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Abstract. The study presents the results of in-situ experimental investigations on the propagation of explosive seismic waves in
the ground environment and the behavior of a seismically stressed underground structure in the form of a cylindrical thin-walled
shell interacting with the ground during seismic impact from underground instantaneous explosions. It was taken into account that
the seismic impact of an underground explosion on an underground structure depends on many factors, especially on the physical
and mechanical properties of the soil of the experimental site. The composition of the soil was obtained by drilling holes for
explosives from an excavated trench for installing samples of underground structures. Ground vibrations during the explosions
were recorded at two points: at the main (N1) observation point and at the control (N2). Steel samples have been selected as the
objects for studying the stress-strain state of underground structures in the form of cylindrical thin-walled shells of a closed
section. The kinematic parameters of ground vibration were measured using seismic detectors and an oscilloscope. Ground
displacements in three mutually perpendicular directions, which do not follow a linear law, are studied. Mathematical expressions
have been selected to describe each of the components of the displacement vector. It is established that the longitudinal component
in the equivalent state has a smoother decreasing character. Under the impact of underground explosions, the underground
structure vibrates in space in a vertical plane and in two horizontal planes, with an increase in the equivalent distance, the range of
vibrations is wider than the others, and the time of action of the waves on the structure increases. The values of logarithmic
decrements for each component of the displacement vector of the structure are determined.
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AnHoTauus. [IpuBeneHsl pe3ynsTaTbl HATYPHBIX SKCIHEPUMEHTAIBHBIX HCCIIE0BAHUI 110 M3YYEHHIO KAPTHUHBI PACIPOCTPAHEHHS
celicMOB3PBHIBHBIX BOJIH B IPYHTOBOW CpeZie U MOBEICHUs CEHCMOHAIPSKEHHOTO MOI3EMHOI'0 COOPYKEHHUSI, TUIA LIUINHIPUYECKON
TOHKOCTEHHO# 000JIOYKH, B3aMMOJICHCTBYIONIEH C TPYHTOM IPH CEHUCMHUYECKUX BO3/ICHCTBUSAX MOI3EMHBIX MTHOBEHHBIX B3PBIBOB.
Be110 yuteHo, uto ceiicMuueckuil 3¢deKT qeHcTBUS MOI3eMHOIO B3phIBa Ha IO3EMHOE COOPYKEHHE 3aBUCUT OT MHOTHX (aKToO-
POB, 0COOEHHO OT (DPU3UKO-MEXAaHMYECKUX CBOWMCTB IPyHTa 3KCIEpUMEHTalbHOM muomanku. CocTaB IpyHTa ObLI IOJNYYEH IIpU
Oypenuu 1rypdoB A B3pbIBa Ha BHIOPOC M3 BBIPHITOW TpaHIIEW JJIS YKIAAKH 00pa3loB MOA3EMHBIX coopyxeHuil. KoneGanus
TpyHTa MPH B3pbIBax (PUKCHPOBAIKCH B JABYX MyHKTaX: Ha OCHOBHOM (N1) myHKTe HaOMIOnCHHUS M Ha KOHTPOIbHOM (N2). O0bek-
TOM HM3y4YEHHs HaPsDKEHHO-1e()OpMHUPOBAHHOTO COCTOSHUS MTOA3EMHBIX COOPYKEHHH THITA HMIMHAPHYECKUX TOHKOCTEHHBIX 000-
JIOYEeK 3aMKHYTOr0 Mpoduiist BEIOpaHs! 00pasibl U3 CTalH. M3MepeHne KHHEMaTHIeCKUX IapaMeTpoB KoeOaHus TpyHTa IPOU3BO-
JIMIIOCH ¢ IOMOIIbIO CEHCMONPUEMHUKOB U ocLuiuiorpada. VM3ydeHsl epeMeleHns TPyHTa B TPEX B3aUMHO HNEPIEHIUKYIPHBIX
HAIIPaBJICHUAX, IPOUCXOAAIINE HE MO JUHEHHOMY 3aKkoHy. IlonoOpaHbl MaTeMaTH4eCKUe BBIPAXKCHUS JUIS ONMUCAHUS KaXI0H u3
COCTABIISIIOLIMX BEKTOpa CMEILEHUsS. YCTAHOBJIEHO, YTO INPOAOJIbHAS COCTAaBILIONIAs 110 IPUBEIEHHOMY COCTOSIHUIO HUMEET Oolee
TUIABHBIA yOBIBaIOIMiA xapakrep. [Ipu AefiCTBUHM MON3EMHBIX B3pBHIBOB IIOJ3€MHOE COOPYKEHHE COBEpINAeT KojeOaTeabHOe JBHU-
’KeHHE B IPOCTPAHCTBE B BEPTHKAJIBHOM IUIOCKOCTH M B JABYX FOPHU30HTAIBHBIX MJIOCKOCTSX, C YBEIMYEHUEM IPUBEIEHHOTO pac-
CTOSIHUSI JHAIa30H KONeOaHUH IIUpe, YeM OCTaIbHBIX, BPeMs ACHCTBHS BOJH Ha COOpY)KeHHE yBenuuuBaeTcs. OnpenesieHbl Benu-
YUHBI JIOTapU(PMUIECKUX IEKPEMEHTOB 3aTyXaHUsl U1 KaXKJJO! COCTaBILIONIEH BEKTOPA CMEIECHUS] COOPY>KCHUSL.
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JKCHUSA, HUINHAPUICCKUEC 06OHO‘IKI/I, KOJIBIICBBIC HAIIPSIPKECHU S

