
173Interdisciplinary approach to deformation analysis in engineering, mining...TECHNICAL SCIENCES
Abbrev.: Tech. Sc., Pap. And Rep., No 9, Y. 2006

INTERDISCIPLINARY APPROACH TO DEFORMATION
ANALYSIS IN ENGINEERING, MINING, AND GEOSCIENCES

PROJECTS BY COMBINING MONITORING SURVEYS
WITH DETERMINISTIC MODELING

PART II

Anna Szostak-Chrzanowski
Department of Geodesy and Geomatics Engineering

Canadian Centre for Geodetic Engineering
University of New Brunswick P.O.

K e y  w o r d s: deformation analysis, integrated monitoring, engineering, mining, finite element
method.

A b s t r a c t

This presentation, after a general review of problems and literature related to the analysis
of deformations, summarizes the author�s achievements and applications of the integrated
deformation analysis in engineering, mining and geosciences projects.

INTERDYSCYPLINARNE PODEJ�CIE DO ZINTEGROWANEJ ANLIZY DEFORMACJI
DOTYCZ¥CEJ PROBLEMÓW IN¯YNIERYJNYCH, GÓRNICZYCH

I GEOFIZYCZNYCH PRZEZ PO£¥CZENIE POMIARÓW GEODEZYJNYCH
Z ANALIZ¥ DETERMINISTYCZN¥

CZÊ�Æ II

Anna Szostak-Chrzanowski

Centrum Geodezji In¿ynieryjnej
Uniwersytet New Brunswick

Fredericton, Canada

S ³ o w a  k l u c z o w e: analiza deformacji, zintegrowany monitoring, in¿ynieria, górnictwo,
metoda elementów skoñczonych.

S t r e s z c z e n i e

Niniejsze opracowanie zawiera � po przedstawieniu przegl¹du problemów i literatury z zakresu
analizy deformacji � podsumowanie osi¹gniêæ autorki wraz z omówieniem zastosowañ przemys³o-
wych zintegrowanej analizy deformacji obiektów in¿ynieryjnych, górniczych i geofizycznych.



174 Anna Szostak-Chrzanowski

1. Introduction

This presentation presents some of the author�s applications using the inter-
disciplinary approach to integrated deformation analysis in engineering, mining
and geosciences projects by combining monitoring surveys and deterministic
analysis (numerical modeling using finite element method). The combination of
monitoring and numerical modeling of deformations is essential for studying the
processes occurring in engineering structures and in rock mass at the construc-
tion and post-construction stages.

Safety, economy, efficient functioning of man-made structures and fitting of
structural elements, environmental protection, and development of mitigation
measures in case of natural disasters require good understanding of causative
factors and the mechanism of deformations, which can be achieved only through
proper monitoring and analysis of deformable bodies. Development of new methods
and techniques for monitoring and analysis of deformations and development of
methods for optimal modeling and prediction of deformation is the subject of
intensive international studies of several professional and scientific groups.

The author has developed interdisciplinary approach to modeling, physical
interpretation, and prediction of deformations. The approach is based on a
combination (integration) of deterministic modeling (prediction) of deformations
with the monitoring results obtained from geodetic and/or geotechnical
measurements of displacements and deformations of the investigated object.
Research has focused on the development of an analytical approach to the
identification of physical parameters of the deformable material, to gain
information on the material model, and to enhance understanding of the
deformation mechanism of the investigated object (rock mass or structure).
Using the combination of deterministic modeling with the results of monitoring
surveys and using a concept of separability, the author has developed a
methodology for identifying the best model of the deformation mechanism from
among several postulated models.

The Author�s research has concentrated on:
1) optimal use of deterministic modeling in predicting structural and ground de-

formations in engineering, mining, and geoscience projects,
2) optimal combination (integration) of deterministic and geometrical models for

the purpose of identifying the mechanism of deformation and explaining cau-
ses of the observed deformations,

3) optimal combination of deterministic models with observed deformations for
the verification of material properties of the deformable body at the construc-
tion and post-construction (operation) stages,

4) propagation of variances-covariances in FEM,
5) modeling of gravity changes.
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The research has concentrated on the analysis of large-scale problems using
finite element analysis. The author developed a concept of equivalent (averaged)
medium which may be divided into a few interacting blocks. The concept is
used in forward and back analyses for studying the behavior of the rock mass.
Since the properties of the in-situ rock may significantly differ from the results
of the laboratory tests, methods for calibrating mechanical properties of rock or
soil mass have been developed using a calibrating function, which is based on
the distribution of compressive and tensional stresses. In addition, the author
developed a methodology for the identification of material parameters of both
brittle and salt (viscous) rock with application to mining problems and for soil
structures with application to embankment dams.

