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The work is devoted to the issues of seismic microzonation representativeness, which is amongst the manda-
tory assessments that precedes civil and industrial construction. In addition to the practical approach and in accor-
dance with the normative documentation, the authors propose parametric interpretation of the remote basis by means
of tracing geodynamic zones and elements of the geoblock structure, where the leading marker of seismogenic risk
zones is the anomaly of spatial variability of the geofield, coinciding with the discordant intersection of localised land
structures. Verification of this marker is achieved by displaying a cartographic distribution image within the range of
the seismic point increment, detailed on the basis of approximation dependencies.
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Introduction. A pronounced specialisation in the system of geophysical methods allows dis-
cussion on, particularly, a separate research direction related to engineering support of various pro-
duction activities — from engineering and environmental surveys to industrial and residential con-
struction. The specificity of this engineering geophysical support is regulated by the block of regu-
lating acts RSN 66-87, 64-87 (Technical requirements for the production of geophysical works),
which seemingly prescribe a deterministic methodology of field and laboratory work, as well as the
structure of the reporting material, which should guarantee the representativeness of the results and
the absence of significant claims from external expertise. In fact, the quality of engineering and
geophysical work is determined by a set of factors leaving much to be criticised by an external ex-
pert. These factors include: limitation of the estimates of the investigated objects by field measure-
ment materials while minimising post-processing; the rejection of the proven thesis about the inte-
gration of tool definitions. For example, when calculating the increment of seismic score [5] accord-
ing to the Medvedev formula announced in standards, conditions far from the resonance of the
layered thickness of the upper part of the section (UPS) when it is excited by an external seis-
mogenic impulse, are considered. The standard estimate of seismic danger is reduced to the recalcu-
lation of rock density by a system of wells and data shallow seismic survey in the areal distribution
of the increment of seismic intensity A/. In the best case, the expert observes the formation of dis-
tribution maps of the parameter A/, the maxima of which mark the areas of reduced stability of the
UPS, and at worst — the average value of the increment of seismic scores throughout the declared
polygon. Finally, the issue is to create a field work methodology and to perform the interpretative
analysis of their results that can provide a representative assessment of the localisation and quantita-
tive characteristics of areas of high seismic risk in the conditions of minimal provision of a priori
field information.

Working methods. Within the framework of the formulated problems, the most effective is
the complex of well testing with the methods of field geophysics (shallow seismic prospecting and
electrotomography). The tasks traditionally include tracking a roof of the bearing horizon and as-
sessment of the seismic score increment. If the first problem is associated with a deterministic struc-
tural-real complex, the second one is of a predictive nature [1]. The latter means the calculation of
the parameter (here — Al), which is not checked either by full-scale testing of the rock mass, or by
physical and mathematical modelling of its state, while marking only the potential reaction of the
upper part of the section to dynamic seismogenic and static anthropogenic loads.
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Focusing on the most problematic second problem, we note the key methodological elements
of its solution: a set of periodically updated maps of General seismic zoning (OSR series), devel-
oped on the basis of the methodology of V.I.Ulomov, V.N.Strakhov et al. [11]; regulatory docu-
mentation (for example, MDS 22.1-2004 «Guidelines for seismic microzonation...»). The basis of
the normative numerical recalculation, as noted, is the analytical ratio of Medvedev

A] = 1a67 lg(prefuref /(pcurUcur )) H (1)

where the reference acoustic impedance is in the numerator under the logarithm (rock density p
multiplied by velocity v of elastic waves in them) for a given polygon, and the current acoustic im-
pedance in a small neighborhood of instrumental testing is in the denominator.

When assessing the reference and actual acoustic stiffness, the recommendation is applicable to
the calculation of the well column weighted average characteristics [4]:

p~L) = Zpiui h /Zhl‘ ,

where /; is the thickness of the i-th structural-real layer.

