Report No. 54206.
Bieniawski, z.T. L974. Geomechanics classification of rock masses and its

application in runneling . Proceedings Third International congress on
Rock Mechanics, vol. LLA,27-32. Denver, Colorado:ISRM.

call, R.D. 1992. slope stabiliry. rn sME Mining Engineering Handbook 2nd
ed. vol. 1. ed. H.L. Haftman. Littleron, Colorado:SME.

Call, R.D., J.P. Savely, and D.E. Nicholas. 1976. Estimation ofjoint set
characterisrics from surface mapping data. proceedings 17th US
Symposium on RockMechania. Utah Engineering Experiment
Sration, University of Utah, Salt Lake City, pp. 2P'2-l- to 282-9.

Cdl, R.D., and D.E. Nicholas. 1978. Prediction of step path failure
geomerry for slope stabiliry analysis. proceedings 19th Rock
Mechanics Symposium.

call, R.D., J.P. savely, and R. Pakalins. 1982. A simple core orientation
technique. Stability in Surface Mining. vol. 3. ed. C.O. Brawner.
AIME.

Deere, D.u. 1963. Technical description of rock cores for engineering
purposes. Felmechanik und Ingenieurgeolo gie. 1 : 1 6.

Hoek, E., and E.T. Brown. 1988. The Hoek-Brown failure criterion-l9Bg
update. In Rock engine ering fo r und.er gr ound excav atio ns, pr o cee dings
15th Canadian RockMech. Symp., ed J.C. Curran. 31-39. Toronto.
Ontario:Dept. Civil Engineering, Universiry of Toronro.

La Pointe, P.R., and J.A. Hudson. 1985. Characterization and
interpretation of rock mass joint patterns. Geological Society of
America Special Paper I99. Boulder, Colorado:SA.

Laubscher, D.H. 1977 . Geomechanics classification of jointed rock
masses-mining applications. Trcns. Instn. Min. Metall. g6. A1-g.

MacDonald, G.D., and L.C. Arnold. 1994. Geologic and geochemical
zoning of the Grasberg Igneous Complex, Irian Jaya, Indonesia.
Journal of Geochemical kplorarion, vol. 50, p. 143-17g.

Nicholas, D.8., and S.M. Miller. 1984. Geotechnical considerations. In
Northwest Mining Assocrc tion short course Mine Feasibitity-concept
to Completioa ed. G.E. McKelvey.

Peters, P.C.7987. kploration and Mining Geologr.2nd ed. New
York:John Wiley & Sons.

Rostrom, E. 1961. craelius automatic core orientator. canadian Mining
Journal. pp.60-61.

warburton, P.M. 1980. A stereological interpretation of joint trace data.
IntI. Jour. RockMech. Min. Sci. & Geomech. Abst. 17:181.



Collectlng and Uslng Geologlc Structure Data for Slope Design 23

Appendix
C ell- M ap p ing P r o c e dur e

2 . L O  I N T R O D U C T I O N
The cell-mapping procedure involves dMding the bench faces
into zones of equal length, called cells. The area from which
strucnrre data is recorded is referred to as the cell window. Cell
dimensions are usually square (i.e., the width of each cell is equal
to the bench height). Bench faces that are not obscured by over-
bank or blasted material are subdivided into cells, and the geo-
logic stnrcture present in each cell is then mapped. Cell mapping
can also be conducted along irregular outcroPs or road cuts;
because of the physical constraints of the rock exposures, these
cells may be rectangular in shape.

In an open-pit environment where multiple benches are
developed, cell mapping is generally conducted using two differ-
ent approaches. First, if personnel, budget, or time are not limit-
ing factors, entire benches are mapped with contiguous cells.
This rlpe of mapping campaign allows for a complete sampling
of the geologic setting in the study area, including jointing and
major faults and all other structures. A second approach may be
used if resources are limited or if there are time constraints; this
involves mapping strings of contiguous cells, from 2 or 3 contigu-
ous cells to ai many as 10 or more, located in different parts of
the study area. With this approach, individual strings of cells are
selected to spot-check for potential changes in structure charac-
teristics across the study area. A sufficient number of cell strings
have to be mapped to identify structural domain boundaries
across the study area.

When mapping road cuts or isolated outcroPs, an aftempt should
be made to map strings of at least two to three contiguous cells.