The author has concentrated on the development of a methodology to model
in-situ mechanical parameters for rock and for saturated soils. The scale ratio of
laboratory Young modulus to in-situ Young modulus for intact rock is based on
stress distribution in the rock mass. On the basis of stress distribution, the author
also derived the scale ratio of a laboratory value of tensional strength to the in-
situ values (SZOSTAK-CHRZANOWSKI and CHRZANOWSKI 1991). The assumptions
regarding the behavior model of rock mass is used as a basis for the identification
of boundaries of blocks within the rock mass with assigned to each block scaled
parameters (CHRZANOWSKI et al. 2000).

In some cases of unexpected deformation of man-made or natural structures
the causative factors may not be known. For example, the mechanism and
causative factors of tectonic movements are usually not well known, and they
are subjected to various hypotheses. The main purpose of the concept of integrated
analysis developed by the author is to identify, on the basis of a comparison
(or a simultaneous analysis) of geometrical and deterministic models, which of
the postulated mechanisms can be optimally explained by the analysis.
Depending on the design and accuracy of the monitoring surveys, the separation
(discrimination) among various postulated mechanisms may not be possible (CHEN

and CHRZANOWSKI 1986). In order to distinguish between these mechanisms,
measurements of relative horizontal movements or gravity changes could help in
the identification of the best model (SZOSTAK-CHRZANOWSKI et al. 1993a).

In this presentation examples are given on the applications of developed
approach to modeling of deformations in:
1) determination of effects of mining and hydrological changes on ground subsi-

dence in a potash mine PCS in Canada;
2) analysis of the deformations:

� embankment dam West Dam of Diamond Valley Lake (DVL) Project in
California,

� embankment dam La Grande 4 main dam of La Grande Hydroelectric
Complex located in northern Quebec, Canada, and
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Fig. 1. PCS potash mine in New Brunswick Canada (Photo PCS)

� Concrete Face Rockfill Dam (CFRD) Toulnustouc Main Dam located in
northern Quebec, Canada;

3) studies of earth crustal movements in Western Canada;
4) error analysis of deformations in tunnel problem.

2. Modeling of ground subsidence in mining areas
as a large � scale problem

Mining of a large deposit of high grade sylvinite in New Brunswick has
been carried out by Potash Corporation of Saskatchewan (PCS) since the mid
1980s (Fig. 1). Potash and salt mining at PCS takes place at depths between
400 m to 700 m within a 25 km long dome-shaped salt pillow in which the
potash is preserved in steeply dipping flanks (Fig. 2). A strong, arch shaped,
caprock provides an excellent natural support for the overlain brittle rocks.
Potash is mined by using a mechanised cut-and-fill method with up to 100%
extraction in the 1000 m long and about 150 m high stopes. Unsupported
openings are up to 25 m wide. The potash deposit is structurally complex with a
variable dip and width. Salt mining is by multi-level room-and-pillar method.
Trans Canada Highway runs along the longitudinal axis of the mine and is
affected by ground subsidence.

Annual monitoring of ground subsidence over the PCS mining operation near
Sussex, N.B., has been carried out by the Canadian Centre for Geodetic
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Fig. 2. Cross-section of the PCS potash and salt mine in New Brunswick
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Engineering since 1989. Figure 2 shows the layout of the mining workings and
the distribution of monitored points, which have been re-observed annually using
levelling surveys, traversing of high precision with robotic total stations, and GPS
measurements. In 1995, a finite element analysis was performed to model the
maximum expected subsidence along a selected cross-section (line C-C in Fig. 3).
A summary of the results was presented in (CHRZANOWSKI et al. 1998). The
expected subsidence profile was to follow a regular shape with its maximum
subsidence located above the room-and-pillar salt extraction (approximately
above the centre of the salt dome).

Since 1997, a significant increase in water inflow to the mine was noticed at
lower levels of potash extraction near the investigated cross-section and
a secondary subsidence basin started occurring on the surface at the north end of
the investigated cross-section along the C line of monitored points. Figure 4 shows
development of ground subsidence along the C line of the monitored points
between 1996 and 2003. Figure 3 shows the isolines of subsidence developed
between 1996 and 2003 (CHRZANOWSKI and Szostak-CHRZANOWSKI 2004).

In 2003, a new FEM analysis of ground subsidence was undertaken to
explain whether the water inflow from an unknown aquifer could cause the
development of the secondary subsidence basin.

