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Abstract: Currently, the spread of megalopolises poses an ever-increasing necessity for underground
space development for the purpose of the arrangement of transport communications, underground
parking areas, trade areas, etc. The implementation of such projects entails a significant increase in
the risk of accidents and damage to existing buildings within construction activity influence areas.
The reduction of the risk of accidents during the construction of underground facilities within urban
areas may only become possible with the identification of adverse factors negatively influencing
existing buildings or a facility under erection and elaboration (to reduce such negative influence).
The application of geophysical methods in complex assessments of the actual state of an encompassing
mass significantly increases efficiency and the credibility of geotechnical monitoring. The application
of seismic tomography significantly increases the resolution capability of surveys. Existing techniques,
e.g., seismic tomography, allow for any depths to be investigated at a high resolution, even given
constricted urban conditions. This article covers the practical applications of seismic tomography in
qualitative assessments of actions and an efficiency evaluation of the injective stabilization of soil.

Keywords: cross-hole seismic tomography; injecting the consolidation of the soil

1. Introduction

The construction of complicated underground facilities such as underground stations involving
multistage rock tunneling and the motorization complexity of rock tunneling activities is associated
with the occurrence of significant ground subsidence. Buildings that are located within the construction
activity influence area are exposed to strains that can lead to their collapse. Over many years, this has
remained a vital issue for Saint Petersburg and other megalopolises [1,2].

Even a shallow depth of underground stations (60-80 meters) entails a relatively significant risk
of large-scale ground subsidence across several hectares of urban area. The existing technologies of the
construction of underground station facilities and sloped escalator tunnels lead to the deformation of
the upper layer of soil and buildings/premises resting upon it, which sometimes entails a reduction
in the strength of such structures and their consequent decommissioning [3]. For this, there is no
possibility of protecting existing buildings from a strain development source with help enclosure
structures or to set such buildings on piles with load transmissions to the soil layers below the
underground facility under construction Other known methods of strengthening civil structures and
basement soil also cannot guarantee that no deformations of these buildings occur [4-9].

Reduction of the ground surface deformation is achieved by undertaking actions involving
injective grouting into the building base (preventive soil stabilization and compensative injections given
non-uniform subsidence) located within the influence area of underground facilities under construction.
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Techniques of injection action have widely and unambiguously proven their efficiency throughout
the world, including in Russia [5,10-15]. Control of their implementation is usually carried out through
geodetic monitoring using hydrostatic leveling sensors [12]. However, in this case, compensative
actions are started only upon completion of the identification of all deformations. A lapse of time in
this case may be critical.

Under such circumstances, the main task is the timely conduction of actions for filling any
decompaction zones to prevent possible subsidence of the building. Making reasonable decisions
regarding the determination places of stabilization as well as the amount and composition of grout
mixtures is also important.

Another significant factor in building subsidence mitigation consists of analysis of grouting
activity quality. Since grout mixtures go down the paths posing the lowest resistance to their flow,
it is not sufficient to just count on theoretically correct organization of works. While having many
advantages, the injective stabilization of soil has some shortages. The main shortage is the impossibility
of predicting the obtained amounts, strength, and water impermeability of stabilized soil after grouting.
There are some known cases where injective stabilization was followed by digging special check
pit-holes to investigate the structure and condition of the stabilized soil, and these checks revealed
nonconformity with the design expectations: the stabilized soil was not continuous (the stabilization
zones represented separate monoliths that varied in size and scale mainly within the borehole location
area) [16-19]. This has determined the necessity for observations allowing for the qualitative control of
performed grouting actions. Such control can be implemented by means of seismic tomography in a
version of cross-hole seismic tomography.

The application of seismic methods for solutions to these tasks is regarded as an advantageous
approach mainly due to its economic benefits, mobility, performance rate, and, most importantly, the
high correlation between seismic wave propagation velocity and the physical-mechanical properties
of surveyed soil. First, the cross-hole seismic tomography method eliminates depth-related restrictions
during observations compared to the surface methods, which allows for the conduction of surveys
down in deep depths even given constricted conditions within an urban area. Second, it significantly
increases the resolution capability of observations.

The main physical reason for using seismic methods to qualitatively control grouting is an obvious
difference between values of seismic wave propagation velocity in loose sand and rocky or semirocky
soil, such as sandstone. The structure of stabilized soil resembles compacted sedimentary rocks.
Seismic wave velocity in stabilized soil always exceeds that in unstabilized soil. Factors influencing
the longitudinal wave propagation velocity variation also affect the physical-mechanical properties of
stabilized soil. This is why a soil stabilization quality assessment in the first approximation can be
performed based on seismic wave variations while considering that given the maximum saturation,
e.g., the saturation of sand with a grout mixture, the longitudinal wave velocity in the sand can reach
3.0 km/s. At that, zones that due to any reason totally or partially lack the grout mixture can be detected
due to a decreased velocity increment that sometimes can be equal to or even below zero (in the case of
decompaction).