3asBiieHHe 0 KOH(JIUKTE HHTEePecoB. ABTOPBI 3asIBIISIOT 00 OTCYTCTBUM KOH(IIUKTA HHTEPECOB.
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1. Introduction

Explosive seismic impacts, depending on the degree of exploration of seismotectonic or man-induced
explosive processes and ground conditions of the site, can be determined by any of the methods or by
several methods simultaneously: normative, empirical, semi-empirical and analytical. The most probable
values of seismic impact parameters and an estimate of their uncertainty should be obtained.

The basis for analytical and experimental evaluation of dynamic properties of soils under such impact
are the results of field and laboratory tests of soils. Experimental studies are effectively performed by
observing the behavior of a model of the structure 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 the structures. The energy-based evaluation of the process of joint vibration of the underground
structure and the environment under explosive seismic waves is of great importance.

The issue of energy-based evaluation of ground behavior during the propagation of seismic and
explosive seismic waves was investigated in [1-5].

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. The main
parameters used in engineering dynamic analysis of soil base stability at present are the dynamic shear
modulus G and damping ratio D.

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

Russian [6—10] and international scientific literature [11-14] provide systematized results of tests of
cohesive and noncohesive soils for measuring the shear modulus and damping ratio under cyclic (low- and
high-frequency) loading.

In order to model the conditions of soil under seismic impact, the expected seismic load is calculated
before cyclic loading. The methodology for determining its value proposed in [6; 15] is used.

In accordance with this methodology, which has already become conventional, the seismic load is
characterized by the value of cyclic shear stress ratio (CSR) for an earthquake of a given frequency:

CSR =t (1)

O,

where T. is the average expected cyclic shear stress at the specified magnitude; o, is the vertical
overburden stress.

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 the horizontal and vertical stresses under
consolidation in natural conditions). During an earthquake, a series of successive cyclic shear stresses act on
this soil element under undrained conditions (Figure 1). These stresses are applied in the absence of lateral
deformation, because the flat earth surface is assumed to extend infinitely in the horizontal direction.

The determination of 14 1is based on the idea that seismic shear stresses at a particular point in the soil
body arise due to the propagation of mainly transverse waves. Using the technique of its evaluation
proposed in [6; 15; 16], the procedure of determining t« reduces to the following:

a) assuming that the soil column under the selected elementary volume at depth /4 vibrates as a
completely rigid body, the maximum shear stress is represented as
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h
(Tmax ),- :’Y_'amax’ (2)
g

where amax 1s the maximum acceleration on the ground surface; v is the soil density;
b) the considered soil column actually behaves as a deformable body, so the real shear stress at depth
h, (Tvax)d, is lower, and this difference increases with depth:

(Tmax )d T (Tmax )i’ (3)

where 4 < 1 is the coefficient of stress reduction with depth, adopted according to [6; 15; 16].