The following two basic models have been analysed:
1) analysis of ground subsidence as caused only by extraction of potash and salt,
2) analysis of ground subsidence as above, with an addition of possible effects

of hydrological changes in the hypothetical aquifer (Fig. 2).
Due to a lack of information on the time dependent effects of mineral

extraction and hydrological changes in the aquifer, the identification of the best
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model had to be based only on a qualitative analysis by comparing the shape of
the FEM calculated subsidence profile with the observed subsidence curve.

In the first model only effects of salt and potash mining were investigated
using FEM analysis. The analysis was performed for period 1996-2003. Figure 4
shows the FEM calculated profile of the surface subsidence along C-C line in
comparison with the observed subsidence. The irregular observed subsidence
could not be caused by the mineral extraction alone. Therefore, the second model
with an effect of hydrological changes in the assumed aquifer was analyzed.

Three analyses were performed for assumed depths of the aquifer to be
350 m, 250 m, and 150 m. In each analysis, it was assumed that the centre of
the aquifer is located under the point of the maximum subsidence (pt. C0) of the
secondary subsidence basin and that the compressibility value in the aquifer is
such that the effect on the surface subsidence is approximately equal to the
observed maximum subsidence of 0.46 m. The dimensions of the aquifer were
arbitrarily taken as having the width of 330 m and thickness of 40 m. The

Fig. 3. Mine layout, monitoring points, and isolines of subsidence 1996-2003
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analysis of the aquifer at the depth of 150 m gave the best agreement between
the observed and modeled subsidence curve (Fig. 5). In 2003, in order to gain
better information on the actual dimensions of the aquifer, the monitoring
network was densified in the area of the expected aquifer.

Fig. 4. Measured subsidence along C-C Line and calculated (FEM) subsidence due to only
mineral extraction
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Fig. 5. Measured subsidence along C-C Line and calculated (FEM) subsidence with aquifer
at 150 m depth
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3. Modeling of subsidence due to withdrowal
of oil in lagunillas oil field in venezuela

3.1. Characteristics of Lagunillas Oil Field

Venezuela has the western hemisphere�s largest oil reserves of 77 billion
barrels in four major sedimentary basins. There are three major oil fields: Tia
Juana, Lagunillas, and Bachaquero extending from inland into the Lake
Maracaibo. Among them, Lagunillas field is the largest with the total area of
163 km2 and with over 1500 active wells (SZOSTAK-CHRZANOWSKI, CHRZANOWSKI,
ORTIZ 2006). The area is divided into production blocks 1.4 km x 1.2 km (MURRIA

1991) containing 36 wells with one gathering station per block (FINOL and
SANCEVIC 1997).

Data from the inland portion of Lagunillas has been selected for the
preliminary testing of various methods for modeling ground subsidence. In
Lagunillas oil fields oil is extracted from two, almost horizontal, reservoirs at two
different levels: upper reservoir at the average depth HU = 674 m and average
thickness hU = 84 m and lower reservoir at HL = 851 m and hL = 37 m. SZOSTAK-
-CHRZANOWSKI, CHRZANOWSKI, ORTIZ (2006) shows the outlines of the inland
portion of the reservoirs. Monitoring of ground subsidence has been conducted
on a bi-annual basis since 1926 using leveling of high precision (LEAL 1989). In
1988, GPS was added to the monitoring scheme to gain information on the
horizontal movements (CHRZANOWSKI et al. 1988) and to connect the levelling
network to far away reference points. The rate of subsidence in Lagunillas
reaches 20 cm/y. In 2004, the maximum accumulated subsidence reached 7.0 m.
In order to protect the inland part from flooding by the lake, a system of
protective earth dykes is maintained and continuously upgraded (SZOSTAK-
-CHRZANOWSKI, CHRZANOWSKI, ORTIZ 2006, Fig. 1).

3.2. Available Data

A period of four years between 1996 and 2000 has been selected for the
preliminary testing of deterministic modeling using finite element method (FEM).
The following data has been obtained from PDVSA oil company to conduct the
preliminary study:
1) results of bi-annual leveling,
2) CAD files showing boundaries, depth, and thickness of reservoirs,
3) locations of oil wells in the inland area
4) production history data for the inland area
5) observed pressures in individual oil wells (for upper and lower reservoirs).
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In order to perform a preliminary analysis on the global correlation between
production, change in pressure, compaction, and observed subsidence in the
whole area, the data was averaged and generalized. It was more practical to
perform a global study for the whole field rather than separate studies at each
well. The compaction was assumed to be in soft clay layers in and adjoining the
producing sand layers. Based on VAN DER KNAAP and VAN DER VLIS (1967),
uniform compaction behavior over the area was assumed.

