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The method of high frequency vibratory driving and extraction of sheet piles is fre-
quently utilized in the conditions of structurally unstable soils in St. Petersburg. However,
with this method of installation (extraction) of sheet piles in the surrounding soil mass it
arises oscillations that are transmitted to nearby buildings and housing, capable of caus-
ing dangerous phenomena in their undergroud and aboveground structures, mainly relat-
ed to differential settlement of foundations.

The prediction of additional settlement of buidings in the surrounding area from vibro-
driving/extraction of sheet piles is a complex, multi-factor task, and the level of the structural
displacement of building, which is the main controlled parameter for the influence of dynamic
loading on the foundation soil, according to the current regulatory documents Territorial
Building Codes50-302-2004, Departmental Building Codes490-87, Russian State Standard
52892-2007 is merely an indirect criterion for assessment. To obtain a more accurate as-
sessment of the development of additional settlements in buildings during high-frequency
vibratory pile driving and sheet pile extraction, it is necessary to take into account not only
the duration and frequency of the impact, but also the properties and type of soil itself.

The purpose of this reseach was to study changes in the strength parameters of silty-
clay soils depending on the time of dynamic loads impact, the type and consistency of the
soil itself, as well as changes in parameters depending on the “rest” time of the soil base
after exposure to vibration.

The article presents the results and shows the tendency to reduce the parameters of
soil strength after the application of dynamic load and the dependence of their change on
the time of impact, on the type and consistency of the soil. It has been determined the
dependence of changes in the strength parameters of the soil conditionally upon the "rest"
time of the soil mass as a result of thixotropic re-storation, which will determine the eco-
nomic attractiveness for the accident-free technology of this method.
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M3MEHEHUE NAPAMETPOB NMPOYHOCTU NbINIEBATO-TMIMHUCTDBIX
MPYHTOB B 3ABUCUMOCTU OT BPEMEHU BO3EUCTBUA
OUHAMUYECKOWN HATPY3KU U TUMA TPYHTA

M.B. 3aBoauukoBa, A.ll. YepemxuHa
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MCMbITAHUS1 HA OAHOMOCKOCTHON
Cpes, pas3XKeHne rpyHToB, TUKCO-
Tponus, pa3ynpoyHeHne rpyHToB,
TUKCOTPOMNHOE BOCCTaHOBIIEHME,
KonebaHws rpyHTa, OCHOBaHWA U
yHAaMeHTbI, BUGponorpyxeHue
LUMYHTOBbIX CBaK, BUbpomssneye-
HMe LUMYHTOBbLIX CBaW, LUNyHTOBasA
cBasi.

MeTon BbLICOKOYACTOTHOTO BUOPOMOrPYXEHUS WM BUOPOU3BNEYEHUS LUMYHTOBbIX
cBall NpUMEHSIETCH AOCTaTOYHO YacTo B YCMOBUSIX Cnabbix CTPYKTYPHO HEYCTONYUBLIX
rpyHToB CaHkT-lNeTepbypra. OgHako npu gaHHOM cnocobe MorpyxeHus (M3BrneveHust)
LUNYHTa B OKpY>atoLLeM ero rpyHTOBOM MaccuBe BO3HUKAKOT konebaHusi, nepepatowmnecs
pPacnonoXeHHbIM PSAOM 3AaHWUSIM U COOPYXEHUSM U CrMoCOOHble Bbi3biIBaTb OMacHble
ABMIEHNST B UX KOHCTPYKLMSAX Kak NoA3eMHOW, Tak U HaA3eMHOM YacTeW, CBsi3aHHble B
OCHOBHOM C HepaBHOMEPHbIMU ocadkamu pyHAAMEHTOB.

[MporHo3 AononHWTENBHOM OCaAKM 34aHWIN OKPYXatoLen 3acTpovikv oT Bubponor-
PYXEHVA/M3BNEeYeHUs LNYHTOBbLIX CBal SBMSETCHA CIOXHON, MHOrODaKTOpHOW 3adajven, a
ypoBeHb konebaHns KOHCTPYKUMW 34aHUs, SBMSIOLENCS OCHOBHbLIM KOHTPOMMPYEeMbIM
napameTpoM BNUSHUA AMHAMWYECKOTO BO3AENCTBUSI HA FPYHT OCHOBaHWSI, COrnacHo aen-
CTBYIOLLMM HOpMaTUBHbIM AokymeHTam TCH 50-302—-2004, BCH 490-87, TOCT P 52892—
2007 sBNAeTCA NULb KOCBEHHBIM KpUTepreM oueHkn. [ins 6onee BepHOro CyaeHus o
pasBUTMN AOMONHUTENbBHBLIX OCAAOK 34aHWIA NPU BbICOKOYACTOTHOM BUGPOMOrPYXXEHUU 1
BMOpOM3BNEYEHUN LUMYHTOBbLIX CBal criedyeT AOMOMHUTENbHO YYWTbiBaTb HE TOMbKO
BpPEMS 1 4acTOTy BO3[ENCTBUS, HO N CBOWCTBA U TWUM CAMOTO rPyHTa.