To link quantitative assessments to the geological basis, it is recommended to update it at the
level of generalisation of archival data, as well as thematic interpretation of the remote data. To
compensate for the approximate nature of the estimates according to the Medvedev's formula, the
calculation of synthetic accelerograms is practiced, reflecting the reaction of the stratified thickness
of the upper part of the section to a broadband seismogenic impulse. The operation consists in the
numerical solution of the differential equation of damped forced harmonic oscillations

4% de d
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where m is the mass; § is the relative displacement of a single node of the nonequilibrium model; ¢
is the viscous attenuation; k is the system stiffness.

The solution (2) can be found [13] in the frequency plane as well as in the subject plane on the
basis of the numerical taking of the Duhamel's integral.

Development of methods. The first part of our research is related to the compensation of the
expressed methodical defects. We consider classification and thematic interpretation of multispec-
tral images as tools to follow-up geodynamic zones (GDZ) and to primary forecast risk zones under
the reduced stability of the UPS areas (possible sources of earthquakes, PSE). The latter are con-
sidered as discordant areas of intersecting various ranked GDZs. Parametric morphostructural in-
terpretation is based on the author's methodology of lineament-spectral analysis [14, 15], where
the spectral channel of the remote basis is used, which has the greatest contrast for different
ranges of the optical density field (1024 brightness gradations at 16-bit encoding; range sampling
is performed in the vicinity of the maxima of the empirically accumulated distribution histogram).
According to the chosen spectral channel, we trace algorithmically the thickening of linear land-
scape elements (lineaments), marking a GDZ, as well as areal objects of arbitrary morphology,
marking natural-territorial complexes of a certain rank, sometimes, syngenetic elements of the
geoblock structure.

GDZ mapping is done in two stages. The first involves digitising the optical density field of the
most contrasting spectral channel of the remote base (usually the 5th channel, the wavelength range
from 1.55 to 1.75 microns). The parametric lineament interpretation is executed with the digitised
remote basis: determination of the position of extreme points in the optical density field f(x, y)

and in the module of its horizontal gradient Wf ‘ = (@ /6xf + (o /ay) ; rotation relative to each ex-

treme point with the coordinates (xo, )o) of the radius vector (elementary lineament) using the ro-
tation matrix
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Along each point ()? ,)7) of the radius vector, the values of the processed component of the op-
tical density field are selected algorithmically using spline interpolation [7]

S &)= =FP QE —x)+ A7 +(F =0, ) (20 = X) + WSk +

+ (xi+1 - 37)2 (37 —X )fzh_z - (37 —X )2 (37 ~Xisl )fi:—lh_z ) 3)
where i = int[(¥ —a)/h]; (x;,x,,,) are the coordinates of nearby nodes of the optical density field ma-

trix; f; and f;+1 are the values of the optical density at these nodes; f and f,, are the first derivative

of the optical density at these nodes; a = xo; h is the step between the nodes.
By means of the selection f ()? ) along the elementary lineament corresponding to the angle of

its rotation a, we calculate the spatial variability of the optical density field as a function o, which
at the end of the rotation gives the dispersion functional. Its minimum reflects the optimal orienta-
tion of the elementary lineament coinciding with the axis of the dominant stretch of the geomor-
phological anomaly or with the axis of the gradient zone. We determine the family of trend lines
with the final calculation of the intersection points (xo, o) (discordant positions) of these trends on
the basis of Kramer's theorem and the solution of a system of two linear equations (to determine the
ratio of linear approximations of trends).

Tracing of GDZs and localization of their discordant intersections are verified by mapping the
geoblock structure of the polygon [6]. It is associated with the allocation of areas of spatial station-
arity in the structure of the selected spectral channel of the remote base. The operation involves the
calculation of the autocorrelation radius of the optical density field f(x) over the entire area of the
remote image based on the structure of the two-dimensional autocorrelation function (ACF). The
estimation of the autocorrelation radius r by area gives an elliptical contour, the size and orientation
of which determine the parameters of the sliding interval. For each position of the latter, a secon-
dary selection of the optical density field value is carried out with repeated calculation in the mov-
ing interval of the mean radius of autocorrelation r, which plays the role of an integral parameter of
variability of the amplitude-frequency composition of the remote base (landscape component) [10]:

r=0.5(R(0))" [R(x)dr. )

—0o0

where R(t)= [ f(x)f(x£t)dx is the autocorrelation function of the optical density field.

