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Tools for optimizing rock mass grouting

Optimization of rock grouting procedures during construction is
necessitated when sparse data sets and incomplete geologic un-
derstanding form the basis of initial design. Relying on geologic
investigation findings that often have limited budgets, initial
designs typically consider data from only a small volume of the
entire rock mass to be grouted. During construction, thousands of
production boreholes may be drilled and grouted, and each of
these boreholes has the potential to provide valuable information
for modifying the injection materials and construction means/
methods. Implementation of procedural changes is greatly facili-
tated by the ability to efficiently assemble, query, visualize and
interpret vast amounts of 3D data in near real-time.

This contribution summarizes the main targets of rock mass
characterization in the context of grouting works, along with
investigative tools that provide valuable information: (1) regarding
the distribution and properties of in situ permeability features;

(2) for modifying and optimizing grouting procedures; and (3) for
verifying grouting results in situ. Three dimensional modeling
approaches that are amenable to data visualization are reviewed,
including the workflow for near real-time model updating as
construction proceeds.

1 Introduction

The design phase for grouting works typically relies on the
results of geologic investigations that have sampled and
tested only a small proportion of the rock mass to be
grouted. As a result, significant uncertainty regarding sub-
surface details may persist as the construction work com-
mences. During construction, a large number of boreholes
are drilled throughout the entire rock mass of interest,
and each of these boreholes has the potential to provide
important insights regarding subsurface details that can be
discriminated to optimize the rheology of injection materi-
als and construction means/methods. Data collection and
interpretation in near real-time, fully digitized datasets,
and the ability to efficiently assemble, query, and visualize
large amounts of 3D data are considered imperative for
making on-site procedural modifications.

Investigative tools that are particularly well suited to
rock grouting optimization are summarized herein, to-
gether with monitoring and modeling procedures for visu-
alizing and verifying the grouting results in situ.

2 Investigation targets and exploration tools

Geologic investigations for rock mass grouting works
must have a focus on the distribution and properties of in
situ permeability features. In most cases, the permeability
of intact rock blocks (specimen scale) is neglected be-
cause fluid flow is controlled by structural defects, pre-
dominantly discontinuities or dissolution features (rock
mass scale). At the specimen scale engineering properties
are related to mineral composition, texture and micro-
structures, geologic origin, and weathering/alteration. At
the rock mass scale, properties of rock mass defects and
the in-situ stress condition also play important roles (Fig-
ure 1). While the intact rock can often be idealized as an
anisotropic homogenous continuum, the rock mass is of-
ten best characterized as an anisotropic heterogeneous
discontinuum.

As permeability and grout takes are principally con-
trolled by rock mass defects, knowledge of their geome-
chanical and hydraulic properties is necessary for:

- Establishing basic design parameters such as hole
length, spacing, staging, pressure and volume limits,

- Determining optimal grout rheology and estimating
grout takes,

- Assessing the effectiveness of the grouting operation.

The main investigative targets concerning rock mass de-
fects are depicted in Figure 2, and include orientation,
persistence, aperture, infilling, spacing and roughness.
Based on the results of scan lines, boreholes, and window
mapping, parameter statistics are obtained, and estimates
of joint set orientations, joint spacing, aperture distribu-
tions, persistence and connectivity, and block size distri-
butions can be made.

The importance of joint set orientations is illustrated
in the dam curtain grouting schematic of Figure 3. For this
case, two orthogonal joint sets (J; and J,) striking parallel
to the dam axis are the target of grouting. On the basis of
scan line surveys, the joint sets have frequencies of ; and
Ao. Drilling for the grout curtain represents a substantial
cost of the entire operation, and can be optimized by ori-
enting the borehole to maximize the frequency of inter-
secting either joint. For the situation shown, the maxi-
mum joint frequency occurs at the orientation at 6; meas-
ured with respect to the normal orientation of J;, which is
equivalent to the orientation 6, measured with respect to
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Fig. 1. Rock specimen vs. rock mass
and investigation targets. Permeability
controlled by joint defects (a., c.) and
solution defects (b., d.). At the speci-
men scale (intact fragments) there is
negligible permeability

infilling and
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Fig. 3. Optimization of production borehole orientation for
grout curtain construction according to statistical properties
of joint sets. Solution is for optimum inclination (6;) and
maximum joint frequency (Aguqy) assuming the two joint
sets are perpendicular

the normal orientation of J,. In addition to this theoretical
optimum orientation, the as-built borehole orientation
must also consider inclination limitations of the utilized
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Fig. 2. Terminology for describing rock
mass defects, modified after [1]

drilling equipment. The solution shown for two orthogo-
nal joint sets can readily be extended to include additional
and non-orthogonal joint sets.

