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Abstract. This paper presents an approach to the estimation of ground
surface distortion based on the data from the online deformation
monitoring systems mounted on the foundations of the group of buildings
located in the area of ground instability. The local monitoring systems
provide control of building foundation settlements using the hydrostatic
level measurement technique. These data are used to calculate the
inclination foundation angles which reflect the distortion of the earth's
surface at local points. The hydrostatic level system allows one to perform
measurements with the desired space and time sampling and to obtain a
quite detailed picture of the changes in the deformation parameters over
time. A set of such local monitoring units forms a distributed system that
allows monitoring the state of the earth's surface over a large area. Here,
we present long-term results obtained using such system located in the city
area above mining. The evolution of the inclination angles of the group of
overlying buildings is shown. We discuss the validity of this approach, and
estimate the accuracy of the measuring method and the factors that
influence it. Finally, we assess the possibility of making short-term
predictions of deformation processes inside the rock massif.

1 Introduction

The deformation processes occurring in rock formations can create hazard to overlying
engineering structures and buildings. The processes can be provoked by mining and get
worse in an emergency condition. The processes occurring inside rocks are of rather
complicated nature, from deformations of rocks to the generation of damages and fractures,
surface subsidence and its manifestation on the surface - sinkholes. There is a problem,
both for mathematical modelling of this process and for its experimental registration,
associated with large scales of the research area as well as with a lack of information about
the processes occurring inside the massif.

One way to control the processes running in the earth interior and prevent their
detrimental effects is monitoring of various geomechanical parameters such as subsidence
of the Earth’s surface, which responds to the processes initiated inside the rock massif.
There are different approaches to controlling this surface, from instrumental observations
[1] to laser-scanning technologies [2, 3] and satellite technologies. These methods have
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their own benefits and drawbacks. For example, satellite interferometry SAR [4] can
control large areas of the surface, but it is impossible to organize these measurements with
sufficient frequency (the possible periodicity of these measurements is several weeks).
Moreover, there are restrictions on the application of this technology associated with the
certain states of the earth's surface (snow cover, vegetation, etc.). The position of individual
points on the earth's surface can be monitored in real time using instrumental observations
and also with the use of GPS receivers [5-7]. Control of the shape of the earth's surface with
GPS receivers with good resolution on a large spatial scale has its own problems, such as
high measurement costs. In addition, this requires that the space between the satellites and
the surface being surveyed should be free of foreign objects [8].

In urban construction areas, continuous control of the ground surface subsidence can be
implemented by means of distributed monitoring systems, which are based on control of the
deformation states of individual structures. This approach was proposed in our earlier work
[9], where the data on the vertical displacements of the foundations of a set of buildings
located above the mine working were used to estimate changes in the tilt angles of the
ground surface over a sufficiently wide area. It was assumed that the buildings incline as a
unit rigid body. In this paper, we discuss the validity of this approach, and estimate the
accuracy of the measuring method and the factors that influence it.

2 Estimation of the tilt of the earth’s massif surface based on
the data of monitoring the individual buildings

In work [10], the authors give an estimate of the geometric dimensions of the deformed
earth's surface, the significant distortions of which are due to underlying mine workings.
The section of this surface cut by a vertical plane (Fig. 1) is called the subsidence profile
and is illustrative of geometrical parameters, characterizing the scales and the shape of the
distorted surface.
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Fig. 1. The scheme of changes of the earth’s surface overlying the mine working

The characteristic size 2L of the deformed part of the surface is determined by the bedding
depth H. The ratio L/H depends on the size of the mine working and the mechanical
properties of the rock strata. For example, in [10] it is noted that for coal mines this ratio is
0.7 and, for salt deposits, it is in the range from 1.65 to 1.85 [11]. For salt deposits,
exploited at depths H =300+400m, according to estimates [12, 13], the distance L is
500+600m. The presented estimates of the characteristic sizes and shapes of the deformed
part of the earth's surface allow us to conclude that it is possible to estimate such distortions
of the surface, using the information obtained from the objects of a smaller scale located on
it. So, if we imagine that an ordinary house, which has a characteristic size much smaller
than L, is an absolutely rigid body connected to the surface, then this house can be
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considered a kind of sensor that reflects the state of the normal to the earth's surface at a
local point of a large spatial region. Having information on the change in the angle of
inclination of a group of such sensor buildings, it is possible to calculate by means of
interpolation a continuous field of inclination angles and to return the shape of the distorted
surface. Thus, it is possible to estimate the distortions of the earth's surface on a sufficiently
large scale (for example, in the territory of a city district). Information about the long-term
behavior of these sensor buildings makes it possible to monitor the evolution of the earth's
surface within the observed region. This information is extremely important for the
prediction of deformation processes in the rock massif.