The boundaries of geoblocks are marked by the difference of the averaged parameter r within
each geoblock, and the anomalous region (reduced stability of the UPS) is indicated by the maxi-
mum jump of the integral variability parameter [9] in a junction area of three or more geoblock
boundaries.

The results of the parametric interpretation, the linear and areal objects with a forecast of local
areas of seismic risk are verified by the assessment A/ using the approximation of the functional re-
lationship between density p of loose strata and speed of elastic waves in them (for example, ac-
cording to empirical dependences [3]). In the case of the longitudinal wave velocity Vp measured in
the stratified sedimentary column,

-3
7 1(; +64 5)
.0
where V, = (5.45exp((p—2.60)/2.00)%0.50)-107; Vp is measured in meters per second; p is meas-

ured in grams per cubic centimetre.
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Such recalculation in the application of the Medvedev's formula allows to limit the volume of
seismic estimates in the presence of only core testing data and vice versa. To detail the image of the
spatial distribution calculated according to parameter (1) A/, we implement the selection of an ana-
lytical function that displays the functional relationship between the increment of seismic scores

and the spatial gradient WH (x, y)( of the field of absolute heights of the Earth's surface:

log, Aly =c; +d, loga(ﬁH(x,y)O, (6)

the logarithmic properties of which is verified on several experimental polygons corresponding to
different geostructural conditions and geodynamic positions; the factors ¢; and d; are empirical.

Assessment of methods. The work was performed on the example of an industrial park project
located in a potentially seismically active zone of one of the Russian southern regions. There are
three structural levels in the vicinity of the polygon: folded complex (Triassic — Upper Jurassic),
cover complex (Cretaceous — Eocene), and sinophorogenic alpine complex (elevated erosion relief
and sinorogenic Oligocene sediments of the Quaternary period). They are formed under the condi-
tions of cyclicity of transgressive-regressive dynamics, which determines the spatially regular na-
ture of the network of discontinuous disturbances [9]. Laid on the first cycles of tectono-magmatic
activation disjunctives have been repeatedly resuscitated until modern times, which has led to the
development of the faults in all structural levels. The polygon map shows linear, radial and ring
fractures, where the first has a predominantly North-West and North-East directions, forming quasi-
periodical network with a strong shear kinematics, marked by the system of branch sigma-shaped
faults. Radial and arc faults are confined to the structures of the central type corresponding to the
breaks in the tensile environment.

Visual analysis of a detailed remote image of the study area allows finding developed man-
made complexes, counter-balancing responses from the components of the natural landscape, which
determines the primary trace of a GDZ at a scale of 1:100 000 (Fig.1, a). Herewith, a geodynamic
zone is converted into a ranked map image, which includes the ring structure, the significance of
which is the higher, the closer the centre of curvature of each circle-like structure located towards
the discordant region of geodynamic zones. When ranking GDZs, the main criterion is their length
(laying depth) and degree of fragmentation (age of the last activation). At the regional scale, we dis-
tinguish five ranks of geodynamic zones, the first of which corresponds to the least extended and

0.00 2.15 4.30 km 0 670 1340 m
4 A5

Fig.1. The result of thematic interpretation of the remote basis (RB) and digital elevation model (DEM) using the formula (3):
a is for decoding on a regional scale; b is for large-scale tracking of a GDZ

oA 2 A 3 e

{/i(/-:{ 6 :575’:‘-"';:

1 is for ring structures; 2, 3, 4, 5, 7 are for geodynamic zones of the grades 1, 2, 3, 4 and 5, respectively; 6 is for the intermediate type of
geodynamic zones, which are organised into local strip-like formations of a given stretch azimuth; 8 is for the fundamental binding to the field of
engineering study; 9 is for the contour of cultivated fields
(element of spatial linking of different-scale materials)
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most latent structures, and the fifth rank
corresponds to GDZs, explicitly dis-
played in a modern landscape. PSE fore-
cast areas correspond to discordants [12]
in the southern, Central and Northern
parts of the licensing circuit.