Enumerated below are surface and borehole monitor-
ing methods and exploration tools that are well suited to
engineering characterization of rock mass defects, and
that provide high resolution georeferenced datasets
amenable to 3D visualization and modeling.

2.1 LiDAR, photogrammetry and computer vision

The availability of lightweight LiDAR sensors and power-
ful photogrammetry plus computer vision solutions such
as Structure from Motion [2] have revolutionized how
rock outcrops are measured and characterized. Scan line
and window mapping is now routinely performed using
unmanned aerial vehicle (UAV) sensor platforms (Fig-
ure 4). UAV surveys can be programmed to provide data-
sets with sub-centimeter spatial resolution. Positional ac-
curacies in the range of 2 to 6 cm can be achieved, and the
orientations of planar surfaces (such as rock joints) are
measured to an accuracy of less than one degree [3].
LiDAR and photogrammetric surveys provide mas-
sive 3D point cloud datasets, and digital rock mass char-



platform

Fig. 4. UAV sensor platform for performing rock mass
discontinuity surveys, from [3]

acterization relies on the ability to efficiently extract
meaningful information therefrom. Characterization is
facilitated by specialized software containing digital tools
for mapping, measuring, and determining statistical prop-
erties of individual structural features [4] [5], or point
cloud post-processing approaches can be applied to eval-
uate properties of large populations of structures simulta-
neously. As an example, Figure 5 depicts a point cloud
that has been rendered according to the local normal di-
rection to the outcrop surface. The normal direction at
any point on the surface is represented as the vector per-
pendicular to the surface, which can be estimated using
the eigenvalue of the covariance matrix that is defined by
the nearest neighbors of the queried point [6]. The idea is
to assign a unique color (hue, saturation, value, or HSV)
to a certain spatial topographic cell quantified using the
normal direction to the cell. In this way, the points on a
continuous planar structure will be rendered as the same
color. The HSV color wheel shown in Figure 5 can be
viewed as a lower hemispherical stereographic projec-
tion, where the surface normal direction is uniquely
specified by its color.
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Fig. 5. HSV rendered point cloud of rock outcrop at the
Long-Chang rock fall in China, scale in meters, from [7]

The distribution of HSV colors in Figure5 shows six
color groupings that represent three near-vertical joint
sets. Figure 6 shows how the data is automatically filtered
according to HSV parameters. Comparison of the filtered
images of Figure 6 to the HSV color wheel indicates near
vertical joins sets striking to the northeast (a, b), north-
west (c, d) and west (e, f). This automated processing step
greatly facilitates discrimination of discontinuities and
objective interpretations of the 3D rock structure [7].

2.2 Borehole investigations

The recording of drilling progress and parameters, or
measuring while drilling (MWD) greatly aids the interpre-
tation of mechanical and hydraulic rock mass properties
during the entire grouting project. MWD provides, for
example, an indication of progressive improvement
(higher density or lower permeability), helps verify bond

Fig. 6. Discrimination and measurement of near-vertical joint sets according to automated HSYV filtering, from [7]
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zone horizons for anchors, and helps select appropriate
jet grouting parameters [8].

