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Abstract. This study presents the results of instrumental observations of the interaction process of an underground structure
with the soil environment under explosion-induced seismic impact. During seismic impact, the soil imparts kinetic energy to
underground structures, the value of which depends on the contact area of the structure and the soil and the conditions of
interaction. In this regard, the energy-based evaluation of the process of joint vibration of the underground structure and the
environment under explosive seismic waves is of great significance. The analysis of energy release in terms of frequencies
shows that the energy of seismic radiation at different frequencies of the spectrum is not the same, and there is a well-defined
maximum in the energy spectrum at small equivalent distances, i.e. at a certain frequency value much more energy is released
than at other frequencies. Mathematical expressions are provided for calculating the total energy of ground vibrations,
estimated proportion of energy propagating in the soil, and the energy received by the underground structure during their
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interaction. A formula is proposed for calculating a dimensionless coefficient of the vibration process, indicating the share of
energy transmitted through the soil to the underground structures. Three zones are identified that characterize the relationships
of the forces of interaction in the contact area. The first is the zone with a linear relationship between the force and the
deflection of the structure. Then, in the next zone, the proportionality between the values is violated with the loss of the elastic
nature of the interaction. In the third zone, the underground structure slides relative to the ground. Aspects of the interaction
of a thin-walled structure with the soil are considered. Calculations show that the obtained relationships can be used with
sufficient accuracy to evaluate the seismic intensity of explosive seismic waves.

Keywords: calculation of vibration energy, underground explosions, seismic waves, vibrations of the structure of the
structure, kinetic energy, discrete spectra, seismic and explosive vibrations, stress modeling, deformation diagram
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Annotanus. [IpuBeneHbl pe3ynbTaTsl HHCTPYMEHTAIBHBIX HAOMIONECHNH 10 MCCIIEI0BAHHIO IPOLIecca B3aNMOICHCTBHUS 11O/~
36MHOI'0 COOPY>KEHUS ¢ TPYHTOBOM CpefioH, Ipy CeHCMOB3PBIBHBIX BO3IEHCTBUAX. [Ipy celicMUUeCKUX BO3AEHCTBUSAX TPYHT
COO00IIAET MOA3EMHBIM COOPYKEHHSIM KMHETUIECKYIO SHEPTUI0, BEIMYMHA KOTOPOH 3aBHCUT OT IUIOLIAIN KOHTAKTa COOPYKe-
HUSL ¥ TPYHTA, YCIIOBUH B3auMOJIEHCTBHA. B 3TOH CBsI3KM 00JbIIOE 3HAYCHUE MMEET SHepreTHYecKas OleHKa Ipolecca CoB-
MECTHOTO KOJeOaHUs MOA3EMHOTO COOPYKEHHS M CPEAbl NPU JICHCTBHM CEHCMOB3PHIBHBIX BOJH. IIpHBEEHB! NNCKPETHBIC
CIEKTPbI SHEPTOBBIACICHUI HA Pa3HBIX YaCTOTAX, IOCTPOSHHBIE HA OCHOBE 3KCIEPUMEHTANIBHO MOIYYEHHBIX PE3YIbTaTOB.
Amnanus OHCPIroOBBIACIICHUS 110 YaCTOTAM IMOKa3bIBACT, YTO SHCPIUA CEHCMUYECKOTO H3JIYy4YCHHUA Ha PA3JIMYHBIX 4aCTOTaX CIICK-
Tpa He OJJMHAKOBA, a B JHEPreTUYECKOM CHEKTPE IPU MaJIbIX NPUBEIEHHBIX PACCTOSHUAX UMEETCSI YETKO BBIPAKECHHBIM Mak-
CHMYM, T.€. Ha ONPEEIICHHON BEITMYMHE YaCTOT BBIJIENACTCS 3HAYUTENBHO OOJIbIIE SHEPTUH, YEM B JPYIHX yacToTax. [Ipu-
BEJICHbl MAaTeMaTH4ECKHe BBIPQKEHUs IS pacueTa oOLIed SHepruu KoiaeOaHMHd IPyHTOBOM Cpelbl, OLEHKH COOTHOLICHHS
SHEPIuH, MPOTEKAOLIEH B TPyHTE, U DHEPTUH, NOTy4aeMON MOA3EMHBIM COOPYXKEHUEM IIPU UX B3aumopaencTsu. IIpemno-
JKeHa opMyna s pacdeTa O6e3pa3MepHOro KodpGHUINeHTa KoIe0aTeIsHOTO Mpolecca, IIOKa3hIBAIOIIETO OO0 SHEPTUH,
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nepeaaBaeMoi yepes rpyHT Ha MOA3EMHBIE COOPYKEHHUS. BBIIeNneHbl TpH 30HBI, XapaKTePHU3YIOIINe 3aBUCUMOCTH CHJI B3au-
MOJCHCTBHUS B KOHTaKTHOM obnacTw. [lepBas 30Ha XapaKkTepu3yeTcs TNHEHHON 3aBUCHMOCTBIO MEXy CHIJION U OTHOCHUTEIb-
HBIM TIEpEeMENICHUEM COOPYXKEHHS. 3aTeM B CIEAYIOUIEH 30He MPOMOPIIMOHANIBHOCTh MEX/IY 3HAaUCHUSIMU HapyIIaeTcs ¢ Io-
Tepell ynpyroro xapakrepa B3auMoIencTBUs. B TpeTbell e 30He MPOUCXOAUT CKOJIbKEHUE MOJ3EMHOI0 COOPYKEHUSI OTHO-
CHUTETIFHO TPyHTa. PaccMOTpEeHBI 0COOCHHOCTH B3aUMOACHUCTBHUS TOHKOCTEHHOTO COOPY>KEHHSI ¢ TPYHTOBOH cpenoif. PacueTst
TMMOKa3bIBalOT, YTO IMOJTYYCHHBIC 3aBUCUMOCTHU C [lOCTaTO‘iHOﬁ TOYHOCTBIO MOT'YT 6]>ITI) HCIIOJIb30BAHBI ITPU OLICHKE cercMuue-
CKOM MHTEHCUBHOCTH CEMCMOB3PBHIBHBIX BOJIH.