5, d,
> <
! Lateral restriction
é
. -_—
Elementary soil layer
T 6V

X

Figure 1. Stress state of soil in field conditions during an earthquake
S o ur c e: made by B.S. Rakhmonov, I.T. Mirsayapov

Based on the above, for the depth interval up to 30 m, the maximum dynamic shear stress is assumed
to be equal to:

h
(Tmax )d :’Y_'amax Tas (4)
g

The real dynamic loading of the ground during an earthquake is random in nature (Figure 2), and in
practical calculations is reduced to a force-equivalent periodic (usually sinusoidal) law.

av

0 whh /\AA/\ i ‘
vw\/ v

Figure 2. Irregular pattern of shear stress changes during an earthquake
S o ur c e: made by B.S. Rakhmonov, I.T. Mirsayapov
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The change of shear stress in time caused by the vertical propagation of seismic shear waves through a
soil body with a flat surface will be non-periodic and multidirectional when considered in the horizontal
plane. In order to quantify the liquefaction characteristics of water-saturated sand layers under complex
loading conditions, several correction factors are usually introduced for the cyclic strength obtained under
periodic cyclic loading (C2 and Cs) [15; 16]. Coefficient C: takes into account the influence of non-periodic
load, which acts in one direction only, coefficient Cs — the influence of multi-directionality of seismic
loading. The product C>-Cs reflects the joint influence of non-periodicity and multi-directionality of the
loading. Using these coefficients, the relative maximum shear stress Tmax1 / Go°, causing a particular shear
strain under multidirected non-periodic loading, in terms of the relative cyclic stress (tde / 60’), causing the
same strain for the same number of cycles of periodic unidirectional loading, can be expressed as

Tmax,i_c C [TdeJ/
;- Labs| — 1/ 09 %)

Op Op

where 14 is the amplitude of the periodic cyclic shear stress, causing a particular shear strain; Tmax, is the
peak value of the non-periodic shear stress under seismic loading, causing the same strain.

Shear stress amplitude 14 under periodic load in equation (5) corresponds to half of the full amplitude
of axial stress o4, Wwhich causes liquefaction under triaxial test. Therefore, using the relation

cy= I+2K o, =C,c, , formula (5) can be expressed as
3
Tnax,; Tae
M= C,C, Cs| —2< . (6)
G, 20,

On the other hand, the relative cyclic stress, defined as the amplitude of periodic shear stress tae, divid-
ed by the effective vertical stress (Tde/ov’) is related to Tmax1/0v” as

TmaX ; T
=G, G [i} (7

o,

Generalized results of numerous tests on non-periodic loading [6; 15] show that the value of coefficient
(2Cs for sandy soils with relative density Ju less than 0.7 is approximately 1.55. Therefore, if taking Ko= 1,
and coefficient C1, according to

_1+2K

o, =Co,

is equal to 1, by substituting these values into (6) and (7), the following is obtained:

Tmax, _| Sar |_ 1 | Tas )
le 200, 0-65 le

This equation establishes relationships between the cyclic strength values, determined using different

methods for the cyclic shear stress amplitudes, at which liquefaction begins. They are also valid for the
determination of any amplitude of cyclic shear stress regardless of whether its value is sufficient for the

liquefaction process. Therefore, equation (8) can be written in a more general form
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Tmax,,- _ Gq4 — 1 Ta (9)

Thus, in practical calculations for evaluating 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

’Yh
=1 0.65— .
Tav [ jamaxrd (10)

The value of amax is selected according to the peak horizontal accelerations on the earthquake
accelerogram.

Peak vertical accelerations in a scenario earthquake are much smaller than the horizontal components
and may not be taken into account in the evaluation of soil liquefaction.

The number of loading cycles (N) in a laboratory experiment modeling seismic effects depends on the
duration of the earthquake and, therefore, on the magnitude of the earthquake and is presented in [6; 15-17].
The calculation described above gives the maximum value of the expected cyclic shear stress due to
earthquake (tav), which corresponds to half of the axial dynamic load in triaxial dynamic tests.