Automated data acquisition systems typically record
penetration rate, hole length, thrust, torque, and rotation
speed. By combining these parameters with the cross sec-
tional area of the borehole, the specific energy of drilling
can be calculated. As an example, for non-percussive ro-
tary drilling the specific energy is calculated as [9]:

_F 2rNT
e=4 + AR (1)
With
specific energy (kJ/m?3),
(kN),

cross sectional hole area (m?),
rotational speed (rps),

torque (kNm)

penetration rate (m/sec).

mHZ > Te

The first and second terms in equation (1) represent thrust
and rotary components of the specific energy, respective-
ly. The specific energy represents the energy required to
excavate a unit volume of rock, and being a quantitative
measure of drillability, can be particularly useful for iden-
tifying strata changes during drilling, as well as specific
features such as voids. In addition to automated parame-
ter acquisition, manual recording of flush return charac-
teristics (cuttings, volume), instances of borehole instabil-
ity, interconnections between holes, and impacts on local
pieziometric conditions can greatly enhance the value of
routine driller’s logs [8]. Benefits of MWD are realized by
both Contractor and Owner. Production boreholes pro-
vide a freely available and often totally overlooked source
of information upon which to correctly and responsibly
base engineering decisions and to thereby manage techni-
cal and contractual risk [8].

2.2.1 Optical and acoustic televiewer borehole probes

Optical televiewer (OTV) and acoustic televiewer (ATV)
borehole probes (Figure 7a) offer unparalleled insight to
the distribution and characteristics of rock mass permea-
bility features in situ. The televiewer probes provide high
resolution georeferenced digital images of the entire bore-
hole wall, and are often combined with borehole devia-
tion sensors and an acoustic caliper gauge. The data out-
put includes: borehole coordinates with depth (deviation
survey), inclination and azimuth of borehole, orientation
of rock joints (Figure 7b), a continuous digital image log
(Figure 7c), precise measurements of borehole diameter
(overbreak or intrusion), and stereonet plots of disconti-
nuity data. Vertical and horizontal OTV resolutions are
commonly 0.5, 1, or 2 mm and 180, 360, or 720 pixels per
line, respectively [10]. This permits measurements of nar-
row joint apertures and observations of joint infillings.
Beneath the water table and especially if water in the
borehole is not free of sediment, OTV technology pro-
vides insufficient imagery; however, ATV technology can
provide high quality imagery in such conditions.
Systematic deployment of televiewer probes in pro-
duction boreholes (Figure 8) provides manifold benefits to
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Fig. 7. a) Borehole optical televiewer probe; b) determina-
tion of joint orientation based on unrolled trace map; and
(c) examples of unrolled trace map images (b and c: [11])

the grouting program. From the information obtained, ac-
curate observations of in situ rock conditions can be
made, correlations between in situ permeability features
and water pressure testing results can be established, and
characteristics of highly fractured zones (observed in core
samples) and core losses are elucidated. As an example,
Figure 9 shows an OTV image of a significant karst feature
encountered at a depth of approximately 62 m in a cored
borehole. The drilling log described this significant void as
“very soft rock, clay also present; cuttings are dull white”.
The detailed OTV image provides valuable insight regard-
ing the hydraulic conductivity of the karst feature as indi-
cated by the Lugeon (Lu) values obtained from water
pressure tests. Additionally, in the site investigation phase,
televiewer probes deployed following destructive drilling

Fig. 8. Insertion of OTV probe into production borehole.
Crawler-mounted winch and data acquisition hardware
facilitate systematic deployment for a large number of
production holes
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Fig. 9. Karst feature from 61.7 to 62.6 m described in drill
log as “very soft rock; clay also present; cuttings are dull
white”
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Fig. 10. Combining virtual and physical cores with water
pressure test results to gain insights regarding the in situ
permeability structure

(e.g. rotary percussion) provide a cost effective supple-
ment or alternative to expensive core drilling.

A preferred method for gaining better understanding
of in situ rock mass conditions and permeability struc-
tures is illustrated in Figure 10. Images of the actual physi-
cal core are laid adjacent to a virtual core box to make
correlations between disturbed core characteristics and
undisturbed in situ conditions. Detailed OTV images of
the virtual core interval core subjected to water pressure
testing are prepared, and the Lugeon values reported. As
construction proceeds and more correlations are made,
the grouting engineer develops an intuitive understanding
of interrelationships between core conditions, in situ con-
ditions, and hydraulic conductivity.

In terms of verification of grouting results, Fig. 11a-b
show OTV images of a borehole interval before and after
grouting, and a successful result is indicated. Fig 1lc
shows evidence of incomplete grouting after the first injec-
tion stage, and Fig 11d verifies the void was successfully
filled during regrouting.