KunroueBble c10Ba: pacder SHEPruu KojaeOaHHH, ITOA3eMHbIe B3PBIBBI, CEIICMHYECKUE BOJHBI, KOJIeOaHUS KOHCTPYKLUH CO-
OpY)KEeHHs1, KHHETHYECKasl SHEPIUsl, TUCKPETHBIE CIIEKTPBI, CEHCMOB3PBIBHBIE KOJIeOaHMUsI, MOZIETMPOBAHHIE HALIPSDKEHUM, Ana-
rpamMma J1eOopMHUPOBaHUS

3asBiieHHe 0 KOH(JIUKTe HHTepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU KOH(JINKTAa HHTEPECOB.

Bxuaan aBTopoB. Bee aBTOpEI BHECTH paBHOIICHHBIN BKJIAZ B pa3pab0TKy KOHLEIIIMY U TIPOBEICHIE NCCIICIOBAHIS, PELICH-
3UpOBaHUE, PEAAKTUPOBAHUE U HAITUCAHHE TEKCTA.

das nurupoBanusi: Rakhmonov B.S., Sagdiev Kh.S., Ter-Martirosyan A.Z., Mirsayapov I.T., Erofeev V.T. Energy-based
evaluation of dynamic soil-structure interaction process under seismic impact from explosion / CtponuTenpHas MeXaHUKa HHKe-
HEPHBIX KOHCTPYKIMH U coopyxeHuid. 2024. T. 20. Ne 6. C. 613-627. http://doi.org/10.22363/1815-5235-2024-20-6-613-627

1. Introduction

Safe operation of buildings and structures is ensured by designing the foundation and underground parts
of buildings taking into account various negative factors [1; 2; 3]. In seismically active territories, earthquakes
not only cause damage to structures due to vibration, but, in some cases, there is also dynamic liquefaction of
soils accompanied by a complete or partial loss of stability of the soil base [1].