Llenbto aaHHOro nccrnenoBaHnst SIBMSNOCH M3yYeHWE M3MEHEHUS NapaMeTpoB MPOYHO-
CTN MNbINEeBaTO-MMUHNCTbLIX FPYHTOB B 3aBUCMMOCTW OT BPEMEHW BO3AENCTBUS AMHAMUYECKON
Harpysku, TMNa U KOHCUCTEHLMN CaMOro PyHTa, a Takke U3MEHeHVne napamMeTpoB B 3aBUCK-
MOCTV OT BPEMEHM «OT/AbIXa» rPYHTOBOrO OCHOBAHWS MOCINE BO3AENCTBUA BUOpaLmN.

MpuBeaeHsl pesynbTaThbl U NOKasaHa TEHAEHLMA K CHKEHUIO NapaMeTpoB MPOYHOCTM
FPYHTOB MOCIe NPUIOXKEHUS AMHAMUYECKON Harpyskv U 3aBUCMMOCTb UX M3MEHEHUs OT Bpe-
MeHW BO3ENCTBUS, OT TUMa W KOHCUCTEHLMW FpyHTa. YCTaHOBMNEHa 3aBUCUMOCTb U3MEHEHNS!
MPOYHOCTHBIX MAapaMeTPOB rPyHTa B 3aBUCYMOCTM OT BPEMEHWN «OTApIXa» rPyHTOBOrO Maccviea
B pe3ynbTaTe TUKCOTPOMHOrO BOCCTAHOBMEHUS!, YTO ByaeT onpeaensTs 9KOHOMUYECKYIO Npu-
BReKaTenbHOCTb Ans 6e3aBapuiiHON TEXHONOMMMN AaHHOro MeToaa.

Introduction

The method of high-frequency vibration driving and extraction of sheet piles at modern con-

struction sites of St. Petersburg is used quite often due to its high productivity, the possibility of
using a simple set of technical means and the reuse of the piles themselves, which determines its
economic benefits [1-6]. However, its use, especially in weak water-saturated rocks of St. Pe-
tersburg, entails the destructuring of the foundation soil and, as a result, the violation of stability
of the pit fence itself and additional settlement of the surrounding buildings [7-12].

The upper part of the geological section of St. Petersburg is composed of weak water-
saturated soils capable of turning into a quicksand state under external influences of various na-
ture, including vibration, as well as restoring their strength in a state of rest. Dusty-clayey depos-
its of lacustrine and glacial genesis are covered with such properties [13]. The problems of reac-
tion and behavior of soil under external dynamic load have been studied by many authors, the
main of them are D.D. Barkan, S.L. Kramer, E.A. Voznesensky, A.Z. Ter-Martirosyan, A.Y. Mirny,
V.V. Sidorov, V.V. Kapustin, V.A. Ershov [1, 6, 14-20] and others. The reaction of soils to the
occurrence of dynamic stresses as a result of vibratory driving or extraction of sheet piles de-
pends primarily on the type of soil, its structural connections and physical and mechanical prop-
erties [21, 22]. For example, sandy soils become compacted after exposure to dynamic load
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[14, 23-25], the reaction of water-saturated dusty-clayey soils is expressed in partial or com-
plete loss of stability as a result of the development of such processes as dilatancy and liquefac-
tion — quicksand and thixotropy [26]. Under dynamic action deformation and strength charac-
teristics are significantly reduced.

Previous studies on changes in the properties of soils are not enough to identify a clear de-
pendence of their changes. Thus, the problem of assessing the applicability of the technology of
high-frequency driving of sheet piles in the difficult geological conditions of the city is relevant.

Experimental part

The authors carried out experimental studies of changes in the strength characteristics of dusty-
clay soils in laboratory conditions after vibration loads exposure. The first series of experiments is
devoted to the study of changes in strength parameters depending on the time of vibration exposure,
the second — on the time of "soil rest" and the third — on the consistency and type of soil.