A standard data sheet is used to record the following informa-
tion for each cell (Figure 2.A.1). (Note: The letter C in Column 1 of
the data sheet denotes information pertaining to the entire cell;
the letter S denotes data pertaining to geologic structures.)

2 . 7 , 1 .  C  L I N E  D A T A  E N T R Y - M A P P I N G  C E L L
I N F O R M A T I O N

Level. The elevation of the bench, outcrop, or road cut
being mapped is indicated. If surveying of cell locations is not
possible, the elevation should be estimated, for example, from a
topographic map.

Cell Number. The cells within a string are numbered con-
secutively where mine benches are developed, including those
covered by muck. A break in the cell numbering sequence should
be used when starting a new string of cells that is not contiguous
with the previous string.

Cell Width and Height. The recorded width and height
should not include obscured or nonmappable areas of the cell.
For example, if the lower 3 m of a 15-m bench are covered by
muck, a cell height of only 12 m is recorded.

When mapping in outcrops or partially covered road cuts,
estimates of the averagewidth and height of the exposure is made.

Rock Tlpe. The two or three dominant rock types in the
cell are listed in descending order of percent occurrence.

Ideally, an individual detail cell should not cross major (rela-
tive to pit-scale) lithologic contacts or major faults, since fracture
characteristics and orientations may differ in large bodies com-
posed of distinct rock qpes or fault-bound blocks.

On the other hand, if mapping is being conducted along
fairly closely spaced, alternating lithologic units, for example, in
a sedimentary sequence, rock t)?es should be listed according to
descending order of percent occurrence.

Face Strike and Dip. The strike of the bench face compris-
ing the cell (using the right-hand convention) and the bench face
angle are measured. Face strike is an average strike along the

observed cell and should always be recorded in such a way that the
strike plus 90' represents the dip direction of the bench face (right-
hand rule). The average strike of a muck cell must be recorded if it
is located within a string of cells where structural information has
been collected. This is necessary to allow for the calculation of
coordinates of the remaining cells in the string.

The face-dip or bench face angle should represent not the
average dip but rather the dip of the flattest plane observed along
the cell. For example, if the back of a wedge failure located along
the crest represents the farthest back break in the cell, a plane
should be projected from that point to the actual (or implied) toe
of the bench.

The average bench face angle is also often collected, although
not specifically required in the computer programs used to process
the data and analyze back break. If the average bench face angle is
recorded, it should be in addition to, not instead ol the minimum
bench face angle.

If intact rock within muck cells is obscured because of ravel-
ing of the bench face following mine bench cleanup, the mini-
mum bench face angle (and optionally the average bench face
angle) should be recorded. However, if the material comprising
the "muck cell" ts obviously shot muck that has not yet been
mined, only the strike should be recorded. In the latter case, the
average dip is not valid since no attempt has been made to clean
up blasted material.

When mapping an outcrop, the face dip may be difficult to
determine because of the irregular nature of the exposure. In this
case, the face dip is less relevant since it does not represent a
mined face but rather a long-term erosional surface. Discretion
should be used when comparing outcrop face dips to existing or
predicted mine bench face angles.

Control. When strings of contiguous cells are mapped, sur-
vey coordinates should be taken every 5 to 10 cells; these control
points are later used to determine the midpoint coordinates of
each individual cell. If a cell is to be used for survey control, the
level and cell number should be recorded in the control field on
the data sheet. When the survey data becomes available, the
coordinates should be listed in the remarks column of the field
data form for bookkeeping purposes. Ideally, the first and last
cell in every string should be surveyed.

When mapping individual cells, such as outcrops, each cell
should be surveyed if possible.

Remarks. The "Remarks" column is used to describe perti-
nent features of the cell; the back of the field form can also be
used. Additional comments might include specific potential fail-
ure geometries (i.e., plane shear or wedge) or actual failures that
have occurred along the mapped faces. Information should
include a sketch, direction and angle of discrete wedge-geometry
plunge intersections, and the orientation of structure(s)
involved. Remarks on nature of groundwater seepage (i.e.,
amount of water, stmcture control, etc.) would also be important
information. If mapping underground, the support being used
could be described.