When performing the large-scale
photointerpretation (scale 1:30 000,
Fig.1, b), tracing of coaxial structures is
possible due to the analysis of the land-
scape of the territories adjacent to the
boundaries of a polygon. The objectivity
of attribution of these structures to GDZs
is provided by comparison with the re-
sult of regional interpretation: the PSE
areas identified at all stages of photo-
interpretation tend to share the same
positions.

At the stage of geoblock reconstruc-
tion (Fig.2) a detailed digital model of
the Earth's elevations is applied: the
complexity of the morphostructural im-
age 1is associated with anthropogenic
changes in the land topography, which
is partially counter-balanced by tracing
the extended lineament structures. A
bergstrich is assigned to each geoblock
boundary, pointing the direction of in-

Fig.2. The result of geoblock boundary mapping on the basis
. . R of the formula (4) with their ranking within the field of engineering
creasing terrain differentiation degree. survey (Fig.1)

According to the formula (6)’ areas of 1 — borders with bergstrichs (indicating an area of higher variability of the DEM
morphology); 2 — borders, reflecting verified ring structure; 3 — the normalised

increased Varlablhty in the Spatlal gra- differential relief on the geoblock border; 4 — the forecast area of seismic risk
dient of the absolute helght field are according to the criterion of variability of the normalised parameter

. . .. differential relief on geoblock borders (2 times and more)
important for the primary prediction of

PSE regions.

Clarification of their position is implemented by means of quantitative estimates of seismic
microzonation (SMZ).

The land topography of the studied area is complex, with a height difference of tens and first
hundreds of metres, so landslide threats are possible. In addition, the reduced resistance of the UPS
to external loads can be associated, firstly, with the position of the elements of the discontinuous
tectonics, and secondly, with the water content of strata. The drilling results (Fig.3) show that the
near-surface structural-material complexes are composed of loose sand-clay formations, which total
thickness varies from the first tens of centimetres to the first metres, as well as of underlying weath-
ered limestone.

In the two wells (the Southern polygon part) of the twenty-nine, a groundwater table has been
found at a depth of 4 <2m, which gives a significant increment of seismic scores in accordance
with the approximation dependence of the type (according to [1])

Algyr = K expl—0.041%) = 0.95expl(-0.04(1.50) )= 0.87,

where K = 0.95 is an empirical factor; GWT is an adjustment factor taking into account the level of
the groundwater table.
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Fig.3. Excerpts from drilling results, reflecting the monotonous occurrence nature of rocks in the upper part of the section:
a —an example of a column to a depth of 5 m in wells in the Northern and Central parts of the polygon (groundwater
is not found); b — an example of a column to a depth of 11 m in the well in the Southern part of the polygon
(groundwater is found at a depth of less than 2 m)

Pweight — laboratory determination of the weighted average density verification according to the formula (5) for individual layer

In the rest of the wells, groundwater is not found at a ten-metre depths. According to the stud-
ied borehole columns within the polygon (Fig.3), the initial sample is formed for the weighted
average section, which upper layer consists of loam with rotted rocks, and the lower layer is com-
posed by weathered limestone. A group of southern wells is exceptional, as the top layer is
formed there by bulk soils, and the underlying substrate is represented by loams of different con-
sistency. We consider a virtual structural-real complex as a reference layer; its acoustic stiffness
is taken as a weighted average for all open drilling and verified seismic complexes within the
study area: (pVp)rer= 228107 g/s, (pVs)wer= 1.56:107 g/s.
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Number of points by Vp Number of points by Vs

0 500 1000 m AT 0 500 1000 m W TN
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Fig.4. The image of seismic microzonation
(in points, according to the legend in the lower right
corner of each scheme), derived on the basis of the method
of acoustic stiffness at the velocities of compressional (a)
and transverse (b) waves; ¢ — specification of SMZ
based on the approximation (6)

1 — the boundaries of the field of engineering research;
2 — geologically proven areas of high
seismic hazard

