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Abstract: Development of new technologies for monitoringustural and ground
deformations puts new demands on the design anlysaaf the multi-sensor systems.
Design and analysis of monitoring schemes requigo@d understanding of the physical
process that leads to deformation. Deterministicdelilmg of the load-deformation
relationship provides information on the magnituded location of expected critical
deformations as well as delineates the deformatzome. By combining results of
deterministic modelling with geometrical analysisie can find the deformation mechanism
and explain the cause of deformation in case efjutar behaviour of the investigated object.
The concept is illustrated by four practical exagspl

1. INTRODUCTION

Rapid progress in the development of new techneitpr monitoring structural and ground
deformations has significantly increased the assamt of geodetic and geotechnical
instruments being available for the automated mooinmiyj schemes. This puts new demands
on the design and analysis of the multi-sensoresyst In order to make intelligent decisions
on the selection of the optimal combination of ske@sors, their optimal location and density,
the design must be based not only on the geomketsitangth and sensitivity of the
monitoring network, but also on a good understagaihthe physical process which leads to
deformation. For example, the location of the sensw the observed targets must include
points where maximum or critical deformations axpeeted (Chrzanowski, 1993) while the
location of reference stable points must be basethe knowledge of the boundaries of the
deformation zone. Thus, the investigated deformabject must be treated as a mechanical
system, which undergoes deformation according ® ldws of continuum mechanics
(Szostak-Chrzanowski et al., 2006). This requihesdausative factors (loads) of the process
and the physical characteristics of the object uma\estigation to be included in both the
design and analysis of the deformation. This isead by using deterministic modelling of
the load-deformation relationship using e.g., thigd element method (FEM).

Analysis of deformations of any type of deformabtely includes geometrical analysis and
physical interpretation. Geometrical analysis déss the change in shape and dimensions
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of the monitored object, as well as its rigid batpvements (translations and rotations).
Physical interpretation is based on the integratealysis in which the deterministic and the
geometrical models of deformations are combinee. itegrated analysis helps in explaining
causes of deformation and supplies informationhendeformation mechanism (Chrzanowski
et al.,, 1994). The combined analysis may also bgleémented in verifying the designed
geomechanical parameters (e.g., Chrzanowski €08R). This paper gives a brief review of
the geometrical and deterministic modelling of defations followed by practical examples
from four different projects.

2. REVISITING GENERALIZED METHOD OF GEOMETRICAL ANALYSIS

The goal of the geometrical analysis is to deteenthe displacement and strain fields in the
space and time domains for the whole deformableabbfs a part of the activities of the FIG

Working Group 6.1, a Generalized Method (GM) of metrical modelling was developed in

early 1980s (Chen, 1983; Chrzanowski et al. 1988z&howski, 1993). Though the method
is not new, it is revisited in this presentationcomnection with the growing demand for the
multi-sensor monitoring and integrated analysesgeddrmations.

GM analysis accepts from the principles of contmuonechanics that the deformation of an
investigated object’s shape and dimension is fddlgcribed if 6 strain components (3 normal
strains and 3 shearing strains) of the strain teasd 3 differential rotations at every point of
the body are determined. These deformation pammetn be calculated from well-known
strain-displacement relations if a displacementfiom representing the deformation of the
object is known. Since, in general, deformatiorveys are performed at discrete points, the
displacement function must be approximated thraghe selected deformation model which
fits the observed displacements, or any other tygfesbservables, in the statistically best
way. For example, the displacement functioxydt,t) = [u(x,y,zt), v(x,y,zt), w(x,y,z,t)] T with

u, v, andw being components of the displacement-iry-, andz-directions, respectively, may
be determined through a polynomial (or other flord) approximation of the displacement
field. The displacement function can be writtemmatrix form as:

dx,y,zt) = B(x,y,zt)c , Q)

where B(X, vy, z, t) is the deformation matrix with its elements beirggne selected base
functions, and is the vector of unknown coefficients.

A vectorAl of changes in any type of deformation observatifmsinstance, changes in tilts,
in distances, or in strain, can always be expresserms of the displacement function
(Chen, 1983). For example, for a horizontal tiltene the change mdof tilt between two
survey campaigns may be expressed in terms ofispéadement function as:

ow . ow
dr= oy Sina+ oy cosy (2)

whereaq is the orientation angle of the tiltmeter.
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In matrix form, the relationship is written as:
Al = ABA| C (3)

whereA is the transformation matrix relating the obserwasdito the displacements of points
at which the observations are made, BRdis constructed from the above matBgx, v, z, t)

and related to the points included in the obsepsbl

If redundant observations are made, the elementheofvectorc and their variances and

covariances are determined through the least-sguaperoximation, and their statistical
significance can be calculated. One tries to tmel simplest possible displacement function
that would fit to the observations in the stataiic best way.