The first series of laboratory experiments was carried out in order to determine the regu-
larities of changes in the strength parameters of clay soils depending on the time of exposure to a
dynamic load commensurate with the immersion time of one sheet pile.

The key parameters of the external dynamic stress are frequency, amplitude, and vibration
acceleration. The frequency of high-frequency vibration immersion is in the range of up to 50 Hz,
the value of vibration acceleration is normalized by Territorial Building Codes50-302-2004, De-
partmental Building Codes 490-87, Russian State Standard 52892-2007. The time of the dynamic
load impact on the soil is not a normalized value and depends on the number and length of the
pile to be driven at the construction site. The time of vibration immersion can reach 15-20 minutes in
the geological conditions of Saint Petersburg.

The experiments were carried out in a single-plane shear device on samples of loam of soft
plastic consistency with a moisture content of about 35 % according to the "non-consolidated-
undrained" (NU) testing scheme on a single-plane shear device at "normal" loading levels of
50 and 100 kPa. Testing according to NU scheme is called "fast shear". Under testing of poorly
permeable water-saturated loamy rocks according to this scheme it is possible to obtain an angle
of internal friction ¢ and adhesion in the unstabilized state.

In the course of the experiment, the following time intervals of vibration impact on clay soils
were considered: 5, 10 and 15 minutes, which generally corresponds to the time of immersion of
a sheet pile in the geological conditions of Saint Petersburg.

Thus, a total of 4 tests were carried out, in each of which two twin samples were tested, the
first - without vibration action, the second after 5 minutes, 10 minutes and 15 minutes of dynamic
action on a vibrating stage at a frequency of about 50 Hz, which simulates the impact of vibration
immersion or vibration extraction of sheet piles on the soil of the pile space.

The obtained graphs of shear resistance of soft-plastic loam before and after vibration action
according to the "NU" scheme are shown in Fig. 1.

Parameters of strength properties of loamy soil obtained before and after 5, 10 and 15 minutes of
vibration exposure are given in Table 1.

The results of the experiment show the reducing trend of internal friction angle at the in-
creased time of dynamic load exposure, thus the value ¢ showed the reduction from 18 to 16, 13
and 9 degrees; i.e. the decrease ranged from 11 to 50 %. Whilr the amount of adhesion, which
depends on the consistency of the soil, did not show any serious changes.
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Fig. 1. Results on in-single plane shear of loam of a soft-plastic consistency. Blue color — the soil
was tested without the impact of dynamic load; orange color — the soil was tested after 5 minutes
of exposure to dynamic load; gray color — the soil was tested after 10 minutes of exposure
to dynamic load; red color — the soil was tested after 15 minutes of exposure to dynamic load
Puc. 1. Pe3ynbpTaThl Ha OMHOIUIOCKOCTHOH Cpe3 CYTJIMHKA MATKOIUTACTHYHON KOHCHCTEHIINH.
CuHuil 1IBET — IPyHT UCIIBITAH 0€3 BO3JeHCTBHUS JUHAMUYECKONW HATrpy3KH;
OpaHXXEBHIH IIBET — IPYHT UCIBITAH IMOCJIe 5 MUH BO3ICHCTBUS THHAMHYECKON HArpy3KH;
CepBIii IIBET — TPYHT UCHBITaH Hocsie 10 MUH BO3ACHCTBHA AMHAMUYECKON HATPY3KH;
KpacHBIN IIBET — TPYHT UCIIBITAH MOCie 15 MUH BO3/IEHCTBHS THHAMHYECKON Harpy3Ku

Table 1
Parameters of strength properties of loamy soil obtained
before and after 5, 10 and 15 minutes of vibration exposure
Tabnuna 1
[TapameTpbl MPOYHOCTHBIX CBOMCTB CYTNIMHUCTOIO IPYHTA, IOJy4YCHHbIE
1o u nocne 5, 10 u 15 MunyT BO3A€HCTBHS BUOpaLuu
Name Angle of internal Reduction of internal Adhesion,
friction @, degrees friction angle, % kPa
Vibration-free 18 0 2-7
Vibration exposure time — 5 minutes 16 11 2-7
Vibration exposure time — 10 minutes 13 27 2-7
Vibration exposure time — 15 minutes 9 50 2-7

The second series of experiments was also carried out according to the "NU" scheme in a
single-plane shear device in order to determine the change in the strength parameters of the soil
as a result of thixotropic reduction. In the course of the experiment 3 samples of undisturbed
loam composition of soft-plastic consistency were tested in 2, 4 and 10 days of "rest" after
10 minutes of their dynamic exposure by vibrating table. The amplitude-frequency effect of the
vibrating table on soil samples did not exceed 50 Hz, which is comparable to the effect of vibra-
tion immersion or vibration extraction of sheet piles on the soil of the pile space.