2. Purpose and Objective

The purpose of the study is to conduct a full-scale experimental investigation to analyze the
propagation pattern of explosive seismic waves in the ground medium and the behavior of a seismically
stressed underground structure in the form of a cylindrical thin-walled shell, interacting with the ground
under the seismic impact from instantaneous underground explosions.

The objective of the study:

1. Determine the ground stress in three mutually perpendicular directions from the explosion point;

2. Obtain experimental data of seismic vibrations of the underground structure;

3. Determine the values of logarithmic decrements for each component of the displacement vector of
the structure;

4. Establish empirical formulas for the relationship between the displacement of the underground
structure and the charge weight for the excavation explosion (EE) and the epicentral distance in three
mutually perpendicular directions for each displacement component;

5. Determine the maximum values of longitudinal and hoop stresses in the underground cylindrical
structures.

3. Materials and Methods

It is commonly known that the seismic impact of an underground explosion on an underground
structure depends on many factors, especially on the physical and mechanical properties of the soil of the
experimental site, both at the explosion point and in places where the underground structure is installed. For
the study, the experimental site was equipped on a relatively flat terrain, one side of which bordered with
low hills. The composition of the soil was studied using samples obtained by drilling holes for EE from
excavated trenches for installing samples of underground structures. The soil conditions of the experimental
site are characterized as silty, of hard consistency, with rare cement-colored calcareous inclusions. The
content of fine-grained fraction in the soil body is: fine sand — 27%, silty particles — 53%, clay — 20%.
The maximum soil moisture retention capacity depending on depth varies within 17-22 %, the highest value
of plasticity is 15-18, specific gravity varies within 1.72 — 2.05 T/m’.
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Ground vibrations due to explosions were recorded at two points:
— at the main (N1) observation point: displacements of ground particles in three mutually perpendicular
directions (uo, vo, Wo), velocity and acceleration of ground motion in longitudinal directions (,, i) ;

—at the control (N2) observation point, which is located at a distance of 100 m from the main
observation point towards the explosion points, the same parameters of ground vibrations were recorded as
at the main point, but only in radial directions.

The object of study of the stress-strain state of underground structures in the form of cylindrical thin-
walled shells of closed section are small-thickness steel specimens with the following geometric
dimensions:

e type 1 —Du=720mm, L =6.0;6 =8 mm;
e type 2 —Du=920 mm, 6 =8 mm, L =6.0;
e type 3— Du=1050 mm, § =12 mm, L =6.0.

These specimens were placed at a depth of 5.0 m from the daylight ground surface. Seismometers were
installed in three sections of the structures to measure ground displacement, velocity and acceleration.

To determine the interaction parameters, in addition to the kinematic parameters of vibration of the
structure, the incident loads on the structure in three mutually perpendicular directions were measured
simultaneously. In this case, membrane-type sensors were used, installed in 7 points, which were appropriately
calibrated before the experiments.

The kinematic parameters of ground vibrations were measured using seismometers and oscilloscopes.
Seismometers of the following types were used: VEGIK, S-5-S, OSP-2M, SM-3 and galvanometers of
types GB-III-B-5, GB-III-B-10 and GB-IV-V-3, installed in six H-700(H-041) loop oscilloscopes.

To measure the soil pressure on the structures, sensors with membrane thickness of (1-4)10~ m, radius
of 22:10°m and “FPKA-20 strain-gauge elements, which recorded axial (gix) and hoop (i) strains, were
used. And in the system of sensors measuring the incident load on the structures, galvanometers of type
M1005 (Figure 4) were used.

Signals from the strain gauges and pressure sensors were recorded by four H-117/1(H-115)
oscilloscopes using M1005 and M017 type galvanometers.

The oscilloscopes were initiated with the help of special triggering devices providing simultaneous start
of all oscilloscopes and the explosion, as well as automatic stop after the decay of the vibration process.
This allowed to determine the propagation velocity of explosive seismic waves.

In the explosions, grammonite 79/21 was used as the charge, which in all cases was initiated by a
detonating cord and an instantaneous electric detonator. Explosions were performed through the oscilloscopes
by breaking the loop, which was wrapped around the detonator. Explosions with the EE charge weight of
420-7000 kg were made. The explosions were carried out approaching the specimens under study.