2 . 1 2  S  L I N E  D A T A  E N T R Y - S T R U C T U R E  ( S E T )
I N F O R M A T I O N
For each cell, the following structure information is recorded:

Tlpe. The geologic structure (e.g., joint set, bedding set,
foliation, a single joint, etc.) is recorded using a rwo-character
code. Major structures (e.g., fault, shear zone, etc.) are identified
in the same manner.

The structure types indicated at the bottom of the cell-
mapping forms are not absolute. If some site-specific structure



24 Rock Slope Deslgn Considerations

o
o
o
G

o
t,
b!
c
CL
EL
G
E
o
C'

r{
<
ltl
tr
D(,
lr

a
z
o

E
trl
E,
m
(D

o
z
=
tr

N
l-
E

:)
g

o

lrJ
z
o
z

z

3
(J

E.
t!
F

=

(,
z
E
5
o
an

tl
a

&
o

I
o

(,
z
=
o
J
L

ll

lr-

h
.
tl

.

o

lrJ
o
x
o

lrj
o-
(L
J:)
U'

x a

a
z
o
tr

E
E,
m
(D

LJ
o-
F
LrJ
E
:f

O
3
E
F(n

LJ
z
o
N

z
lr,
Y
o
E.
(D

N
cl

lrJ
z
o
N

t
fi
r
vl

a
z
o
tr
O
td
E,
o
(,
z
C)

o_
U)

-J

t
o
TJ
Eor

3
F
E
lrJ

I
l
o
o
z
trj
(L
E
UJ
o-

N
v,

Fz
o
C)

J
o
lrJ
o

T
l

f

Fz
o
C)

5
f

f;

(L

a
z
o
tr
=
E
hJ
F

UJ
z
o
z

5
(9
=(n

5
(D
l
oo

F
C) E O

L

Fz
6
a

5(9
z
(n

b
o
F
z.
6
?

z
6.:
o
z
o
o
lrJ
(ll

a o- -
CO z o o

a
z
o
tr

td
u
m
TD

u.t
o-
F
)<
O
ov.

b

{
o

o
Y
E

I
lrJ
E,

J

o
E
z.
o
C)

-

(9
z
l
t!

(L

o
lrj -()
f, r.r- Y

e
F
tn

fro
E E
() lrJ
= >

c)

(L

E
; 4 ( D
O
o
t _

o

o-
o

lrj
Y
E.
6

F

!h

I
o
z

J -
lrj()

-

I
F

9 Ggfr
tr

d 3
o
a

o

ff*d
z

I
ul
o Eg
J
UJq

lrj
(L

E
c) a

LrJ
lrJ
I
U1

o
(9
z
il
L

LrJ()

a a a a a a

c) a tn o l n v, @ n o an n l n n UI a v, i) n n n n l ,n n l ,



Collecting and Uslng Geologlc Structure Data for Slope Design 25

rype is not covered on the form, add to it. However, be consis-
tlnt during mapping and provide an explicit definition of the
new structure rype.

The designation "MC" should be recorded in the first "S" line
whenever a muck cell is laid out and traversed in a string of cells.
The software program used later to process this data recognizes
the cell as one having no structures mapped.

2.U2.1 Individual Structures Versus Structure Sets
When individual structures, such as a discrete fault, a vein, or a
single joint, are recorded, only the strike, dip, minimum dip,
length (the maximum length equals the length in this case),
thickness, and filling Qpe(s) should be recorded.

When stmctural trends are visibly indicated, but open frac-
tures are not present, only the strike and dip of these features are
recorded. A good example is massive bedding in sedimentary
rocks where the bedding aftitude can be estimated because of the
banded nature of that rock. (Note: The recorded symbol for this
qrye of bedding attitude should be different from the symbol
used for a bedding/zacture or fracture set.)

Conversely, for any structure set (e.g., three or more individ-
ual structures with apparent similar attitudes) all parameters in
the following discussion must be recorded:

Distance. This is the distance over which the number of
fractures in a structure set is counted (used later to determine
average spacing of the srrucnrre set within the ceil). The drstcnce
recorded is the length of an arbitrary counting line visibly pro-
jected across the cell window being mapped. The actual placement
of the counting line for each set usually depends on site-specific
phpical conditions, such as the development of the structure sets
across the bench face being mapped or portions of the cell that are
covered or displaced.

The distance over which the number of individual fractures
are counted within a set should generally be the same as the cell
dimensions. For example, if the count is made horizontally for a
l5-m-wide cell (SD = "H"), the distance recorded would be 15 m.
Similarly, for a l2-m-high cell for which the counting direction is
veftical (SD ='V'), the distance would usually be 12 m.