Fig. 1 shows as an example the application of thegéometrical analysis at a power house
of the Mactaquac hydro-electric power station istean Canada. Due to irregular behaviour
and fracturing of the structure, geodetic techrsgfielateration and levelling) and dozens of
various geotechnical instruments (borehole exteesars, plumb-lines, tape extensometers
and jointmeters) have been used to explain the am&im and cause of deformations.

a) b)
Figure 1- Application of the Generalized Methodgebmetrical analysis (after Chrzanowski,
1993): a) observed rates of deformation (mm/yydrjved displacement field.

Fig. 1a shows a sample of observed rates (mm/gpsblute and relative displacements in a
cross-section of the structure.

Several different functions (full or partial polymels) were attempted in fitting the
observation data, including relative rotations drahslations between the structural blocks
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and different deformations in each block. Aftemahating all the statistically insignificant
coefficients of the selected displacement functighe final displacement field (Fig. 1b)
appeared to be quite simple, indicating a voluroagxipansion of the whole structure. The
results of the GM analysis have supported the paistll earlier hypothesis about possible
swelling of concrete due to the alkali-aggregasetien.

3. DETERMINISTIC MODELING

Deterministic analysis of deformation is based ongiples of continuum mechanics, in which

solving differential equations of equilibrium ofrtes is the main problem. In many cases
closed form solutions of the equations may bedliffior impossible to obtain. Consequently,
numerical methods, such as the finite element noeR&EM) are used.

The deterministic method establishes relation betwthe causative factors (loads) and the
deformation by forming equations of equilibrium,n&matic relation between strain and
displacement, and using relation between strain sirebs through constitutive matrix. The

ultimate goal of the deterministic modelling of dehations is to develop a prediction model
for the given type of the investigated object, giyaoperties of the material, and assumed
mathematical model of stress-strain relation. Qtheeprediction model is developed, it may
be used for the design of the monitoring schemeth@rother hand, using the back analysis,
the results of the properly designed monitoringeobstions may be used to enhance the
deterministic model (e.g. by correcting the mateparameters of the observed object). In
addition, with properly designed monitoring surveyse may also determine the actual
deformation mechanism (Chrzanowski and Szostak#lwaski, 1993; Chrzanowski and

Szostak-Chrzanowski, 1995) and explain the caugekeformation in case of an abnormal

behaviour of the investigated object.

The most critical problem in modelling and predigtideformations, particularly in rock or soil
material, is to obtain real (in-situ) charactedstiof material. Collection of in-situ
characteristics is very difficult and very costiydathe data is often incomplete. In laboratory
testing, the selected samples may differ from @wation to another, they may be disturbed
during the collection, or the laboratory loadinghdiions may differ from natural conditions.
The physical values obtained from laboratory testiequire scaling in order to represent a
rock mass. The problem of scale-dependent propesgia main problem in modelling rock or
soil behaviour (Glaser and Doolin, 2000).

A large-scale approach has been developed at C&8®ich equivalent material properties

are identified in the whole rock mass or in blookshe material as a function of geometry of

fractures and stress distribution including effeofstectonic initial stresses and stresses
redistributed, for example, by mining activity. Thpproach has successfully been used in
ground subsidence studies in mining areas (Chrzskiomand Szostak-Chrzanowski, 2004)

and in modelling deformations of large earth daBmogtak-Chrzanowskt al. 2007).
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4. DETERMINSTIC MODELING AS AN AID IN DESIGNING MONITORING
SCHEMES

4.1. Example 1: Concrete Face Rock-fill Dam

Deterministic modelling of expected deformations teeen applied to Shuibuya Concrete
Face Rockfill Dam (CFRD) in China (Szostak-Chrzaskwet al., 2008). Shuibuya CFRD is
presently the highest of its kind in the world.isl233 m high and 608 m long, and is resting
on bedrock. Fig. 2 shows expected horizontal amtice¢ displacements caused by filling the

y
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Figure 2 - Predicted displacements [m] after filime reservoir a) vertical displacements
b) horizontal displacements

As one can see from the modelled displacementslatigest displacements are expected to
occur at the upstream face of the dam, which iV by a concrete slab. It is the most
crucial area for monitoring the deformation. Sirtbe upstream face is under water, the
monitoring scheme should be designed to have dgewitad instruments such as fibre-optic
strainmeters and arrays of micro-machined tilt esembased on MEMS technology (Danish et
al., 2008) embedded in the concrete slab. Theofabe dam could be monitored by geodetic
methods using, for example, robotic total statiam&l GPS (Chrzanowski et al., 2007).
Besides the deformation sensors, various physaateghnical sensors must also be used, for
example piezometers, seepage gages, and othess.d&tails of the design including the
density of the instrumentation, accuracy requireli@md frequency of observations require
additional information. For example, by modellitng texpected deformation at various water
level stages in the reservoir, one can obtain mé&iion on the velocity of deformations. This
would aid in determining the required frequencyeyeat surveys.