To measure the inclination of individual building, we use the data obtained when
recording the relative settlements of the characteristic points of its basement. We have
developed an automated system of deformation monitoring of the individual building,
based on the method of hydrostatic leveling [14]. The measurement of the difference in
vertical displacements makes it possible to evaluate the inhomogeneous deformations of the
basement, and also to observe the change in the position of the foundation as a rigid body.

The method of determining the inclination of the foundation of a building as a unit rigid
body based on the data of vertical displacement sensors of the hydrostatic level system
(HLS) is as follows. At the beginning of monitoring, it is assumed that the foundation is a
plane S, the unit normal of which Gy coincides with the vertical z —axis (Fig. 2). During

monitoring, the sensors record vertical displacements U, (i :1..N) at N points with

coordinates (X;, y; ) located on the building foundation. A set of discrete values of these

displacements makes it possible to construct a surface U corresponding to the deformed
state of the foundation at each instant of time. From this deformation state, one can single
out a component responsible for a rigid-body rotation of the foundation relative to its initial

position. To this end, it is necessary to construct a plane S*(x,y)=ax+by+c , whose

coefficients (a, b, c¢) are determined from the condition of minimum quadratic deviation
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Fig. 2. lllustration of the method of estimating the inclination angle using foundation settlement
monitoring data

The position of the unit normal G at any time with respect to the coordinate system (x, y, z)
is defined by two quantities: the angle ¢ between the z -axis and the unit normal, and the
angle o between the x -axis and the normal projection onto the xOy plane. The first angle
characterizes the slope of the normal, and the second — its direction. Assuming that the
foundation is rigidly fixed to the ground surface, we can suppose that these parameters
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determine a change in the angle of inclination of the normal to the ground surface on the
scale of the building.

3 The results of individual building deformation monitoring

In the developed monitoring system for an individual building, the following values are
used to estimate the deformation state of building foundation:
— differential settlement &S;;=U;-U,; is equal to the difference of vertical

displacements of two foundation points 7 and j where sensors are located;
— angular distortion is estimated from vertical displacements of two sensors i and j

. . JS, .

having distance L, ; : f= L—"

— the curvature of the foundation between sensors i-1, i, i+1 is estimated from three
reference points where vertical displacements are recorded:

2-55,, 255, 2.55,

k = — + i+l .
Li—l,i 'Li+1,i—1 Li—l,i ’ Li,i+1 Li+1,i—l ’ Li,i+1

Data on vertical displacements of the characteristic points of building foundation, supplied
by the monitoring system, can be used to assess the stress-strain state of the building at a
time of observation and to analyze its changes over time. In addition, based on the finite
element modelling it is possible to estimate the change in the stress-strain state of building
elements, using the measured values of vertical displacements at the sensor location points.
For this purpose, the analytical part of the monitoring system has a block of finite element
simulation, which uses the information on current values of vertical displacements at
measuring points as boundary conditions for solving the problem of evaluation the stress-
strain state of the building. Such local deformation monitoring systems were developed and
installed to control the deformation behaviour of 40 buildings located in the urban area
above the salt mines.
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Fig. 3. (a) Sensor layout; (b) vertical displacement at sensor location points; (c) angular distortion of
the part of foundation between 2 sensors; (d) curvature of the part of foundation between 3 sensors
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Next, we present the data obtained with a monitoring system located on one building of
the group under observation. This is a typical brick 3-storey building with a length of about
30m and a width of about 12 m. The hydro-levelling sensors are located at the
characteristic points on the basement (Fig. 3a). Fig. 3b,c,d show the changes in
deformation parameters recorded during 2 years of observation. These parameters are:
vertical displacement at the point of sensor location relative to the displacement of sensor 5,
angular distortion of the foundation part between 2 sensors and the curvature of the
foundation part between 3 sensors. Figs. 3c, d show that the relative settlements and angular
distortions increase with time. However, the curvature varies insignificantly. By the end of
the 2-year observation period, for this building the maximum settlement was 14 mm, and
the maximum rate of change of the relative settlement was up to 0.5 mm per month. Similar
data were obtained for other buildings from the observed group.