Number of points dI = f{grad(H))
0 500 1000 m SN SSTEE
75 80 85 9.0 95

By adding the final increments A/ to the most probable number of points equal to eight (de-
rived from the OSR-2015 maps), and continuing with the spatial distributions, we obtain a system
of area images (Fig.4, a, b). A spatial image of the polygon SMZ, drawn by shear wave velocities,
shows the best correlation between positive extrema and PSE areas localised at a qualitative level
by the analysis of RB and DEM, compared to SMZ based on compressional waves. Zoning based
on recalculations of compressional and transverse velocities verify each other and confirm the thesis
of the greatest significance of PSE areas that are situated in the Northern and Southern parts of the
study area. Trying to detail the obtained schemes of seismic points distribution, we use approxima-
tion (6), which in our case takes the form
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From the point of view of mathematical physics such recalculation represents no more than ra-
tioning of a spatial gradient field of heights of the land topography (Fig.4, c¢). From the point of
view of physics, the spatial gradient of these heights is associated with the response of a local area
to endogenous seismological effects: elevation changes mark the dynamics of compression-tension
load on the underlying geological substrate, and relatively steep slopes can be considered as poten-
tially dangerous in terms of tangential soil displacements.

According to normative estimates [8], the number of points within the studied object varies
in the range of 7-8 points, which means the amplitude of the initial impulse acceleration of the
order (0.05-0.15)g (where g is the acceleration of gravity). The impulse duration in our model is
120 s and its broadband composition allows the resonance state of the stratified geological envi-
ronment (Fig.5, a).

The synthetic accelerogram is shown in Fig.5, b, where the background of the primary impulse
accelerogram (bold brown curve) reflects the spectral response from the roof of each of the rock
complexes embedded in the original model.

The low-amplitude reaction of the single-layer medium is obvious; it is a slight increase in vi-
bration acceleration in the vicinity of the period from 0.1 s with an excess of no more than 0.05g in
the maxima. In the framework of such estimates, we determine the periods of natural oscillations 7'
of the studied elastic system, which in the first approximation is realised on the basis of the ratio

cos(oh/Vy)=0 or T=2n/w=4h/(kV;) at k=1;3;5;...,

where o is the cyclic frequency, w=2nf =2n/T; k/4=h/\ :h/(TVS), odd values of k corre-
spond to spectral peaks; A is the wavelength.

So for the upper layer period 7'= 0.03; 0.016 s, etc. The value of the natural oscillation period
T = 0.03 s is beyond the formation of peaks in the spectral response of the layered medium to the
external elastic action. Thus, we can assume the absence of resonance in this case and the correct-
ness of the estimates according to the Medvedev's formula.
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Conclusions are presented by methodical and approbation parts:

1) normative quantitative assessments of seismogenic risk in the field of construction of engi-
neering structures are linear in nature, and therefore cannot give the final idea of the position, quan-
titative characteristics of risk areas and require instrumental and office additions;

2) in the instrumental part it is recommended to integrate methods of borehole testing and field
geophysics (seismic and electric prospecting) at uniform coverage of a polygon with measurement
points and accompanied by remote sensing for the purpose of representative allocation of sites of
growing seismic levels and verification of these sites when mapping GDZs and PSE zones;

3) if it is impossible to implement paragraph 2, a combination of parametric and expert ap-
proaches is effective in the thematic interpretation of the remote basis of small and large scales, as
well as the DEM, aimed at tracing the GDZs, mapping elements of the geoblock structure and, fi-
nally, verified forecast of PSE zones;

4) approximation dependences associated with the mutual recalculation of the density and ve-
locities of elastic waves, as well as the calculation of seismic levels based on the data of topo-
geodesic surveys and the depth of the groundwater table, are a workable tool to improve the degree
of SMZ detail in a limited sample of field measurements; it is necessary to pay attention to the need
to verify the empirical factors of these dependences within the test polygons;

5) for the long-term development of the assessment of the resonance response of the UPS to
the seismogenic impulse, the method of calculating synthetic accelerograms and natural oscillations
can be supplemented by the use of the Medvedev's formula on the axis of the column depths of each
well, as by physical, mathematical or analogue modelling of dangerous landslide processes at com-
plicated land topogrphy or processes of karst gravitational collapse.
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