The main regulatory document in the field of design and construction of foundations of buildings and
structures in Russia, the main regulatory document SP 22.13330.2016' recommends to design considering the
dynamic effects from equipment installed in buildings, surface and underground transportation, construction
works and other sources (clause 5.8.11). To take into account additional strain of soil due to cyclic and
vibration loads, a reduction factor is used, the use of which is associated with the correction of the deformation
modulus obtained from the results of static tests [4]. This approach to the quantitative evaluation of additional
strain is called quasi-static, since it can be used within the framework of conventional static methods of
calculating settlement of structure foundation [3].

Design of foundations for safe operation can be performed by analytical methods regulated by both
Russian and international standards [5]. At the same time, there is a possibility of calculations by numerical
methods, using specialized geotechnical software systems that implement the finite element method (FEM)
and the finite difference method (FDM) [6]. The main analytical method for calculations of foundations of
buildings and structures with respect to the serviceability limit states under dynamic impact is the method of
layer-by-layer elementary summation with the use of a reduction factor of the deformation modulus.

Russian building code SP 23.13330.20117 states that the basis for computational and experimental
evaluation of dynamic properties of soils are the results of field and laboratory tests of soils. Experimental
studies are effectively performed by observing the behavior of the structural model or the structure itself in
situ. Extensive measurements of vibration parameters of structures during seismic impact from underground
explosions, which most fully reflect natural tectonic earthquakes, can be considered the most perfect
experimental method of studying the behavior of structures. Energy-based evaluation of the process of joint
vibration of the underground structure and the environment under explosive seismic waves is of great
significance.

The problem of energy-based evaluation of soil behavior during the propagation of seismic and
explosive seismic waves was studied in [7—11].

'SP 22.13330.2016. Foundations of buildings and structures. JSC “SIC “Construction”, 2016.
2 SP 23.13330.2011. Foundation of hydraulic structures. Moscow: Minregion of Russia, 2011.
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The deformation characteristics of soils under cyclic loading depend significantly on the level of average
stress, porosity and strain amplitude. Dynamic effects of this nature occur during earthquakes. At present, the
main parameters used in engineering dynamic analysis of stability of soil bases are dynamic shear modulus
G and damping ratio D.

Damping ratio (or subsidence, decay ratio) D characterizes the property of materials to absorb dynamic
impact.

Russian [12—15] and international scientific literature [16—20] present systematized test results of
measuring shear modulus and damping ratios of cohesive and non-cohesive soils under cyclic (low- and high-
frequency) loading.

The values of dynamic shear modulus of soils are determined in accordance with the international
regulation “Standard test methods for the determination of the modulus and damping properties of soils using
the cyclic triaxial apparatus” using the diagrams of deformation loops plotted in T—y coordinates (Figure 1).

~Ya 0

Figure 1. Determination of the dynamic shear modulus and damping ratio by the hysteresis loop:
W is the stored energy after one cycle; AW is the energy loss after one cycle [1]
S o urce: made by A.Z. Ter-Martirosyan and E.S. Sobolev [1]

Dynamic shear modulus G and damping ratio D are calculated according to the formulas

G- M
Ya

where G is the shear modulus, kPa; t, is the amplitude of shear stress 1, kPa; v, is the amplitude of shear strain
Y, unit fraction,

1w

An W @

where D is the damping ratio, unit fraction; AW is the energy loss after one “loading-unloading” cycle,
quantitatively equal to the area of the hysteresis loop; W is the maximum stored energy after one cycle,
quantitatively equal to the area of triangle Ot,y,.

Based on the results of dynamic triaxial compression tests of soil, it is possible to perform ultimate limit
state calculations — dynamic stability of the soil base using the liquefaction potential. Liquefaction potential
is a characteristic of the soil base as a whole or individual geotechnical elements of the base, showing the
safety factor of the soil body under dynamic loading of specific intensity. Commonly, such calculations are
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performed in conditions of seismically active territories and allow to ensure safe operation of buildings and
structures.

In addition to the presented analytical methods of calculation of foundations taking into account
dynamic properties, nowadays, numerical methods of modeling soil-structure interaction are widely used [1].
Numerical methods allow to model the soil-structure interaction more accurately, apply any types of natural
and anthropogenic dynamic impacts, and take into account physical and mechanical properties of soil base
[21-23]. Implementation of the analysis in specialized geotechnical software systems allows to design
foundations taking into account dynamic effects with a high degree of accuracy and to ensure safe operation
on the basis of reliable prediction.