To date, there are papers available that have been dedicated to the results of the application of
cross-hole seismic tomography to an efficiency assessment of soil stabilization actions [20,21] as well as
to the experience of applications of cross-hole seismic tomography in the assessment of the continuity
of artificial retaining structures of the “slurry wall” type [22,23].

2. Survey Methods

The main idea of a cross-hole seismic survey consists of learning a subject medium through
seismic rays to consequently plot a map of seismic wave propagation velocities. The results of such a
survey have been proven to be useful for solutions of a wide range of engineering tasks.
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The advantage of borehole-based seismic methods, compared to surface-based surveys, is
that sources and receivers operate closely to the investigated structure and seismic signals are not
distorted by traveling through highly heterogeneous and attenuated near-surface layers. The seismic
tomography principle consists of a solution to two basic mathematical problems: direct problems and
reverse problems.

The direct problem solution ensures positive and effective radial tracing within models of a
subject medium.

The inverse problem solution contains restrictions on the selection of the sough function in
accordance with the permissible geological models class.

To solve the inverse tomographic problem, we applied the conjugate gradients method (CG),
which is an optimization method that belongs to the class of iterative procedures of linear search. Such
an approach is now used in a lot of software implementing methods of seismic tomography.

The method in essence consists of the following: A reference model is selected as the initial
approximation, which is followed by a calculation of several successive iterations so that an improved
model of previous iteration is used as the reference at the next stage. At that, one of the important
methodological issues during the conduction of iterative tomographic processing is the cessation
criterion determination, since excessive iterations lead to degradation of the resultant solution quality.

The main indicator of necessity of the iterative processing continuation is the ratio between
the actual mean square discrepancy of travel times and the first arrivals measurements inaccuracy.
The reliability of a seismic tomography-based solution obtained by this method is mostly subject to
correctness of the first approximation model. In practice, the first approximation quite often represents
the topographic problem solution result for a homogeneous medium in terms of a given elastic waves
velocity profile. In an interhole space investigation, there is almost always some apriori information
in existence.

The solution fairness of the posed task is significantly influenced by observation system selection
for cross-hole shooting. The method theory assumes that observation systems meet a mandatory
requirement consisting of a tendency toward denser angular coverage of a medium under study by
seismic ray trajectories [22,24-26].

Studies within this research were conducted under the following parameters of the observation
system (Figure 1):

e  Receiver group interval (downhole disposition of hydrophones) of 1 m;
e  Source point interval along borehole axis of 1 m;

e Interhole intervals of 3.8 m, 7.9 m, and 11.7 m;

e Quantity of active hydrophones at each position of a source of 10;

e  Quantity of source positions along borehole axis of 10.

The hardware for cross-hole shooting during data production was relatively simple:

e A high-frequency seismic station (operating frequencies range: 1.75 Hz through 20 kHz);

e  Arelatively lightweight cable line with 12 interrelated seismic chains and hydrophone modules
(with an operating frequency range of 10 through 10,000 Hz and an instrument sensitivity of
180 + 30 uV/Pa) (Figure 2b);

e  An electric spark source set comprising energy storage (power of 1200 J) and a high-voltage cable
line with a fixed electric spark source at the end, a so-called sparker (Figure 2b).

The use of a sparker and a hydrophone receiver gave the following benefits:

e A spherical chart of orientation of the source and receiver;
e A high frequency of signal (hundreds of hertz, 1-2 KHz), which ensured a high resolution;
e A high shooting speed.
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To date, relevant hardware and software have already been developed to ensure the conduction
of seismic tomography both with longitudinal (P) and transversal (S) waves [21,23,27-32]. However,
field observations more often involve the generation and recording of longitudinal waves only (P).
This is due to the relatively simple hardware and methodological implementation of observations, a
high rate of work performance, and quite a quick processing of incoming data.
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Figure 1. Schematic diagram of the production of cross-hole seismic tomography.

The physical limit of resolution capability in the seismic ray tomography method is commensurate
with the size of the Fresnel zone & (1):

h:%\/ﬂ, (1)

where A is the wave length and [ is the ray length.