Since the conducted explosions differed significantly in weight, and the recorded ground and structure
vibrations are associated with different distances from the explosion point, parameter Req (equivalent
distance) was used for comparing observations with each other:

Req= RIAC [m*kg 7], (11)
where R is the epicentral distance (m); C is the EE charge weight (kg).

4. Results and Discussion

The results of experiments for studying the ground displacement in three mutually perpendicular
directions, depending on the equivalent distance, are shown in the form of a graph in Figure 3.
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It can be seen from the figure that the components of the displacement vector are comparable with each
other, moreover, the change of these parameters does not follow a linear law. From the curves of the dis-
placement components, it can be observed that the longitudinal component curve has a smoother decreasing
character with the increase in equivalent distance than the other ones.

Uo, Vo, Wo

(mm)

2,0 1

0.8 A

0.4 A

X X
10 20 30 40 50 60 Req(m-kg'?)

Figure 3. Relationship between the absolute maximum ground displacements
in three mutually perpendicular directions and the equivalent distance:
A — vertical displacement; * — longitudinal displacement; X — transverse displacement
S ource: made by B.S. Rakhmonov, I.T. Mirsayapov

Each component of the ground displacement vector was approximated. Despite some scatter of exper-
imentally obtained points, it can be stated that the experiments with different equivalent distances are suffi-
ciently described by the following relationships [18]:

e for the longitudinal component:

1.57
Alon= 621070 Rea op Alon=101.1[€/%j , (12)

e for the transverse component:

0.72
A= 2.37e0002Rea Atr=5.43(3/% j , (13)

e for the vertical component:
1.84
Avert = 2.62e 93884 or Ay =216.4 [%/%) . (14)

Below, some experimentally obtained records of seismic vibrations of the underground structure, as
well as its absolute displacements, are presented. The records of seismic vibrations of the underground
structure in three mutually perpendicular directions in the form of oscillograms are shown in Figure 4.

Figure 4 shows the vibrations of the underground structure in different directions. As a result of under-
ground explosions, the underground structure vibrates in space in the vertical plane and in two horizontal
planes. It should be noted that the natural vibrations of the underground structure here do not have an obvi-
ous form.
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Figure 4. Records of vibrations of the underground structure:
a — in the longitudinal direction; » — in the transverse direction; ¢ — in the vertical direction
S o ur c e: made by B.S. Rakhmonov, I.T. Mirsayapov

Some asynchrony is observed in the motion of the structure. The asynchrony in motion, apparently,
indicates that some total motion was recorded in the experiments. By parallel consideration of the records of
wave patterns obtained for large equivalent distances, similarities were observed between all records. It is
can be easily seen that in the record regions with maximum amplitudes, the peak corresponding to the
maximum moves towards the end of the record as the equivalent distance increases. Therefore, they are
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carried over by waves having a relatively low propagation velocity. Hence, it can be said that with the
increase of the equivalent distance, the vibration range is wider than for others, the time of impact of the
waves on the structure increases.

It can be seen from the figure that the vibration pattern of the underground structure is not quite a
correct increasingly-decaying sinusoid, without any impulsive superimpositions. The peak corresponding
to the maximum at small equivalent distances is observed at the beginning of the motion, i.e., the vibration
of the structure begins with a very sharp entry of large amplitude. The similarity of the pattern between the
longitudinal and vertical components is that both oscillograms do not start with a sharp entry of maximum
amplitude. The special aspect of the structure vibration in the transverse direction is that it starts with a
sharply pronounced peak, which corresponds in value to the maximum. On the basis of the structure
vibration records, the values of decrements for each component of the displacement vector of the structure
were determined. The average value of the decrement for the longitudinal component is A, ,= 0.54 ; for the

transverse — A, = 0.68; and, finally, for the vertical component — A, =0.79.

By paying attention to the average values of the decrements for each component and comparing them
with each other, the following inequality can be established: A, <A, <A i.e., the average value of the

decrement of the vertical component is larger than the others. If vibration decay in the horizontal direction
(along the O-X axis) is mainly due to the compliance of the ground or, in other words, in this direction,
damping occurs due to the interaction or overcoming the cohesion energy of contact between the body of
the structure and the ground, then for the vertical component the structure vibration decay is associated with
the dissipation of energy as a result of significant strains of the ground [19].