The productive area of the oil reservoir was identified based on the observed
pressure changes (SZOSTAK-CHRZANOWSKI, CHRZANOWSKI, ORTIZ 2006, Fig. 2). To
simplify the analysis, the upper and lower reservoirs in the productive area were
combined into one reservoir of an average thickness of 240 m (SZOSTAK-
-CHRZANOWSKI, CHRZANOWSKI, ORTIZ 2006). The overburden material (unconsolidated
sand) was accepted as homogenous and anisotropic. On the basis of the pressures
observed in the wells, the productive area has been divided into two zones. The
averaged pressure in Zone 1 was obtained as equal to -1000 kPa and in Zone 2
equal to -500 kPa (SZOSTAK-CHRZANOWSKI et al. 2006).

3.3. Modeling of subsidence using FEM

The preliminary two-dimensional FEM analysis was performed for the AA�
cross-section shown in Figure 2; the geometry of the model followed Figure 3
(SZOSTAK-CHRZANOWSKI, CHRZANOWSKI, ORTIZ 2006). No tectonic stresses were
included in the analysis, though it is known that the Lagunillas area is prone to
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Fig. 6. Observed and modeled subsidence using FEM
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seismic events. The given pressure changes in the oil wells were used as the
loading condition. The value of Poisson ratio was taken as n = 0.3, while the
value of Young modulus was obtained through calibration by taking the
calculated subsidence at the point of maximum subsidence equal to the observed
value and was assumed as E = 183 MPa. Figure 6 shows comparison between
the observed and modeled subsidence using FEM

4. Integrated analysis of earth and rockfill dams

4.1. Purpose of integrated analysis of earth and rockfill dams

Safety of earth dams depends on the proper design, construction, and
monitoring of actual behaviour during the construction and during the operation of
the structure. In the design of the earth dams, the finite element method (FEM) is
used very often. The FEM is used in the analyses of expected displacements,
strains, and stresses in the structure caused by changeable loading or boundary
conditions. The values calculated from FEM may be compared with measured
values during construction and filing up a reservoir giving additional information on
the actual behaviour of the structure, boundary conditions and unexpected loads.

The geotechnical parameters of the earth material play significant role in the
stability of the dam. The dams located in the seismically stable areas are built
with the material characterized by such geotechnical parameters which allows
for a dam to be more adaptable to the changes. The behaviour of the earth
material may be determined using hyperbolic non-linear model (KONDNER 1963)
and (KONDNER and ZELASKO 1963). In this presentation the author gives examples
of the predicted deformations for various earth dams and discusses the effect of
the prediction results on the proper design of the monitoring surveys.

4.2. Diamond Valley Lake Project

Recently completed Diamond Valley Lake (DVL) project (Fig. 7), consists
of three dams (ARITA et al. 2000). The DVL dams have been constructed from
soil and rock. Figure 7 shows a typical cross-section of the West Dam with
height of 87 m. The area of the DVL is located within the interaction zone
between the North American and Pacific tectonic plates. The San Jacinto and
San Andreas faults are located about 10 km and 30 km, respectively, from the
reservoir. Therefore, in designing the dam deformation monitoring surveys one
had to consider not only loading effects of the reservoir and gravitational
settlement of the dams but also effects of earth crust movements in this
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seismically active area that is prone to frequent earthquakes. The local monitoring
network was connected to the existing GPS regional network of the continuously
operating reference stations (CORS) of Southern California (BOCK et al. 1997)
which monitor the earth crust movements.

A fully automated monitoring scheme with a telemetric data acquisition was
designed using both geotechnical and geodetic instrumentation (DUFFY et al.
2001). Geotechnical instrumentation was designed independently of the geodetic
portion of the monitoring plan. It includes a total of 262 piezometers, 7 inclinometers,
74 settlement sensors, 6 fixed embankment extensometers, 14 weirs and
18 strong motion accelerographs. The automated geodetic monitoring system
consists of 8 robotic total stations (Leica TCA1800) with the automatic target
recognition and electronic measurements of angles and distances. In addition,
5 continuously working GPS receivers were permanently installed on the crests
of the dams to provide a warning system that �wake up� the robotic total

Fig. 7. Diamond Valley Lake project
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stations in case of abnormally large displacements. The accuracy of the
geodetic measurements was designed to detect displacements larger than
10 mm at 95% confidence level (WHITAKER et al. 1999).