The use of Fresnel zone sizes for the evaluation of the resolution capability of seismic ray
tomography is feasible in the presence of local and periodical anomalies of velocity. The detection of
local velocity anomalies (single non-uniformities) is effective provided that their size is more or equal
to the Fresnel zone diameter during the study of subhorizontal structures of a stratified earth [22-24].
However, it is worth mentioning that the qualitative study of the velocity anomalies structure is
possible provided that the non-uniformity size is less than the Fresnel zone diameter, which is only
possible with the condition of an ideal ray and angular coverage when the presence of a dense ray
system is ensured. It is worth mentioning that this way of interpretation of seismic tomography also
significantly increases the detail and resolution capability of surveys of fuzzy media arranged in a
complicated way.

Eventually, cross-hole seismic tomography data processing is reduced to the acquisition of
kinematic profiles characterizing structural features of a medium under study. At that, zones with
medium characteristics somehow not corresponding to the design can be positively detected.
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Figure 2. Description of borehole measurements, acquisition configuration, and logging instrumentation.
(a) piezo-electric borehole source; (b) borehole hydrophone receiver; (c) the scheme of observations.

3. Results: Experiment on Cross-Hole Seismic Tomography for Assessment of Soil Stabilization
by Grout Injection

Below, there is an example of the results of observations by way of cross-hole seismic tomography
for the qualitative assessment of the injective stabilization of soil.
The experimental works involved the following actions and control methods:

e  Dirilling and preparation of injection boreholes located within a test site (Figure 3a), which were
intended for passing an injected grout mixture. Boreholes No. 1, No. 3, No. 7, and No. 10 were
used for cross-hole seismic tomography and an assessment of the real conditions of soil prior to
the implementation of injective stabilization by way of interhole seismic tomography;

e Implementation of injective stabilization with a preliminarily prepared grout mixture being
introduced into soil;

e  Conduction of control observations by way of cross-hole seismic tomography for the evaluation
of efficiency of the undertaken actions.
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Figure 3. (a) A seismic dataset fragment with highlighted arrivals of P-waves (Pickwin, version 5.2.1.3).
Red line: arrivals picked while the source was at a depth of 5.0 m; green line: arrivals picked at other
positions of the source. (b) Spectrum of all the recorded signals: the useful signal is characterized by
frequencies approximating 834 Hz.

A design of manchette tubes in boreholes allowed for their multiple use both for repeated injection
works and downhole geophysical surveys.

Grout mixture was injected into soil within the test site according to the following sequence: in
turn in each borehole, from borehole No. 7 to borehole No. 3 (Figure 3a) along the borehole axis, the
grout mixture injection was performed upwards at a pitch of 0.3 m.
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The composition of the prepared grout mixture was as follows (per 1 m? of the mixture): cement,
1200 kg; water, 560 L; liquid glass, 9.6 kg; superplasticizer, 2 kg.

According to designers’ analyses, this mixture, if injected in the amount of 0.11 m3-L at a pitch
of 0.3 m into boreholes, increases the deformation characteristics of soil within the injection area (EQ,
deformation modulus) by at least 10%. At that, the continuity of the mass being formed is ensured.

Notwithstanding the design-assumed amount of the gout mix to be injected, the established
procedure of injection was crucially violated with respect to borehole No. 7: within the depth range
9.3-9.0 m, the injected amount of grout mixture was 2.2 m?; within the depth range 8.7-6.0 m, the
injected amount was 0.22 m? in each stratum; within the depth range 6-2.7 m, the injected amount
equaled the standard volume of 0.11m? in each subject stratum.

In the case of subsequent boreholes (No. 3-No. 6), the injection was carried out within the depth
range 9.3-4.5 m at a grout mixture average consumption rate of 0.22 m? at each position of the packer.

An injection measure efficiency evaluation was carried out according to the following scheme
(Figure 2a): a receiving cable with spaced hydrophone sensors with step 1 m was run in borehole No.
7 (~9.5 m deep), whereas in boreholes No. 1, No. 3, and No. 10, a downhole emitter was successively
moved at a pitch of 1 m to generate seismic waves (Figure 2b).

Figure 3 contains a seismic dataset fragment for one position of a sensor at a depth of 5 m. The
distance between the emitting boreholes and the receiving one was 6.9 m.

The above sequence allowed for the detection of wave arrivals for each position of the source, in
turn allowing for subsequent processing with consequent plotting of the kinematic profiles prior to
and after soil body strengthening in the emitting borehole. Given the signal frequency and the wave
travel velocity, it can be asserted that the survey resolution ranged within 1.5-2.0 m. Tomographic
processing of data was performed by means of the software complex Firstomo (version 2.2e), with the
quantity of cells along X = 22 units and along Y = 25 units. During the processing, the mean square
discrepancy (the value equal to the difference Typs — Tehre, Where Ty is the experimental travel time
and T is the theoretical travel time) was -0.638. Graphical representation of the data was performed
by means of Surfer software (version 15.5.382) with the application of the method “Triangulation with
Linear Interpolation”, which allowed for mathematical simulation.