There are several exceptions to this rule. One case, as indi-
cated above, would be if part of the cell is obscured by muck. The
effective distance recorded would be that Portion of the cell
where the mapper can clearly view the structures within that set.

A second exception to the rule would occur when rock is
very strongly fractured (i.e., > 50 fractures/set/cell). It is accept-
able, under these conditions, to take a count of at least 30 struc-
tures in a set and then to record that distance over which the 30
fractures were observed. A count of at least 30 structures within a
geologic set is considered to provide adequate information to cal-
culate the required statistical data. In this case, the counting line
should be positioned to cross the longest fracture in the set, if
possible.

A third exception would be when measuring stmctures that
are parallel to the face, using either a perpendicular or a true spac-
ing direction, in which case the counting distance is very limited.

Fractures. The number of fractures counted in the set is
recorded. A fracture is a continuous open planar feature that has
some minimum designated length. We commonly use either a
0.3-m or 1-m cutoff length. Thus, only those structural features
(with an open fracture) having a length of the cutoff value or
greater would be included in the count. The minimum cutoff
used should always be recorded on the field sheets, either at the
top of the form or under the "Remarks" column.

It is very important that only those fractures that intersect
the counting line be counted.

Spacing Direction (SD). This is the direction, in a physical
sense, in which the fracture count or spacing of the fractures is
measured.

V = vertical spacing (counting line projected vertically, per-
pendicular to the strike of the bench face), usually imple-
mented for flat-lying structures.

H = horizontal spacing (counting line projected horizontally,
parallel to the strike of the bench face), usually implemented
for steeper structures oriented oblique to perpendicular to
bench face.

P = perpendicular spacing (counting line projected into
bench face horizontally, perpendicular to the strike of the
face), implemented on structure sets that strike subparallel
to parallel to bench face. This count is more difficult since
accurate stmcrure count and distance parameters rely on
sufficient offset in bench face (in the third dimension per-
pendicular to the face) to identify individual joints.

T = true spacing (counting line in the true spacing direction,
perpendicular to the plane of the structure); in this case, an
attempt is made to project the counting line normal to the
strike of individual sets. The true spacing can be determined
directly by dMding the total number of structures by the
counting distance, without the need to colrect for a differ-
ence in angle between the counting direction and the true
spacing direction.

In summary, the SD refers to the direction, relative to the
bench face (or stmcture set in the case of true SD), in which the
structure count (to calculate true spacing) is made. The proce-
dure involves projecting a counting line across the cell face in the
most effective orientation or direction to count the total number
of structures within any given geologic set. For sets parallel to the
face, neither horizontal nor vertical count will work. In which
case, the counting line should be oriented either perpendicular to
the bench face (SD = perpendicular) or perpendicular to the
structure set (SD = true). Usually, the face is irregular enough to
obtain a count of structures parallel to the face.

Maximum Length. The length of the longest fracture in a
joint set or the maximum length of a major structure is measured.
This is the greatest observed trace length and does not have to be
measured at any orientation or inclination along the plane. Those
structures that cross more than one cell are measured only once,
with the data recorded in the first cell in which the structure is
encountered. To reiterate, long structures that can be traced for
more than one cell should only be recorded once.

Number at Maximum Length (#). The number of frac-
tures in the cell that are at the maximum length are recorded.
Quite often, there may be only one structure at the maximum
length, but in the case of nonterminated fractures or fractures
that are terminating against another set, more than one structure
equal to the maximum length can occur in the cell.

Termination (T). The type of termination of the longest
fracture.

D = doubly terminated, i.e., termination of the fracture can
be identified at both ends. Fractures commonly terminate
against other fractures. Fractures are also observed to die out
within the rock mass itself.

S = singly terminated, i.e., only one termination of the longest
fracture can be identified, while the other end exits the bench
(cell) at the crest or in the muck pile at the toe of the bench.

N = no termination, i.e., one end of the joint extends to the
bench crest while the other end exits at the toe or in muck.
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Strike. The strike is measured using a convenrional 0o to
360' azimuth compass, with the strike or azimuth reading 90'
counterclocknrise from the direction of dip of the fracture or frac-
ture set.