In [1; 24], a finite element model of a heterogeneous soil body interacting with a structure of finite
stiffness was considered (results of numerical modeling in PLAXIS 2B v.8). In the same works, isofields and
the soil bearing ratio of a heterogeneous base were obtained.

At the same time, it should be noted that the number of works that consider the behavior of an
underground structure in terms of the energies of the structure and the soil environment is very small.

2. Purpose

The main purpose of this study was to investigate the behavior of the underground structure in terms of
the energies of the structure and the soil environment in full-scale conditions. The methodology of
experiments, information about soil conditions and other data are given in [12; 24].

3. Results of Experimental and Theoretical Studies

In the seismic impact process, the soil imparts kinetic energy to an underground cylindrical thin-walled
structure, the magnitude of which depends on the area of contact between the structure and the soil, interaction
conditions, etc. In this regard, in order to objectively estimate the energy characteristics of an underground
structure, it is necessary to address the seismic energy density, i.e. the amount of energy received through
a unit area of contact to the structure.

In [11], the ground vibration energy density was calculated using the following formula by S.V. Med-
vedev:

E, zéycz%.z]}ni , 3)

where 7 is the soil density in g/cm’; ¢ is the wave propagation velocity in the soil, cm/sec; viis the velocity

amplitude in cm/sec, which is defined as one half of the measured individual amplitude due to the wave
reflection effect; 7: is the period of vibration in sec.

Figure 2 shows discrete energy release spectra plots at different frequencies based on experimentally
obtained results. Here, attention should be paid to the spectrum of a well-defined maximum, i.e., at a particular
frequency much more energy is released than at other frequencies.

Figure 2 shows that the energy of explosive seismic waves at different frequencies of the spectrum is
not the same, and there is a well-defined maximum in the energy spectrum of vibration. The peak where the
maximum is pronounced is always observed not at the beginning of the frequency range. Frequency fmax,
which carries most energy, changes with distance.

At small equivalent distances, a pronounced maximum is observed in the high-frequency region of the
vibration spectrum; at equivalent distances of 7.4 and 0.8, respectively, the frequencies correspond to 20 and
12.5 Hz, and with increasing equivalent distance, the peak is observed already in the low-frequency zone of
the spectrum. At the equivalent distance values of 14.7; 16.0; and 24.5, the frequency values are 10 Hz;
9.1 Hz; and 7.1 Hz, respectively.
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Figure 2. Discrete energy release spectra at different frequencies for different equivalent distances

S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev

Figure 3 presents a graph based on the experimentally obtained results, which shows the changes in the
magnitude of the carrier frequencies as a function of the equivalent distance. The graph shown in the figure
demonstrates that the frequency corresponding to the maximum energy value changes with the increase in the
equivalent distance. Here, starting from some value of the equivalent distance, a decrease in frequency is
observed. As the equivalent distance increases, the number of peaks increases, i.e., in these cases the spectra
are enriched with low-frequency components of the peaks, and their magnitude decreases.

618
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Figure 3. Change in the magnitude of carrier frequencies depending on the equivalent distance
S our ce: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev
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The total vibration energy of the soil environment is calculated based on records for each of the three
components: two horizontal and one vertical:

Er = Ehl +Eh2 +Evert . (4)

Since each component is commensurable with each other, based on [9], the following expression can be
written for the considered case:

E, =E, =035E, (5)
and taking (3) into account, the following can be written:
1
E, =035 -EycvaizT; : (6)

To estimate the ratio between the energy propagating in the ground and the energy received by the
underground structure during their interaction, the following expression is used:

n= Ek/EO.gr > (7)

where Eiis the kinetic energy received by the structure as a result of the interaction with the ground; Eo.g is
the energy propagating over an area equal to the cross-section of the underground structure, defined by the
following formula:

Eyg = Eg,S. ()
Kinetic energy Ex is defined by the following formula:

E, :%ML‘:Z, 9)

where M is the mass of the underground structure defined by the following formula:
M =mp’(R*=7*)L, (10)

where p is the density of the structure; R and r are the external and internal radii of the structure, respectively;
L is the length of the structure; # is the amplitude of displacement velocity of the structure under explosive
seismic waves (recorded using seismometric channel).