From the comparison of experimental data shown in Figures 3 and 5, it follows that the maximum
values of longitudinal and transverse horizontal displacements of the structure are smaller than those of the
ground medium.

lon vert 2

Uo, Vo, Wo

(mm)

1.6 J

08 A

04 A

. . . - : :
0 20 30 0 50 60 .
! 4 ° Req (Mm-kg1?3)

Figure S. Relationship between the absolute maximum displacements
of the underground structure in three mutually perpendicular directions and the equivalent distance:
A — vertical displacement; * — longitudinal displacement; X — transverse displacement
S o urce: made by B.S. Rakhmonov, I.T. Mirsayapov

The curves of the relationship between the absolute displacement of the structure in three mutually
perpendicular directions and the equivalent distance were approximated (Figure 6).

Empirical formulas for the relationship between the displacement of the underground structure and the
weight of the EE charge and the epicentral distance in three mutually perpendicular directions for each dis-
placement component were derived:
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e for the longitudinal displacement:

U= 929(%/6 / R)70'988 or U: 216 e *0.069Req;

e for the vertical displacement:

—1.67
W=141(%/E/R) or W=4.11¢ %007k, (15)

e for the transverse displacement:

~0.13R ¢

—2.44
v =700(C /R or V=78 (16)

.10
04 e

2,0 1

3 4 5 6 7 1 (point)

Figure 6. Relationship between the 1 coefficient and the intensity
of explosive seismic vibrations of the ground environment; I, IT and IIT — regions
S o ur c e: made by B.S. Rakhmonov, I.T. Mirsayapov

The analysis of the experimental results allowed to obtain the relationship between the displacement of
the underground structure and the weight of the EE charge and the epicentral distance to the explosion
points in the following form:

A=C 0.392e 70.012R.

In seismic vibrations caused by underground explosions, the stress-strain state of the underground
structure is determined by the amount of energy received by the structure. Therefore, in this study, special
attention was paid to the kinetic energy imparted by the explosive seismic wave to the structure. To estimate
the ratio between the energy propagating in the ground and the energy received by the underground struc-
ture during their interaction, the following expression is used:

n= Exstruct/ Egr, (17)

where FEkstuct 1S the kinetic energy received by the structure; Eg is the energy propagating over the cross-
sectional area of the underground structure. This expression can be written in the following form:

N =pe 1 (R*—r)Lv*/0.35 S pcpy V*T; . (18)

The curve of the relationship between n and the intensity of explosive seismic vibration, obtained on
the basis of experimental results and calculated using formula (18) is shown in Figure 6.
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It can be seen in the figure that with increasing intensity, ratio 1 decreases slightly. With increasing in-
tensity of vibration due to underground explosions, the total amount of kinetic energy received by the un-
derground structure increases, and 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 rela-
tionship 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.

o (kg/em?) 2

10

15 25 35 45 55 Req

Figure 7. Relationship between radial stresses at the explosive wave front and the equivalent distance
S o urce: made by B.S. Rakhmonov, I.T. Mirsayapov

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
[1; 20]. By revisiting the graph in Figure 5, it can be concluded that with increasing intensity (external
load), the share of energy transferred from the ground to the structure decreases.

The curve of the relationship between the ground stress and the equivalent distance is presented in
Figure 7.

It can be seen from the figure that the change in the stress with distance has a non-linear character.

As a result of approximation of the experimental data, the formula for determining the stress in the
ground is obtained in the following form:

6(Ro)=B R,™, (19)

where Ro= R/0.0543/C is the equivalent distance, m; C is the EE charge weight, kg; B is a dimensionless
coefficient, B = 10%; n is the degree of ground stress decay; n=2.5; 15< R, <55.
To estimate the maximum values of longitudinal bending and hoop stresses in the underground

cylindrical structure, where, using the obtained experimental results, similar to works [20; 21], the
following empirical expressions are proposed:

o= ki (Y9 -1/4-$/EDSH (<.L/J); (20)
oy =ki(¥;)-4.25(Ern/ D.?), 21)
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where E is the modulus of elasticity of the material of the structure (kg/cm?); Dp, Ds are the external and
internal diameters of the cylindrical structure (cm), D.= 1/2:(Du+ Dp); k- is the transverse interaction
coefficient (kg/cm®); L is the length of the cylindrical structure (cm); J is the moment of inertia of the
cylindrical structure (cm?); /4 is the structure wall thickness (cm); k1 is the coefficient, which depends on the
properties of soil.