The following is another way of describing the "right-hand"

convention: when looking in the strike direction (with the front
of the compass pointing in that direction), the structure(s) will
always be dipping to your right. The average strike of the srruc-
ture or set should be recorded.

Dip. The dip of a major structure or the average dip of a
joint set is measured.

Minimum Dip. A dip on the flattest observable portion of
the fracture surface or major structure should be recorded to
compare with the average dip. This deviation in dip is a quantita-
tive measure of the roughness of the fracture surface.

Thickness. Average thickness should be recorded for both
individual structures and structure sets mapped. Joint surfaces
commonly have an average thickness of less than 0.16 cm. The
software used to process the cell data allows for three decimal
places for structure thickness. Therefore, the thickness of even
the very narrow joint structures should be estimated.

Fracture Filling. Filling material between fractures is
recorded with a single letter abbreviation. More than one filling
rlpe should be present. Filling type designations may be site spe-
cific; however, all unique filling rypes have to be defined at the
bottom of one or more of the cell-mapping field sheets.

Water (W). This field is used to indicate the presence of
water along the joint or structure surface. The following catego-
ries are typically used:

D = d r y

W = w e t

S = squirting

F = flowing

When water is not present, this field is often replaced with a
field for other pertinent information, such as measures of joint
roughness or condition. Rock hardness can also be substituted
but is typically placed on the cell (C) line rather than the struc-
ture (S) line because the hardness value would typically repre-
sent the average rock hardness within the cell and would not be
associated with a specific structure.

Remarks. The "Remarks" column is used to describe peni-
nent feafitres of the surrcture or strucrure set. Additional com-
ments might include specific potential failure geomerries with
which the structure is associated (e.g., plane shear strucrure or left
side of wedge geometry) or actual failures that have occurred
along the mapped faces. As with the remarks on the cell line,
sketches are very useful. Remarks on nanrre of groundwater seep-
age associated with the structure or set would also be important
information.

For cells in which the ground is altered and jointing is either
lacking or too intense to measure, the cell data should be
recorded and the character of the face described in the"Remarks" column.

2 . 1 3  C E L L . M A P P I N G  G U I D E L I N E S
1". Cell mapping should be conducted by rwo-person crews,

not only because of safety considerations but to increase
productiviry and accuracy. Once a line of cells is laid out,
the most efficient cell-mapping procedure is to have one
mapper work near the bench face on the muck pile and
the second mapper on the bench level. For both flat-lying
structure sets and sets that are subparallel to parallel to
the bench face, it is very difficult to determine the orienta-
tion without approaching the bench face and measuring
one or more individual fractures.

For the steeper structures oriented oblique to perpen-
dicular to the face, it is easier to record information from
the bench. The number of structures in a flat-lying set is
generally more easily counted from the bench level. In
other words, both members may provide statistical infor-
mation for the same set. The team can periodically switch
mapping positions.

The determination of an average structure set orienta-
tion to be recorded on the field sheet should involve
checking the strike and dip of the set at several locations
along the cell.

Identifying the longest structure length for sets is best
done from the bench floor. The key to identifying all struc-
rulre sets is to be mobile and scan the cell from all possible
orientationS, €.9., completing a 180" arc along the bench.
Cell mapping should nor be conducted along benches that
appear to have been displaced or rotated. This would
include zones of blasted muck that have nor been cleaned
uP or areas that have failed.
As previously indicated, emphasis should be placed on
identifying as many distinct structure sets as possible
when cell mapping. Structure sets observed in the field
should be considered drsnnc if a difference of more than
20" for the average bearing and/or dip is indicated
betltreen individual candidates. Data can be later com-
bined in the office, if desired, but should be recorded as
distinct sets in the field.
In addition to the recording of parameters for individual
or sets of open fractures, the orientation of stratification
features, such as bedding in sedimentary rocks, lamina-
tion features such as foliation in metamorphic rocks, or
flow-banding in volcanic rocks, should be routinely
recorded during mapping. The orientarion of lineation
features, such as alignment of clasts in sedimentary rocks
or alignment of the long dimensions of minerals, should
also be collected.
It may be impossible to define specific rock rypes while
mapping. However, descriptive criteria for identifying
unique rock tlpes should be established in the field and
recorded on the field sheets. This criteria would then be
used in future mapping for identifying the same rock types
at other locations.
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