According to different authors, the duration of thixotropic restoration and strengthening of
structural bonds varies significantly for clay soils of different chemical and mineral composition,
dispersion and humidity. So, if the soil is a purely thixotropic system, it will fully restore its
strength to the initial level, regardless of the dynamic load parameters. In contrast to a quasi-
thixotropic system, the final strength of such systems after dynamic action either slightly does not
reach or slightly exceeds the initial value [26, 27].
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For young loams and clays, the recovery process ends in the first day, for more compacted
clays — in the first ten days. Also, in addition to the composition and condition of the soil, the res-
toration process is influenced by the impact parameters, which cause partial or complete destruc-
tion of structural bonds.

The restoration of property parameters is of decisive importance in the problem of vibration ex-
traction of sheet piles [28]. Vibration extraction with the purpose of sheet pile reuse can significantly
reduce the cost of work, which in its turn determines the economic attractiveness of this method.

Thus, as a result of thixotropic restoration of the foundation soil the parameters of strength
properties obtain their initial values and this fact signifies the safety of further work on pile ex-
traction. In other words, the immersiom and extraction of piles without any temporary intervals
will lead to a catastrophic decrease in the angle of internal friction and adhesion, the transition of
the soil to the state of heavy liquid. The obtained graphs of shear resistance of soft-plastic loam
after 2, 4 and 10 days of "rest" according to the "UN" scheme are presented in Fig. 2.
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Fig. 2. Results of in-plane shear test of soft plastic loam. Orange color - after 2 days
of "rest", blue color — after 4 days of "rest", gray color — after 10 days of "rest"
Puc. 2. Pe3ynbTaThl HCIIBITaHUS CYTJIMHKA MSATKOIDIACTUYHOTO Ha OJHOTUIOCKOCTHOM CpPe3.
OpamXeBBIM [IBETOM — IOCJE 2 CYT «OTIBIXa», CHHUM LIBETOM — IOCHE 4 CYT «OTIBIXay,
cephIM 11BeTOM — Tociie 10 cyT «oTabIxa»

The parameters of the strength properties of loamy soil of soft plastic consistency obtained
after 2, 4 and 10 days of "rest" of samples of 10-minute dynamic impact by a vibrating table de-
pending on the time of "rest" of the samples are presented in Table 2.

Table 2
Parameters of strength properties of loamy soil
after 2, 4 and 10 days of "rest" after dynamic impact
Tabnuma 2
[TapameTpsl MPOYHOCTHBIX CBOMCTB CYTJIMHUCTOIO IPYHTA MOCIIe
2,4 1 10 cyT «oTAbIXa» MOCJE TUHAMHYECKOTO BO3AEHCTBUSA
Angle of internal fiction ¢, degrees Adhesion, kPa
Time of "rest" — 2 days 11 2-5
Time of "rest" — 4 days 18 2-5
Time of "rest" — 10 days 25 2-5

The results showed that during the so-called "rest" the angle of internal friction restores the
initial value after 4 days, and after 10 days of "rest" the value exceeds the initial one.
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The third series of tests was carried out by the in-plane shear device, also according to the
"NU" scheme, in order to determine the dependence of changes in the parameters of strength
properties after dynamic action in different types of soils. Samples of loam of various consisten-
cies and dusty sandy loam were tested. Three samples were tested. The first is a sandy loam of
undisturbed composition of plastic consistency. The second is the undisturbed loam of soft plastic
consistency. The third is a sample of the disturbed composition of fluid-plastic loam. The test
samples had a density of 1.78—1.83 g/cm® and a humidity of 25 to 37 %.

The tests were performed on 2 samples of plastic sandy loam at a load of 50/150 kPa and
100/150 kPa, on 2 samples of soft plastic loam and 2 samples of fluid plastic loam at a load of
50/100 kPa [29]. One sample was tested without prior vibration and the other was subjected to
vibration for 10 min at a frequency greater than 50 Hz. In total, 2 samples of dusty plastic sandy
loam, 1 sample of fluid plastic loam, and 2 samples of soft-plastic loam were tested [29]. Tests of
sandy loam and fluid loam were carried out earlier and described in [29]. The strength parameters
obtained before and after exposure to vibration are presented in Table 3. The results of soft-
plastic loam testing on the in-plane shear according to the "UN" scheme are presented in Fig. 3.
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Fig. 3. The results of soft-plastic loam testing on the in-plane shear.
Blue color — the soil was tested without the impact of dynamic load; gray
and orange color — the soil was tested after 10 minutes of exposure to dynamic load
Puc. 3. Pe3ynbTaTsl HCIIBITAaHHS CYTJIMHKA MSATKOIUIACTHYHOTO HA OAHOIIOCKOCTHOM Cpes.
CuHHIA IBET — TPYHT HUCIIBITaH 0€3 BO3ACHCTBHS THHAMHUISCKON HAarpy3KH; CEphIii 1 OPaHKEBHIH I[BET —
TPYHT ucnbITad nociie 10 MUH BO3AEHCTBUSA JUHAMUYECKON HArpy3Ku