With OTV and ATV image logs, every production
hole can provide data commensurate with that of an ex-
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Fig. 11. OTV verification of grout penetration: a) before
grouting; b) after grouting; c) evidence of incomplete
grouting; d) after 2" stage grouting

ploration hole. The data facilitate optimization of grouting
materials and methods, and provide verification of the
grouting effectiveness. Furthermore, auditable informa-
tion and a permanent georeferenced digital archive is ob-
tained, which can prove invaluable in the case that future
remedial work is required.

3 Data management and visualization
3.1 Data management

Real time monitoring of grouting parameters and auto-
mated data management systems have evolved signifi-

GEOBRUGG A

BRUGG
Safety is our nature

.w.:"l 'L__‘ iy A" 4 ,“ /

Geobrugg AG | CH-8590 Romanshorn | www.geobrugg.com

Geomechanics and Tunnelling 12(2019), No.2 125



. D. S. Kieffer/T. Dreese/J. Weil/J. Kleberger - Tools for optimizing rock mass grouting

56.1'to 157.3'; Orenge-Red

discoloration.
56.5" Fe staining in joint
57.8'to 158 4" Orange-Red

| S=08%
Lost most water retum

strong Fo.
158.0": Driler nobiced 1° tool drop 100 R
— A

[Er— kzmmm B

cantly over the past two decades and have changed the
standard of care concerning monitoring of major grouting
projects. The advancements include improvements in in-
strumentation technology, data transmission capabilities,
expanded cellular coverage, and cloud based computing.
Sophisticated data management software greatly facili-
tates the storage, management and visualization of site
investigation and grouting data, which can be combined
to create comprehensive 3D subsurface models.

Real time computer monitoring has become the stan-
dard of care for water pressure testing, water or grout injec-
tion rate, and effective injection pressure. From the flow
rate and pressure it is essential that either the apparent
Lugeon or Lugeon value also be calculated and reported in
real time. A plot of flow rate divided by the effective injec-
tion pressure (Q/P) can also be made to determine relation-
ships between injection rate and pressure, facilitating real-
time assessments of foundation hydrojacking or lift.

A simple interactive geologic profile approach is to
generate geologic cross sections in AutoCAD based on
borehole data, and hot link the graphical boring sticks to
the boring logs. Relevant information from the borehole
logs are then linked to available data such as OTV and
ATV imagery, core photos, and water pressure test results
(Figure 12). This interactive system ensures that pertinent
information is readily accessible to the grouting engineer,
rather than lost amongst reams of paperwork. As will be
enumerated, a more sophisticated approach is to manage
and visualize data in a 3D modelling platform such as
Leapfrog [10].

At Wolf Creek Dam in the USA, real time computer
monitoring of the remedial curtain grouting was being
performed by the grouting Contractor; however, readings
were not automated and were being made either daily or
weekly. Large changes to several piezometers occurred
during construction, but it was not possible to relate the
piezometer responses to grouting activities because the
location and timing of instrumental readings could not be
made with sufficient accuracy. On a subsequent remedial
grouting project, the Contractor for Center Hill Dam auto-
mated all critical dam safety instrumentation devices dur-
ing curtain grouting and established alert/alarm thresh-
olds for each instrument. Real-time monitoring included
time stamps for the commencement and termination of
each grouting activity, with the specific location accurate-
ly specified. This allowed for immediate identification of
the work being performed within specific intervals of spe-
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Fig. 12. Linkage of borehole logs to
additional data

cific boreholes in real-time. This has become the standard
of care for major grouting projects in North America and
is consistent with best practices when constructing grout-
ing improvements in urban environments in Europe.

3.2 Visualization

A preliminary geotechnical model incorporating site in-

vestigation data is usually developed prior to commence-

ment of construction. It is advantageous to represent the
investigation data, and interpretations drawn therefrom,

using geological modeling software such as Leapfrog [12].

These models provide a digital platform for combining

and visualizing multiple datasets that can include:

- 0D point data (e.g. lab or in situ test results, any other
information linked to a location),

- 1D linear data (e.g. borehole intervals, dominant ground
types along a tunnel axis or other information linked to
chainage),

- 2D areal data (e.g. field maps or geological documenta-
tion of outcrops, profiles from geophysical surveys),

- 3D data (e.g. point clouds and meshes obtained from
remote sensing and photogrammetric surveys, traces of
discontinuities mapped in the natural or excavated to-
pography or slopes, 3D geophysical surveys).