4. 2. Example 2: Open Pit Mine

Analysis of an open pit mine (Fig.3) of a 2 km d&re at the surface was performed to
calculate effects of additional extraction of 75afrthe bottom of the mine from the existing

depth of 625 m to the depth of 700 m. The main psepof the analysis was to estimate the
magnitude of the expected deformations and locatable area for placing the reference
points for geodetic monitoring surveys. FEM anaysi the expected deformations was
performed for various stages of the mining sequearm various distributions of possible

discontinuities, for example faults, in the rocksna Here, only accumulated displacements
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are discussed in the case of a homogenous rodia.skmures 3 and 4 show vertical and
horizontal displacements, respectively. The floothe mine is expected to undergo uplifts of
up to 0.12 m while displacements on the bench waly reach about 0.04 m. The surface
movements (horizontal) may still show 5 mm at dists 1.5 km from the rim of the mine.
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Fig.3 - Vertical displacement (m)
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Fig. 4 - Horizontal displacement [m].

Since large open pit mines require continuous ay Veequent (several results per day)
monitoring of a large number of points, roboticatostations (RTS) with automatic target
recognition would be the most economical solutiohn order to minimize effects of
atmospheric refraction (Chrzanowski and Wilkins 20RTSs should be located as close as
possible to the monitored targets; i.e., RTs wddde to be located within the deformation
zone while stable reference would have to be lacab®ut 2 km beyond the rim of the mine.
Therefore, RTSs should be combined with GPS, wivchld supply positional corrections to
the RTSs. This whole process could be run in g falitomated mode by using, e.g. ALERT-
DDS and PPM software developed at CCGE (Danish,e2G08, Chrzanowski et al., 2007).
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One should note that in case of identified discanties in the rock mass, the effects of
mining on the surface would decrease because disodies, e.g. faults, reduce the transfer
of tensional stresses. This has further importamtlications. Knowing that a discontinuity
limits the extent of the region of instability, gkaic monitoring results can be used to locate
fault zones. For example, if a monitored point sh@table behaviour in a region thought to
be active, this may suggest that a fault existsesamere between the monitored target and the
area of mining activity. Both the FEM results amtbal measurement values should therefore
be used to complement each other in the overaBipalinterpretation process.

5. EXAMPLE OF INTEGRATED DEFORMATION ANALYSIS

The concept of combined geometrical and deterningtalyses of ground subsidence has
been applied to a salt and potash mine in eastanada. Mining of a large deposit of high
grade sylvinite has been carried out since theI8&Ds. Potash and salt mining takes place at
depths between 400 m to 700 m within a 25 km loogetshaped salt pillow in which the
potash is preserved in steeply dipping flanks @igAnnual monitoring of ground subsidence
over the potash and salt mining operation has lwaened out by CCGE since 1989. The
multi-sensor monitoring scheme includes GPS, raliotal stations, and leveling.

Kennebecasis River —
N ‘ ‘ Old Trans Canada Highway s

Potential Aquifer (~250 m)

Potash Mining
4——— Salt Dome

Potash Mining

Salt Mining Potash Deposit

Salt Rock

Fig. 5 - Geological cross-section

In 1997, a secondary subsidence basin startedajemgl on the surface at the north end of
the mine area and an increase in water inflow ®rthine was noticed at lower levels of
potash extraction. It was assumed that hydrologitelnges were causing the secondary
subsidence. At the same time, exploratory and atitig drillings from underground
workings revealed that the caprock and rock sahtave potash mining are much weaker than
previously expected. Fig. 6 shows the accumulatdzbidence profile between 1996 and
2006.

The FEM analysis was performed to explain whether tiydrological changes, or weaker
rock strata and the creation of the void or bothld¢@ause the development of the secondary
subsidence basin. The combined geometrical and B&aAllysis confirmed that the cause of
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the development of the secondary subsidence (Frge@@ the hydrological changes and the
development of voids in the rock strata (Szost@krzanowski and Chrzanowski, 2001).

Hevtion[m

0.000

-0.050
-0.100
-0.150
-0.200
-0.250
-0.300
-0.350
-0.400
-0.450
-0.500
-0.550 -
-0.600

_M\
\ e
h\ il
\ A
\ c2  ce
M
\ // C1
\ y/d
A /
A\ / —— FEM ——M d
vco easure
) 500 Distl;::e - 1500 2000

Fig.6: Measured and FEM Surface Subsidence

The analysis of the rock mass response to the memtivity and to the hydrological changes
gave information on redistribution of stresseshia tock mass and determination of zones
where the maximum stresses develop. Fig.7 showsettistribution of maximum shearing

stresses. The redistribution of stresses gaveiawdi information on the response of the
rock strata to the mining activity and to hydrokagichanges.

Jr\

Fig. 7 - Distribution of maximum shearing stressP@J
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6. CONCLUSIONS

The given examples of the combined geometricaldetidrministic analyses of deformations
indicate that the role of monitoring surveys is mmilocoader than just serving as a source of
information on deformation and strain field. Deteristic modelling provides information on
deformation, strain, and stress fields. The intiegtaanalysis permits to identify the
deformation mechanism and to verify the in-situgpaeters. The deterministic modelling
significantly improves the design of monitoring eofes by giving information on the
expected magnitude and location of maximum defdonat and by delineating the
deformation zone.
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