To estimate the maximum values of the longitudinal and hoop stresses in the underground cylindrical
structures, the above formulas are recommended for use with the values of EE charge weight from 500 to
700 kg and the distance to the structure of 30 to 150 m. Figures 8 and 9 show the relationship between the
longitudinal and hoop stresses in cylindrical steel pipes of different diameters and the distance according to
the formulas.

c (kg/cm?) o (kg/em?) 2
800
1800 -
1600 000
1400 -
1200 - 400
1000 -
800 200
600
400 -
200 A
40 80 120 160 200 R, (m) 80 160 R, (m)
Figure 8. Relationship between longitudinal stresses Figure 9. Relationship between hoop stresses
in steel pipes of various diameters and the distance in steel pipes of various diameters and the distance.
(The weight of the explosive charge is 400 kg, (The weight of the explosive charge is 400 kg,
where 1, 2, 3, 4 are the curves corresponding to: where 1, 2, 3, 4 are the curves corresponding to:
Du =720 mm, §=8 mm,J=113500 cm*; Du =720 mm, § =8 mm, J= 113500 cm*;
Dy =920 mm, §=8 mm,J = 238500 cm*; Du =920 mm, § = 8 mm, J = 238500 cm?*;
Du = 1050 mm, § = 12 mm, J = 1316000 cm*; Dy=1050mm, § = 12 mm, J = 1316000 cm*;
at values E = 2.1106 kg/cm?, L = 6.0;) at values of £ = 2.1x106 kg/em?, L = 6.0;)
S ource: made by B.S. Rakhmonov, I.T. Mirsayapov S ource: made by B.S. Rakhmonov, L.T. Mirsayapov

The above experimental results can be used to predict the behavior of underground thin-walled
structures subjected to explosive seismic waves. The calculations show that the relationships can be used
with sufficient accuracy in estimating the seismic intensity of the explosive seismic waves.

5. Conclusion

1. The non-linear explosion-induced ground displacements occurring in three mutually perpendicular
directions were studied. Mathematical expressions for describing each component of the displacement
vector were established. It was found that the longitudinal component of the equivalent state has a smoother
decreasing character.

2. It was established that as a result of underground explosions, the underground structure vibrates in
space in the vertical plane and in two horizontal planes. The range of vibrations is wider than the other ones
with the increase of the equivalent distance, the time of action of waves on the structure increases.

On the basis of the structure vibration records, the values of the logarithmic decrements for each
component of the displacement vector of the structure were determined and the following inequality was
established: A, <A, <A, 1.€., the average value of the decrement of the vertical component is larger than

the others.

vert
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3. It was established that if the vibration decay in the horizontal direction (along the O-X axis) is
mainly due to the compliance of the ground or, in other words, in this direction, damping occurs due to the
interaction or overcoming the cohesion energy of contact between the body of the structure and the ground,
then for the vertical component the structure vibration decay is associated with the dissipation of energy as
a result of significant strains of the ground.

4. During seismic vibrations caused by underground explosions, the stress-strain state of the under-
ground structure is determined by the amount of energy received by the structure. To estimate the ratio
between the energy propagating in the ground and the energy received by the underground structure during
their interaction, the use of coefficient n was proposed.

It was found that as the intensity of explosion-induced vibration increases, the total amount of kinetic
energy received by the underground structure increases, but the 1 ratio decreases.

5. 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.

6. As a result of approximation of experimental data, a formula for determining the stress in the ground
was obtained. The experimental and theoretical results are suitable for predicting the behavior of
underground thin-walled structures under the impact of explosive seismic waves. Calculations show that
they can be used in estimating the seismic intensity of explosive seismic waves with sufficient accuracy.
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