Measurement of the surface slope using the HLS has an error, the value of which is
determined by the measuring technique. Under ideal conditions, this approach introduces
micron errors in the measurements of vertical displacements. However, for structures under
real operating conditions (variable temperature gradients, height difference of HLS
connecting tubes, oscillatory processes in the liquid caused by the operation of
mechanisms), the error may increase by orders of magnitude reaching hundreds of microns.
These errors inevitably must affect the obtained values of the inclination angles, which are
calculated from vertical displacements.

The estimation of the influence of errors in the measurement of vertical displacements
on the error of the inclination angles was carried out in the numerical experiment as
follows. According to Fig. 3a, it is assumed that the HLS sensors are located on the
foundation of the building at N discrete points. We believe that the readings of each i-th

sensor includes the determined value of the vertical displacements U™ and the random
error AU,
U, =U™ +AU;. (1)

Then, the values of tilt angles ¢ and direction angle a are represented in the following way:

true

0=90"" +Ap, 2

a=d™ +Aa, (3)

true true

where @™ and o™ are calculated in terms of the values of U™, and A and A are

defined by the random quantities AU, .

In the numerical examples considered, the values of U™ were prescribed such as to

true

provide a tilt angle ¢ =0.0001lrad and three possible values of the direction angle:

o™ =(0, 45°,90°) . The deviation of a random value AU, for each i-th sensor were set
independently using a random number generator that ensures a uniform distribution of the
probability density of this value in the interval from —0.25mm to + 0.25mm. This interval
was chosen based on the experience of operating such systems. For k-realization of the set
AU, the values of Ag* and Ao were determined for a given number of sensors N. For

the specified number of sensors and the selected direction o™

, 900 realizations of random
deviations of vertical displacements were performed (M =900). From the obtained

statistical set, the following quantities are evaluated:
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—-Aa_;
R & = max min . 5
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£ = A(pmax _A(Dmin Aq,

where o,, o, are the standard deviations and ¢,, ¢, are the semi-range of the errors A@

and Aoy E and Aq are the sample means for these quantities [15].

The values of the standard deviation o,, o, can be interpreted as the accuracy of

estimating the angles ¢ and o for random deviations in the readings of vertical
displacement.

Numerical experiments were carried out for the buildings of three types, differing in the
configuration of the foundations and in the length to width ratios (Tabl. 1)

Table 1. Building dimensions

Building type Length, m Width, m Numberof installed sensors
I 30 12 8
11 60 12 6
I 36 36 8-11

The experiments showed that the accuracy of determining the angles of inclination and
orientation of the normal to the foundation plane depends on the number of sensors
recording the vertical displacements. Fig. 4 shows the graphs of changes in, o, and o,

depending on the number of sensors at three values of orientation angle o™ (0°, 45°, 90°).
The figures correspond to different types of buildings.

As can be seen from the figures, with increasing number of sensors, the range of random
variables reduces to some values. Further increase in the number of sensors does not lead to
a significant change in the magnitude of the range. This minimum number of sensors, Nop: ,
varies for different types of buildings and is equal to 10+12 for buildings of type I, 14+16
for buildings of type II and 20+24 for buildings of type III.

Analysis of the graphs in Fig. 4 shows that the accuracy of estimating the angles of
inclination and the orientation of the normal to the foundation plane depends on the
configuration of the sensor system and its location relative to the orientation of the normal.
For the buildings with the same characteristic dimensions in the plan (type III), the
accuracy of angle estimation is practically independent of the orientation of the building.
Elongated buildings with more sensors on their long side have the least deviation in the
angles values if they are oriented in the direction of the normal inclination (o= 0).