The interfaces for dynamically linking these data represen-
tations to external sources of information facilitate effi-
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Fig. 13. Scene extracted from 3D Leapfrog model to support
grouting works for a hydropower project
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Fig. 14. Scene extracted from 3D Leap-
frog model depicting as-built consoli-
dation grouting progress
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cient comparisons and interpretations within the 3D
model.

For orientation and visualization, digital terrain mod-
els, existing and planned civil structures and alignment
elements, as well as existing maps or other drawings can
be incorporated. According to purpose, relevant geologi-
cal and geotechnical structures and interfaces are mod-
eled as 3D meshes and volumes, either manually or by
using automated geostatistical algorithms incorporating
queries and customized interpolants. The 3D model can
be refined and updated as additional data become availa-
ble during construction. The datasets and links to various
databases (e.g. faults, rock types, MWD data, grout takes,
water pressure tests) enable continuous comparisons be-
tween anticipated conditions and construction perfor-
mance, to the actual as-built situation. These comparisons
are used to update and refine the prognosis as construc-
tion proceeds, and any deviations that could affect the
design, schedule or cost can be identified readily.

Figure 13 depicts a Leapfrog model scene for a hydro-
power project constructed in a rock mass having persis-
tent fault zones and discontinuities. To create a rock mass
model suitable for grouting design applications, various
surfaces and volumes were specified to represent attrib-
utes such as joint aperture and infilling, degree of fractur-
ing, hydraulic conductivity, and overall groutability. The
grout curtain design is optimized according to the distri-
bution of fault zones and relevant discontinuity sets (see
Figure 3), water pressure test results, and other hydrogeo-
logical information embedded in the model.

For consolidation grouting, the model also incorpo-
rates results from geophysical surveys and other in situ
testing (dilatometer, pressuremeter) providing informa-
tion regarding the distribution of foundation deformation
moduli. Grouting galleries and information from injection
boreholes are included in the model (Figure 14), along

with installed monitoring devices and their results (e.g.
extensometers, inclinometers, hose water levels, survey
targets). Near real-time visualization of monitoring results
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can be achieved by linking the model to automated data

loggers and a monitoring database.

The cloud-based collaboration and model manage-
ment platform Leapfrog Central permits the 3D model to
be shared with all stakeholders, and also facilitates visuali-
zation and interpretation of grouting progress. All relevant
grout monitoring records and instrumentation results col-
lected on site are processed in the office, then immediately
incorporated in the online model. Selected information
recorded during grouting, such as grout flow rate and
pressure, mix components, ground heave or piezometer
pressures, can be visualized and queried with a simple
mouse click. Particular advantages of such models in-
clude:

- Grout takes and modeled rock mass features are spa-
tially correlated and can be readily compared to expec-
tations.

- Interpretations of instrumentation and monitoring re-
sults are improved through efficient cross correlations.

- Decisions regarding adjustments to construction param-
eters for subsequent stages are facilitated by detailed
visual representations of all relevant data.

4 Discussion and Conclusions

The investigative tools and approaches summarized here-
in are considered invaluable for guiding decisions on how
to modify the injection materials and construction means/
methods to obtain optimal results. The goal is to obtain,
during construction, a progressively improved under-
standing of interrelationships between drill core quality,
in situ permeability features, and rock mass hydraulic
conductivity as determined by water pressure testing. Pro-
duction boreholes are often overlooked as a source of
valuable and essentially free data. By implementing MWD
and performing OTV/ATV surveys, every injection bore-
hole can provide data commensurate with that of an ex-
ploration borehole.

Implementation of procedural changes and verifica-
tion of results is greatly facilitated by the ability to effi-
ciently assemble, query, visualize and interpret vast
amounts of 3D data. Provided these data are studied and
analyzed in near real-time, information is provided con-
cerning the progression and effectiveness of the work and
how to optimize construction parameters [8]. The digital
format of collected information provides a rich dataset
that can be called upon to manage contractual risk (e.g.
claims preparation) or to support forensic studies, should
additional remedial grouting be required in the future.
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