The DVL dams have been constructed from soil and rock. The core materials
are silty and clayey sandy alluviums obtained from the floor of the reservoir and
the rock fill was obtained from bedrock hills of the reservoir. Figure 8 shows as
a typical cross-section of the West Dam. Table 1 lists geotechnical parameters
used in the analysis of West Dam.

In Table 1, f is an angle of friction, g is unit weight, K is loading modulus
number, n is exponent for loading behaviour, Kb is bulk modulus number, m is
bulk modulus exponent, Ko is the earth�s pressure ratio, and Rf is the failure
ratio. The wet parameters are smaller than dry parameters for the same soil.
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The wet parameters were obtained using the relations shown in Table 2 for
filter and shell (TOUILEB et al. 2000). For core, the wet parameters are given for
the 0 m, 20 m, 40 m, 60 m, and 80 m height of water at the West Dam in Table 3
(MASSIERA et al. 2004). The schematic cross-section of the West Dam with dry
and wet zones is given on Figure 9.
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4.3. La Grande 4 (LG-4) Project

La Grande 4 (LG-4) main dam is the second largest structure of the La
Grande Complex (LGC) of James Bay hydroelectric development located in
northern Quebec, (PARÉ et al. 1984). LG-4 main dam has maximum height of 125
m and is 3.8 km long. LG-4 main dam is a zoned embankment. The dam is
constructed almost entirely on bedrock. During the construction of the La Grande
Complex, the main installed instruments were: inclinometers with tubes with
telescopic joints, settlement cells, and linear extensometers, surface movements,
hydraulic and electrical piezometers, electrical vibrating wire and pneumatic total
pressure cells, and weirs (VERMA et al. 1985). It allowed following behaviour of
the embankment during the construction and during the filling up the reservoir.
The geotechnical parameters are given in Table 4 (MASSIERA et al. 2003).

Fig. 9. Schematic cross-section of the West Dam
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4.4. Concrete Face Rockfill Dam (CFRD): Toulnustouc Main Dam

The Toulnustouc main dam is located north of the city of Baie-Comeau on
the Toulnustouc River in Northern Quebec (Fig. 10). The existing dam has 75 m
height and is 0.575 km long and it is built on bedrock foundation. The thickness
of the concrete face slabs is 0,3 m. Instrumentation installed in the structure
included 13 submersible tilt meters, 1 measuring wire, 22 fissurometes (crack
meters), 2 accelerometers, one measuring weir, and 16 survey markers.

There was a long-term monitoring of slab deflection, which is caused by the
dominant hydrostatic load moving the concrete face gradually in the downstream
direction. Each instrument had to withstand a maximum of 75 m head of water

Fig. 10. Toulnustouc (CFRD) main dam (http://www.waterpowermagazine.com/home.asp)
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and be sufficiently accurate to measure small deformations (mm scale). The
analyzed cross-section of the dam is shown on Figure 11.

The values of the geotechnical parameters used in the analysis of the
Toulnustouc main dam are presented in Table 5 (RSW INC 2001). The following
zones are specified: zone of the crushed stone with maximum grain size 80 mm
(zone 7B), zone of the crushed stone with maximum grain size 200 mm (zone 8A),
rockfill with maximum grain size 900 mm (zone 8B), and zone of rockfill with
maximum grain size 1800 mm (zone 8C).

4.5. Geotechnical Parameters of the Earth and Rock Fill

The geotechnical parameters used in the design of DVL dams differ quite
significantly from the parameters used in LGC project (SZOSTAK-CHRZANOWSKI et
al. 2000). Loading modulus number K and bulk modulus number Kb for LGB
dam are larger than for DVL dam. The exponent for loading behaviour n and
modulus exponent m for LGB dam are larger than for DVL dam.

Fig. 11. CFRD of 75 m of height resting on bed rock
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Fig. 12. The calculated settlements at the end of construction of DVL and LGC dams
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4.6. Summary of Deformations Analysis using FEM

The presented three cases of dams were analysed using finite element
method and SIGMA/W software (KRAHN 2004). The behavior of the earth/
/rockfill dams was analyzed in two stages. First stage was an analysis of the
behavior during construction of a dam. The second stage was an analysis of
a response of the constructed structure to the filling of the reservoir with water.
The analysis of settlements during construction of LG4 main dam was performed
for two assumed heights: 84 m and 120 m. The dam was assumed to rest on
non-deformable bedrock. The analysis of DVL dam was performed for West
Dam with the assumption that the dam was resting on non-deformable bedrock.
Two models of CFRD-Toulnustouc main dam were analysed. The first model of
the dam followed the real foundation conditions and the dam was resting on
bedrock foundation. The second model was a simulation of the dam structure
resting on a 60 m high foundation of dense till (moraine).