Figure 4a represents the results of interhole seismic tomography carried out prior to soil stabilization
work implementation. The obtained profile satisfactorily correlated with geotechnical surveys
(Figure 4b). The upper part of the profile is represented by man-made technogenic slightly disturbed
soil (1), and below, there is a layer of water-saturated sand (2) underlying a loam layer (3). Figure 4c
represents the results of interhole seismic tomography carried out 22 days after soil stabilization
work implementation.

Figure 4d represents a differential velocity profile that characterizes variations in velocity-related
features of the ground, as recorded 22 days after injection completion. The observation results analysis
revealed that the stabilization of soil layers located at the bottom of the profile was a success, which
was proven by an increase in longitudinal wave velocity (Vp) at an average of 0.7 km/h: the continuity
within the stabilization area was traced across the range of 4.5-9.5 m, except for several abnormal
zones at a depth of 6.8 m (Figure 4d).

On the contrary, velocities within the upper part of the profile decreased on average by 0.2 km/s,
which indicated weakening in the upper part of the ground.



Geosciences 2019, 9, 399 8of 11

9,5
H,m
oLm 5 10 Vpkms
d) ! I I
21
~ 02 15
o © 1 o
e or .
-0.3 )
4,5 01 05 2 ' s
05 o2 % :
Py 03 0
'8 os % 9 ‘
05 09
-9.5‘L J 1.5
Hm

anns' -gubface of stratum man-made soils
= = - top of clays stratum

o "

-

Figure 4. Results of seismic tomography: (a) before stabilization rock; (b) after stabilization rock; (c) log
of hole; (d) analysis by velocity differences.

4. Discussion

Very probably, the changes that were revealed were the consequence of an incorrect injection

activity procedure, namely the following:

A beyond-design amount of grout mixture was injected into the bottom stratum (9.3-9.0 m) of the
ground, entailing upheaval of the upper part of the profile;

The injection upwards also caused “swelling” of the relatively weak upper part constituted of the
man-made undisturbed ground;

The appearance (effusion) of the slurry on the surface as detected during the injection (in the
building basement, at mouths of adjacent boreholes) made stabilization of the entire mass up to
the daylight surface unfeasible;

Upon completion of the pumping, the injected slurry sublaterally spread throughout the soil,
and the vertical component of the filled volume was reduced, which led to slight subsidence
of the stabilized soil. The upper part also slightly subsided. The upheaval and subsidence of
nonstabilized surface layers of soil led to decompaction accompanied by a reduction in strength,
which resulted in the reduction of velocity-related features. The obtained data constitute the
basis for issuing recommendations on the additional grouting of zones characterized by local
discontinuities in boreholes No. 4, No. 5, and No. 6 (the depth range 6.5-7 m), a proposal for a
more efficient injection procedure that assumes that the ground stabilization is performed without
any losses in strength of the upper part of the soil profile;

The implementation of the preventive stabilization of surface layers of the ground need for
ensuring a kind of screen that could hamper both the injected slurry effusion and the upheaval of
a weakened part of the surface;

The injection amount should not significantly exceed the design-assumed values.
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The continuity of stabilized soil should be ensured by way of the correct selection of the quantity
of boreholes and interwell spaces within the stabilization implementation site rather than on account
of the quantity of grout mixture to be injected. The results that are obtained during surveys at the
subject test site allow for amending the procedure of grout mixture injection into soil underlying any
buildings located within an area of underground construction influence.

5. Conclusions

The seismic tomography method allows for an effective evaluation of injection work efficiency
and the identification of zones lacking soil stabilization strength and those requiring extra stabilization.

The parameters obtained during interhole seismic tomography are necessary for a determination
of process parameters of grout mixture injection activities, including the injective slurry amount, the
grout mixture composition, the necessity of preventive hydrological screening, etc.

The advantages of interhole seismic tomography in terms of the performance of the evaluation of
injection activity efficiency are the following:

e A high-resolution capability of surveys;
e  The ability to survey literally at any depth, even given constricted conditions within an urban
area (depending just on the borehole depth).

The employment of geophysical control (in the form of interhole seismic tomography) allowed
for increasing the efficiency of geotechnical monitoring during underground facility construction,
including during the supervision of injection activities for the retention of buildings located within an
area covered by construction activity influence.
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