Table 3
Parameters of strength properties of dusty clayey soil
before and after high-frequency impact
Tabnuna 3
[TapameTppl NPOYHOCTHBIX CBOMCTB MbUIEBATO-TIIMHUCTOrO TPYHTA
JIO ¥ TIOCJIE BBICOKOYACTOTHOI'O BO3CUCTBUSA
Number.of Angle of internal Angle of internal Reduction
sample, time e o ) .
. N friction ¢ before friction ¢ after of internal Adhesion,
Type of soil of vibration S o .
. vibration impact, vibration impact, friction angle, kPa
impact 10 0
- degrees degrees Yo
minutes
. 1 30 23 24 0
Plastic sandy loam 5 1 29 3 0
Cum}lloplastlc loam 1 5 ’ 60 0
consistency
Loam of soft 1 18 13 27 5-7
coplastic consistency 2 18 9 50 5-7
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The parameters of strength properties of dusty-clayey soil obtained before and after exposure
to vibration according to the "NU" scheme are presented in Table 3.

Laboratory tests according to the "NU" scheme showed a tendency to reduce the angle of in-
ternal friction after exposure to vibration from 24 to 60 %, depending on the type and consistency
of the rock, while the amount of adhesion, depending on the consistency, did not change.

The data obtained by the authors coincide with the results of studies carried out by other re-
searchers. For example, tests on loess-like loam under vibration effects at MGSU showed a
change in strength by 8-17 % [30].

Interesting data were obtained at 2 sites in St. Petersburg, when soils "before" and "after" vi-
bration immersion were subjected to a static sounding test [29]. The results of static sounding
showed a decrease in the resistance to probe immersion by 30-70 % at a depth of 1.5-6 m from the
day surface during the vibro-immersion of sheet piles and a decrease of 15-85 % during the vibro-
extraction of sheet piles. The results of field and laboratory studies showed good convergence.

Conclusion

1. Studies on the determination of strength parameters by the method of in-plane shear ac-
cording to the "NU" scheme after dynamic action showed a decrease in the angle of internal fric-
tion in sandy loam by 30 %, in soft-plastic loam by 30-50 %, in fluid-plastic loam by 60 %. As it
turned out, the amount of adhesion does not react to vibration.

2. Laboratory studies aimed at determining the strength parameters of soft plastic loam ac-
cording to the time of exposure to vibration load from 5 to 15 minutes showed a decrease in the
angle of internal friction from 11 to 50 %. The magnitude of the adhesion did not change signifi-
cantly and was in the range of up to 7 kPa.

3. Studies on determination of the strength parameters of soft-plastic loam after 2, 4 and
10 days of "rest" showed an increase in the angle of internal friction to the initial value after 4 days,
and after a 10-day "rest" the value exceeds the initial value, which indicates the repackaging of parti-
cles and the restoration of structural bonds. Thus, weak clay rocks after complete or partial destruc-
tion of thixotropic-coagulation structural bonds by dynamic load are able to increase strength to or
even higher than the initial value. And this fact characterizes these soils as a quasi-thixotropic system.

The process of restoring the structural ties of weak water-saturated dusty-clayey soils of St. Pe-
tersburg plays an important role in the process of extracting sheet piles for the purpose of their re-
use. For example, the repeated application of a dynamic load during high-frequency vibration ex-
traction can lead to a catastrophic decrease in parameters and the transition of the soil to the state of
a heavy liquid as well as the loss of stability of buildings falling into the zone of influence.

@Dunancuposanue. Vccnedosanue ve umMeio CHOHCOPCKOU HOOOEPIHCKU.
Kongnuxm unmepecos. Asmopul 3a161310m 06 OmMcymcmeuu KOHQGIUKMA UHMEPECO8.
Bxnao aemopos. Bce asmoput coenanu pashulil 6K1a0 8 N0O20MOBKY nyoOIuKayuu
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