The calculated settlements in the center during the construction are much
larger for DVL dam than for LG4 main dam. The maximum settlement in the
center of West Dam (height 88 m) is 0.23 m and is located at the 54 m
elevation. For the LG4 dam (height 84 m) the maximum settlement in the center
of the dam is 0.12 m and is located at 36 m elevation (Fig. 12). The calculated
horizontal displacements of West Dam using DVL parameters are larger than
using LGC parameters.
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The comparison of vertical displacements at the crest of West Dam and
CFRD Toulnustouc main dam during the filling of reservoir with water are
shown on Figure 13. The West Dam has larger vertical displacements of crest
at the end of filling the reservoir. The deformation rates are also different for
each case. As one can see from the comparison of predicted rates of the
displacements expected at DVL dam and CFRD dam, the DVL dam will
require more frequent observations because of the larger acceleration of the
movements than in the case of CFRD dam.

In case of the CFRD dam, the maximum displacements are expected to
occur on upstream face of the dam, where classical geodetic surveys cannot be
implemented (see Fig. 11). Thus, in this case permanently installed geotechnical
instruments (e.g., inclinometers, extensometers) should be used on the upstream
face while geodetic surveys could be utilized on the crest and the downstream
face. Here one should note that the maximum displacements of the upstream
(concrete) face are expected to take place 40 metres below the crest and is
reaching 0.22 m for the dam resting on bedrock. This is very often overlooked
by geodetic engineers, who tend to install their points along the crest due to the
easiest access. The maximum displacements of the concrete face slab were
function also of the height of the dam during the filling of the reservoir. The
calculated settlements for CFRD dam at the end of filling up a reservoir are
shown on Figure 14. The displacements are larger when the dam is resting on
60 m of till (Fig. 14). The magnitude of horizontal displacements is larger than
magnitude of settlements. The calculated horizontal displacements are larger for
CFRD resting on bedrock (Fig. 15).

Fig. 13. Vertical displacement of crest during filing up a reservoir
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5. Numerical modeling of gravity changes of tectonic origin

5.1. Preliminary remarks

Relocation of rock masses and/or change of density, and change of height
due to human (e.g., mining) activities or tectonic activity may produce significant
local changes to the gravity field in the vicinity of activity. The gravity changes
result in local tilts of the level surface (equipotential surface of gravity) and,
consequently, changes of the direction of the plumblines to which the majority of
geodetic and some geotechnical measurements are referenced. Thus, if any
geodetic measurements of high precision are required during the mining operation,
for example, for the purpose of monitoring the stability of surface structures,
they should be corrected for changes of gravity and deflection of the vertical as
a function of time. The method has been used in modeling regional deformations

Fig. 14. Displacements of CFRD and West Dam at the end of filling up a reservoir
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Fig. 15. Calculated horizontal displacements (m) at the end of the filling of the reservoir
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and gravity changes of tectonic origin (SZOSTAK-CHRZANOWSKI et al. 1996) and in
modeling expected gravity changes in a large open pit mine, Belchatow, in
Poland (SZOSTAK-CHRZANOWSKI et al. 1995).

5.2. Geometry and physical properties of the investigated models

The author investigated the gravity changes caused by tectonic activity.
Following three models of tectonic movements and their effects on the surface
deformation and gravity changes have been investigated:
a) influence of a deeply located dilating sphere (e.g. magma intrusion and/or

thermal expansion),
b) influence of a slightly dipping thrust fault locked to a certain depth below the

surface, and
c) influence of a dislocation along a vertical fault locked to a certain depth be-

low the surface.
The models (a) and (b) were thoroughly investigated by RUNDLE (1978) who

tried to solve analytically the determination of the surface uplift and gravity
changes due to the above causative effects. Although the geometry of the models
is very simple, the analytical solutions required extensive approximations and
simplifications regarding the properties of the material (rocks). Detailed results of
a comparison between Rundle�s and the authors� solutions for various material
properties in models (a) and (b) have been given in SZOSTAK-CHRZANOWSKI (1992).
This paper summarizes only FEM solutions in order to draw conclusions on the
usefulness of gravity measurements in solving the problem of the separability of
deformation models.