In general, it can be concluded that the registration of vertical displacements with an
accuracy of £ 0.25 mm ensures the accuracy in determining the tilt angle of the normal A
0f 2:10°% — 6-107 rad and the accuracy in determining the orientation angle of 1° — 3.5°.

The presented results allow us to estimate the error in measuring the orientation of the
normal to the earth's surface within the building site caused by random perturbations of the
readings of the HLS sensors. The obtained dependences make it possible to determine the
optimal number of sensors for various types of buildings required to ensure the smallest
measurement error.
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Fig. 4. Standard deviations o, and o, depending on the number of sensors for the building of
different types

3 The results of monitoring tilt angles of the rock massif

The developed distributed monitoring system, installed on the foundations of 40 residential
buildings, provided information on the slopes of the normal to the earth's surface on an area
of ~ 5 km? The observation area is located in the city of Berezniki, Perm Region, in the
area above the salt mines. A feature of this territory is the location of the mine field directly
under the residential area. The processes occurring in the thickness of the mined salt rocks
significantly affect the condition of buildings and structures. They led to the emergency
condition of a number of buildings, and also caused the formation of sinkholes in the
vicinity of the observed objects. Therefore, monitoring the deformation state of the earth's
surface in this region is of considerable practical interest. It substantiates the approaches to
predicting deformation processes in the soil massif, and allows one to estimate the period of
safe operation of individual houses. We present the results of observations of the tilt angles
in the monitoring site obtained during continuous monitoring over a number of years.
Figure 6a shows a map of the area with a group of buildings. The HLS-based monitoring
systems are installed at the foundations of the buildings, which are marked with numbers 1-
8. The buildings differ in size and shape and are equipped with the settlement registration
systems that include different numbers of sensors (Table 1). In Fig. 5a, each of the
buildings is marked with an arrow, the direction of which coincides with the projection to
the horizontal plane of the normal onto the foundation plane, and the length is proportional
to the tilt of the normal. The figure demonstrates the state of the earth's surface, formed 3.5
years after the beginning of monitoring. Based on the analysis of the entire set of arrows
(their direction and length), one can single out the localization region of the most intensive
deformations in the rock massif within the examined area (the shaded zone). These results
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are in good agreement with the information on the location and configuration of existing
salt mines [11, 12].
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Fig. 5. Tilt angles of a group of buildings formed over a 3.5-year period (a) and their evolution (b)

Fig. 5b illustrates the observed evolution of the tilt angles of the earth’s surface at the
locations of observed buildings (the curve numbers correspond to the building numbers in
Fig. 5a). As is evident from the figure, over the observation period the greatest changes of
about 0.35rad (0.02°) in the tilt angle were recorded in the zone of location of house No. 1.
The graphs show that the slope of the buildings changed in time with almost constant
speed. The observed deviations from the linear dependence are due, in particular, to the
errors of the HLS associated with seasonal changes in the temperature gradients inside
buildings. The results of observation of the evolution of the rock surface shape accumulated
for several years, allow us to conclude that the deformation processes are monotonous.
Based on the obtained values of the average rates of changes in the tilt angles, we can
predict their possible values in the interval of about several months.

4 Conclusions

An approach was proposed for monitoring a vast surface of the rock massif in a mining
zone based on the analysis of the behavior of a set of buildings located in a given area. Each
of the buildings is considered as a sensor of a distributed monitoring system, which records
changes in the tilt angle of the normal to the surface as a result of distortion of the earth's
surface. Measurements of the tilt angles of the building as a unit rigid body were based on
the data of local automated monitoring systems, which measure settlements of the building
foundations with HLS sensors. The applicability range of the proposed method was
determined, the random error of the measurement method was estimated, and the optimal
number of sensors for local monitoring systems was calculated.

Monitoring of the deformation state of a set of buildings for 3.5 years allowed us to
reveal the localization of the zone of the most intensive deformation processes occurring
deep in the rock massif. The obtained data not only allow assessing the deformation
problems of the buildings equipped with monitoring system. They also help us to specify
city areas potentially risky for maintenance of existing buildings and undesirable for
construction of new buildings.
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