Substituting (10) into (9) results in the following:

1 .
Ekzznp2 (Rz—rz)Luz. (11)
The following expression can be composed from (7), (9) and (11):

(R —rH)i’L
(0.35yc, Y V'T)S

(12)

This dimensionless value can be called the “reduction” ratio of vibrational energy in the dynamic soil-
structure system or the “transfer” ratio. The above coefficient, by meaning, shows the share of energy
transferred through the ground to the underground structure, as a result of their interaction under explosive
seismic waves.

The curve of M as a function of the intensity of seismic vibration, obtained on the basis of formula (12),
is shown in Figure 4.
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Figure 4. Relationship between ratio 1 and the intensity of explosive seismic vibration of the soil
S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev

Figure 4 shows that with increasing intensity of the explosive seismic vibration of the soil, ratio n
slightly decreases. With increasing intensity of vibration due to underground explosions, the total amount of
kinetic energy received by the underground structure increases, but the ratio 1 decreases.

Three regions can be distinguished in the general qualitative characteristic of the relationship between
contact forces of the structure with the soil and their relative displacement, according to the experimental
diagrams of the test results. The first one corresponds to the stage of loading the structure, when the
relationship between the forces and relative displacement of the structure is linear. In this case, the soil is
being compacted, and elastic and viscous properties of the body, but not plastic ones, are revealed.

At the second stage, the proportionality between the interaction forces and the displacement of the
structure is violated and the elastic character of the interaction is lost. With the increase of the external load,
it is possible to observe sliding of the underground structure relative to the ground in the third region
(Figure 4). This implies that with increasing intensity, the share of energy transferred from the ground to the
structure decreases.

In the interaction process, when the strength properties of the structure and the surrounding soil are
markedly different and physically complex, the displacement of the structure relative to the ground during
seismic impact is observed. The interaction results in the reduction of vibrational energy in the dynamic soil-
structure system, and therefore this parameter is increasingly attracting the attention of experimental
researchers. In addition to the above, when the structure is thin-walled, the complexity of the interaction
process between the structure and the environment is aggravated. Following this tradition during the
experiments, attention was also paid to studying this parameter. Figure 5 shows the relationship between the

25 values of displacements (U Y, Vf/) of the structure relative
EE::"': R . to the ground and ratio n.
= . .
ey // The above results can be used to predict the behavior

1,5

of underground thin-walled structures subjected to explosive

1 W seismic waves. The calculations show that the relationships

0e %"“/_ﬂ/ﬁ“ u_q//'f}F established in this paper can be effectively used in estimating
N - s I | . 5 the intensity of explosive seismic waves.
29 27 2% 1 105 n-10 Cyclic liquefaction of soils must be considered along
Figure 5. Relationship between the soil-structure with Vibra.ltion issues in case of explosive. se‘ismic impact.
relative displacement and the energy Design of hazardous industrial facilities requires safe
“reduction” ratio n (1= E,.../E,, ) earthquake-proof design solutions. As a result of the con-
Source: made by B.S. Rakhmonov, Kh.S. Sagdiev, struction of the Nizhnekamsk Reservoir in the Republic of
A.Z. Ter-Martirosyan, 1.T. Mirsayapov, V.T. Erofeev Tatarstan, the groundwater level rose and a number of areas
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were flooded along the Kama River. This rise in groundwater level and the presence of tectonic faults in the
area of Kamskiye Polyany provoked an increase in the level of seismic activity of the considered territories
of the Kama River coast. According to the OSR-97 seismic zoning map, earthquakes with intensity of
7.0 points are forecasted on medium soils in the territory of the Republic of Tatarstan. As a result, dynamic
properties of soil bases need to be evaluated during surveys and seismic-resistant reinforcement needs to be
used in the design and construction of structures.