As an example, the following three models of tectonic movements and their
effects on surface deformation have been investigated using FEM software
package FEMMA (SZOSTAK-CHRZANOWSKI et al. 1993a):

MODEL A: Influence of a deeply located dilating sphere. The dilating
sphere with a radius of 15 km is centred 30 km below the surface (Fig. 16).
It was assumed that the expansion of the sphere was produced either by
a uniform hydrostatic pressure or by thermal stresses.

Fig. 16. Geometry of the sphere (model A)
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Fig. 17. Geometry of the thrust fault (model B)
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MODEL B: Influence of a slightly dipping thrust fault. The thrust fault (Fig. 17)
with a dip angle of 10° was assumed to be locked at a depth of 20 km where
the open portion of the fault exhibits slip in two opposite directions along the
fault plane over a distance of 200 km.

Fig. 18. Geometry of the vertical fault (model C)

u

A

20 km

30 km
u

MODEL C: Influence of a dislocation along a vertical fault (Fig. 18). The
vertical fault was also assumed to be locked at a depth of 20 km and slipping
along the fault plane in two opposite directions.

In all three models, the rock strata was assumed to be homogeneous, linear-
elastic, and isotropic with the Young modules E = 1011 Pa and the Poisson ratio
n = 0.25. In models B and C, the width of the faults in the vertical cross section
was taken as equal to 0.1 km. In order to make the surface deformation effects
of all three tectonic models compatible, the boundary conditions for the FEM
analysis were selected so that the surface uplift of point �0� would be the same
in each model and equal to 0.25 m. It was calculated that in order to obtain the
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uplift of 0.25 m produced by the dilating sphere, the expansive body forces per
unit volume would have to be equal to f = 1831.5 x 109 N/km3.

5.3. Effects of the Dilating Sphere

The FEM model was defined in x, y, z coordinate system. Since the
geometry of the sphere is symmetrical, only one fourth of the sphere has been
modelled in the 3-D finite element analysis. The following displacement
boundary conditions were accepted: the lower xz plane was fixed, the upper xz
plane was free, the left yz plane was constrained in x direction, the right yz
plane was constrained in x direction, the xy planes (front and back) were
constrained in z direction, and the nodal points located on the cross section of
the planes were constrained by adding the constrains of the planes. An
assumption was made that the mass of the dilating sphere remained constant.
Using software FEMMA, it was calculated that in order to obtain the uplift of
0.25 m produced by the dilating sphere, the expansive body forces per unit
volume would have to be equal to f = 1831.5 x 109 N/km3. Using the above
expansive body forces and the boundary conditions, the vertical and horizontal
displacements on the surface could be calculated. Figures 19 and 20 show the
calculated uplifts and horizontal displacements at nodal points on the surface.
Figure 21 shows the calculated gravity changes.

Fig. 19. Vertical displacements
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Fig. 21. Gravity change
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5.4. Effects of the Faults

Figure 17 and Figure 18 shows the geometry of the effects of dislocations
along the slightly inclined thrust fault and along the vertical fault. It was
calculated that in order to satisfy the condition that point �0� on the surface
should be uplifted 0.25 m, the values of the dislocations u had to be:
1) for the thrust fault, u = 98.5 cm,
2) for the vertical fault, u = 57 cm.

Fig. 20. Horizontal displacements
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These values were introduced into the FEM analysis as upward and
downward displacements (total relative displacements of 2 u) of nodal points along
the opposite surfaces of the active fault zone. Figures 19 and 20 summarize the
results of the calculated displacements on the surface. Figure 21 shows the
calculated gravity changes.

5.5. Discussion of the Results of Modeling

The results shown in Figure 19 indicate that geodetic levelling alone could
not discriminate between the effects of the sphere and the vertical fault,
particularly if the maximum uplift of pt. A would be smaller than the value
of 25 cm. However, the separation in vertical displacements caused by the
vertical or by the thrust fault dislocations is large enough to be detected by
geodetic levelling.

Similarly, the results of the horizontal displacements (Fig. 20) show that the
effects of the sphere and the vertical fault are practically the same, i.e., that
measurements of horizontal displacements or horizontal components of strain
could not discriminate between the two tectonic effects. However, the effect of
the thrust fault is distinctly different than the effects of the two other models.

The results of gravity changes (Fig. 21), indicate that, perhaps, the model of
the expanding sphere could be separated from the effects of other two models
if the gravity surveys were performed in the vicinity of point A. At larger
distances (say, 100 km) from point A, the effects of the thrust fault could,
perhaps, be separated from the other effects.

Generally, the presented methodology based on the finite element analysis
and use of FEMMA shows the potential of its implementation in practice in
designing the monitoring surveys according to the postulated tectonic models.
One should remember, that the given examples were calculated for a rather
large assumed uplift of 25 cm at point A. If the actual uplitft was ten times
smaller (i.e., 25 mm), the maximum difference in the gravity changes for the
three models would be only 2 mgal, which would be beyond the actual accuracy
of the field gravimeters.
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6elbaT

snoitaiveddradnatsgnidnopserrocriehtdnastnemecalpsiddetciderpehT

tnioP xd )mm( s xd )mm( zd )mm( s zd )mm(

1p 80.0 50.0 21.0- 41.0

2p 00.0 00.0 12.0- 91.0

3p 00.0 00.0 04.1- 06.0

4p 44.0 09.0 41.0- 21.0

5p 00.0 00.0 31.1 15.0

6. Propagations of errors in forward and back analyses using fem

6.1. Forward analysis of a tunnel problem

Results of any measurements (treated as random variables) or quantities
derived from random variables are meaningless unless they are accompanied by
information on their accuracy. The example shows a practical application of the
methodology for the error propagation in a tunnel excavated at a depth of 30 m
in homogeneous rock (one type of material only). A linear elastic FEM analysis
was performed using the aforementioned software FEMMA to calculate
expected displacements at the nodal points of the FEM mesh resulting from the
excavation of the tunnel (SZOSTAK-CHRZANOWSKI et al. 1993b). The following
rock properties have been assumed:

Young modulus: E = 1000 MPa with the error sE = 100 MPa,
Poisson ratio: n = 0.25 with the error sn = 0.025,
Unit weight: g = 19 KN/m3 (errorless).
The weight of the rocks was taken as the only load (body forces) producing

the displacements due to the excavation.
The calculated using FEM displacements at several selected points on the

surface and in the tunnel and their standard deviations, obtained from the
propagation of the random errors, are listed in Table 6.

The points 1, 2, 3, 4, and 5 locations were selected as:
point 1 is located on the surface 5 m of the center of the tunnel,
point 2 is located on the surface over the center of the tunnel,
point 3 is located in the center of the top of the tunnel opening,
point 4 is in the center of the wall of the tunnel opening, and
point 5 is located in the center of the floor of the tunnel.
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6.2. Back analysis

In order to illustrate the application of the error propagation in the back
analyses, it was assumed that in the above example the value of Young Modulus
E for the rock was unknown and it was supposed to be determined in-situ through
the back analysis from observed vertical displacements at some selected points.

In the back analysis three cases were considered:
� case #1 when the observations are made only at pt. 2,
� case #2 with observations only at pt. 3,
� case #3 when displacements at points 1, 2, 3, 4, and 5 are observed.

The values of the observed vertical displacements were taken as listed in
Table 6. It was assumed that the vertical displacement of each point had been
obtained from repeated geodetic levelling of high precision with standard
deviations of 0.5 mm. Table 7 lists the expected errors (standard deviations) of
Young Modulus as obtained from individual vertical displacements and when all

7elbaT

suludomgnuoY E (ycaruccastidna Es stnemecalpsidlacitrevderusaemehtmorfdetaluclac)

tnioP zd )mm( s zd )mm( E )aPM( sE )aPM(

1p 31.3 05.0 6.999 7.97

2p 34.1 05.0 7.999 4.721

3p 44.0- 05.0 4.999 4.865

4p 87.2- 05.0 8.999 6.46

5p 78.3- 05.0 8.999 9.98

8elbaT

foycaruccA E stnemecalpsidlacitrevdevresboehtmorfdetaluclac

:esaC )2.tp(1# )3.tp(2# )5dna,4,3,2,1.stp(3#

sE :)aPM( 0681 582 022

five displacements were observed. The results show that, as it could have been
expected, the weakest determination of Young Modulus E was obtained when
measurements of the vertical displacements were limited to only point 2 (Table 8).
The observations limited to only point 3 gave the value of Young Modulus with
an error only slightly larger than in Case #3, i.e. when observations of the
displacements were made at all five points.
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The described methodology provides a tool for the rigorous propagation of
variances and covariances in the finite element modeling of deformations and in
the finite element back analyses when properties of the material and/or boundary
conditions are supposed to be determined from observed deformations of a known
accuracy. Although the given examples deal only with a homogeneous and linear
elastic material, the method can be used in more complex FEM analyses.

7. General conclusions

The given examples illustrate practical applications of the author�s
developments in the interdisciplinary approach to deformation analysis. The
combination of monitoring results with deterministic modeling provide a powerful
tool in the determination of the deformation mechanism and in the verification of
material properties of the investigated object.
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