Considering the above, the effect of seismic load from a possible earthquake on the change of physical
and mechanical properties of soils needs to be taken into account when designing foundations of critical
structures [1-3; 5-8].

The site under study is located in the water area of the Kama River, north-east of the Republic of
Tatarstan. The results of seismic microzoning of the construction site show that the seismic activity of the site
with the given soil base is estimated at 7.0 points on the MSK-64 scale with an acceleration of 143 cm?/sec
at short and medium vibration periods. The accelerograms of the scenario earthquakes and their corresponding
response spectra are presented in Figure 6.
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Figure 6. Scenario earthquake accelerograms of and their corresponding reaction spectra
S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan,I.T. Mirsayapov, V.T. Erofeev

To investigate the dynamic stability of clay and water-saturated sandstone layers from the position of
assessing the possibility of their liquefaction under seismic effects corresponding to the design (predicted)
seismic activity of the site, laboratory triaxial cyclic loading tests equivalent to the seismic impact in terms
of force were carried out.

When modeling the deformation conditions in which the soil is subjected to seismic impact in real field
conditions, the predicted seismic load is modeled before cyclic loading based on the methodology proposed
by H.B. Seed and I. Idriss [16].

According to this methodology, seismic loading can be characterized by the magnitude of the equivalent
cyclic shear stresses (CSR) for an earthquake of a given recurrence and intensity:

CSR = Lo | (13)
p-

v

where Tav is the average expected cyclic shear stress at the specified magnitude; 6, is the vertical overburden
stress.
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It is assumed that before the earthquake, the soil element located under the horizontal surface is
subjected to consolidation for a long time in state Ko (Ko is the ratio of horizontal and vertical stresses during
consolidation in natural conditions). During an earthquake, a series of successive cyclic shear stresses act on
this soil element under undrained conditions. These stresses are applied in the absence of lateral deformation,
because the flat earth surface is assumed to extend infinitely in the horizontal direction.

In practical calculations, in order to assess the liquefaction potential of clayey and sandy soils with
different degrees of water saturation, the average values of shear stresses caused by an earthquake at depth /
are determined from the expression

Tav:[0'65'th'amax T (14)
4

The value of amax is taken from the accelerogram of the earthquake with respect to peak horizontal
accelerations for horizontal components of vibration.

The number of loading cycles (V) in the laboratory experiment simulating seismic impact depends on
the duration of the earthquake, and therefore on the magnitude of the earthquake.

The analysis (approach) described above gives the maximum value of the expected cyclic shear stress
due to earthquake (tav), which corresponds to one half of the axial dynamic load in triaxial dynamic tests
(Figures 7 and 8).
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Figure 7. Modeling of stresses in a soil sample Figure 8. Stress state of the soil during laboratory
under triaxial compression during cyclic loading simulation of equivalent triaxial cyclic loading
S o ur ¢ e: made by B.S. Rakhmonov, Kh.S. Sagdiev, S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev,
A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev

Based on the methodology mentioned above, a strength model of layered soil base composed of sandy
and clayey soil with different degrees of water saturation during scenario earthquakes has been developed.
The model takes into account the possibility of acceleration of the soil body in three directions, as well as the
mutual interference of layers of different stiffness.

To quantify the liquefaction capacity of water-saturated sand and clay layers under random irregular
multidirectional seismic impact, correction functions are introduced for cyclic strength obtained under steady-
state cyclic loading in order to take into account the discussed features of real seismic loading Cz and Cs [12].

Based on the developed model, the equivalent parameters of regular cyclic loading were determined for
laboratory studies of liquefaction resistance of sandy and clayey soils of the construction site under the
following design characteristics of the scenario earthquake: magnitude 7.0, acceleration A = 143 cm?/s,
fundamental frequency =2 Hz, fundamental period of vibration 0.56 sec.

The following strength criteria are adopted to evaluate the resistance to liquefaction:

1. Emergence of axial deformation under triaxial cyclic loading less than 5 %;

2. Pore pressure coefficient p=p, /o, must be <0.6;

3. The width of the hysteresis loop at the 30th loading cycle must be less than the width of the loop at
the 29th cycle of loading, i.e. Ag,, < Ae,, .
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Experimental studies of liquefaction resistance were performed on 143 series of undisturbed (134 series)
and disturbed (9 series) soil samples (three twin samples in each series) in a triaxial compression device
(stabilometer) under cyclic loading conditions with parameters equivalent to those of a scenario earthquake
with an intensity of 7.0 points installed for the construction site. In the process of experimental studies, the
main parameters characterizing the state of sandy and clayey soils under cyclic loading were established:
axial and radial strains, pore pressure, effective and average stresses.

The conducted experimental studies allowed to establish patterns of strain growth under equivalent
cyclic loading.

By analyzing the obtained results, it can be concluded that in soil samples of different degree of water
saturation, which are subjected to cyclic triaxial compression equivalent to seismic loading with intensity of
7.0 points, strains develop with different intensity (Figure 9). At the initial stage, the development of strains
is more intense due to post-compaction of the specimen, afterwards the strains stabilize. In all specimens
tested under the cyclic loading equivalent to the design scenario earthquake with intensity of 7.0 points,
the magnitude of axial strain does not exceed 3.0%, the pore pressure coefficient is less than 0.6, the ratio
Ag30 /Ag29 1s less than 1. In the process of testing, there were no external signs of reaching the ultimate
resistance (formation of barrel and inclined shear plane).

Vertical load, kPa )

o1 X3 03 04 05 08 07

Vertical strain, mm

Figure 9. Sample deformation diagram during cyclic loading
S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, .T. Mirsayapov, V.T. Erofeev
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Figure 10. Sample deformation diagram according to the “crushing” pattern
S o ur ¢ e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, I.T. Mirsayapov, V.T. Erofeev
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After cyclic loading test with parameters equivalent to the design scenario seismic impact, the soil
samples were brought to failure by deviatoric static loading according to the “crushing” pattern (Figure 10).
It was found that, in general, seismic impact on soils did not lead to a decrease in the ultimate deviatoric load
compared to the results of static loading.

There was a difference in the character of static fracture along the “crushing” trajectory of sandy and
clayey soils. The clayey soil samples fractured on the descending branch of the (c1—03) — &1 diagram
(Figure 11, a), while the sandy soil samples fractured on the ascending branch of the stress-strain diagram
(Figure 11, b). This fact is explained by different initial density of the soils.
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Vertical strain, mm
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Figure 11. Sample deformation diagram according to the “crushing” pattern:
a — clay; b — sandstone
S o ur c e: made by B.S. Rakhmonov, Kh.S. Sagdiev, A.Z. Ter-Martirosyan, .T. Mirsayapov, V.T. Erofeev

4. Conclusion

1. The process of dynamic soil-structure interaction under explosion-induced seismic impact has been
evaluated.

2. It is shown that the most comprehensive study method is exploring the behavior of the structure in
full-scale conditions with energy-based evaluation of the process of joint vibration of the underground structure
and the ground environment under explosive seismic waves.
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3. During seismic action, the soil imparts kinetic energy to the underground structure, the magnitude of
which depends on the area of contact between the structure and the soil and the conditions of their interaction.

4. Discrete energy release spectra at different frequencies were obtained and plotted on the basis of
experimentally obtained results.

5. It was found that the energy of explosive seismic waves at different frequencies of the spectrum is
not equal, and there is a well-defined maximum in the energy spectrum of vibration. That is, more energy is
released at a certain frequency than at other frequencies. At the same time, the frequency, which has more
energy, changes with distance.

6. Mathematical expressions for calculating the total energy of soil vibration and the energy received by
the underground structure during interaction with the soil are given.

7. The ratio of the vibrational process, which shows the share of energy transferred through the soil to
the underground structure, is introduced. Relationships between the ratio and the intensity explosive seismic
vibration of the soil are shown.

8. Three regions are defined on the experimentally obtained force-displacement diagram. The first one
corresponds to the stage when the relationship between the forces and relative displacement of the structure
is linear. At the second stage, the elastic character of the interaction is lost. At the third one, sliding of the
underground structure relative to the ground is observed.

9. It is shown that the above results can be used to predict the behavior of underground thin-walled
structures under the influence of explosive seismic waves.
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