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Abstract. The paper presents research results on the development of a method for pre-
dicting the dimensions of the compacted soil zone forming around a single pile when a pit for
a local grillage is stamped after the pile has been driven. This method was developed for a
new type of single-pile combined foundation that integrates the functions of a driven pile and
a foundation in a stamped-out pit. The relevance of this research stems from the lack of exist-
ing solutions regarding pit stamping conditions within the peripile soil. The objective of the
study is to derive fundamental formulas for determining the dimensions of the compacted soil
zone during the pit stamping process. These solutions are based on the mass conservation
equation for the peripile soil within the compacted zone before and after the pit is stamped.
The study utilizes established calculations and techniques from mathematics, physics, and
soil mechanics. Two variations of possible compacted zone configurations are considered.
Analytical formulas were obtained that allow for the determination of the diameter and depth
of the compacted zone (below the bottom of the pit), taking into account the density and mois-
ture content of the peripile soil, as well as the dimensions of the driven pile and the pit
stamped over the pile head. Comparative calculations performed using these formulas
showed that the results are closely aligned, with the difference not exceeding 20%. The fun-
damental formulas include parameters for which recommendations must be developed based
on experimental research. The method is recommended for use in engineering practice fol-
lowing experimental verification.
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ARaaTna. 3epmmeynep Hamudcecinoe Hcanevl3 Kaoa MAHbIHOA&bl MOnvlpaKkma, Kaoa
KA2blIRAHHAH  KeUiH OHblY ycminei Oenicinde  dcepeilikmi  pocmeepkKe  apHaleaH
KA3AHWYHKbIPObl  WMAMRMAY — Ke3iHoe — KAIblNMAcamvlH — mulebl30alean — auMakmolH
onueMoepin boaxcayea MymKiHOIK bepemin 20ic a3ipaenodi. O0ic Kaoa MeH WmamMnmaneaH
KA3aHUWYHKbIpOAgbl  ipeemacmuvly — (QYHKyusiapvly  Oipikmipemin — 0ip  Kadajvl
KYPamoacmuipuli2an ipeemacmsly Hcaya mypine oetimoenin dcacandan.ooicmi a3ipneyoiy
o3ekminiei Kaoa MAayblHOA&bl MONBIPAKMA KA3AHUWLYHKBIPObL WMAMAMAY HCARO0AUbIHA
Kamolcmol YKcAc wewimoepoiy oOoamayviMer Hezizoenedi. 3epmmeydiy Mmaxcamol -
KA3AHWYHKbIPObl  WMAMAMAY Ke3iH0e Kaoad MAaHbIHOA&bl MONbIpAKmMblY Mblebl30a12aH
AUMARbIHLIY, O1uleMOepiH aHbIKmayea apHanan uezizei ¢gopmynanapowvt any.lllewimoep
MblbI30ANAH AUMAKMA&bl KAOd MAHbIHOA&bl MONLIPAKMbIY WMAMNMAY2a Oeuinel dHcoHe
Kellinel KyuiHOeel macca cakmany menoeyin konoanyea HezcizoenceH. CoHblMeH Kamap
mMamemamuxa, usuKa iHcane Mmonvlpax MeXaHUKacyl CalaiapblHOagsl 6encini myxicovlpbimMoap
MeH 20icmep natoananvliovl. Tonvipakmoly mul2bl30aNaH — AUMARLIHBIY — bIKMUMATL
niwiHoepiniy eKki HYcKacel Kapacmulpviiovl. Ecenmix ¢hopmynanap anvinowi, onap kaoa
MAaybIHOAZbl MONBIPAKMbBIY Mblebl30blebl MeH blLIRANObLIbIEbl KOPCEeMKIUMepPIiH, COHOAU-axK
Ka2blI2aH KAOAHblY JHCoHe Kaod YCMiHeH WMAMNMALamulH KA3AHUYHKbIPOLIY OIueMOepiH
eckepe OMbIPLIN, MbIELIZOANRAH — AUMAKMbIY — OUAMEMPIH  JCoHe OHblH — MmepeHOiciH
(Ka3aHWyYHKblp MyOiHeH MOMeH) aHblkmay2a MYMKIHOIK Oepeli.¥cvinviizan ¢hopmynanap
He2i3iHOe canvbiCmblpMansl ecenmeyinep Jicypeizinodi. Homuoicenepdiy 6ip-6ipine scemxinikmi
Oapedicede JHCaAKbIH eKeHi dicaHe auvipmawiblivizbl 20%-0an  acnaiimeiibl aHLIKMALOBL.
9oicmin He2i32l hopmynanrapeinbly KYpamblHa Kipemin napamempiep 60UbIHULA YCOIHbICIMAD
9KCHEepUMEeHMMIK 3epmmeyiep Hamudicecinoe azipaeHyi muic. 90ic uHCceHepaiK maoicipubeoe
OHbl IKCNEPUMEHMMIK meKcepyOeH OmKIi32eHHeH KelliH KOI0aHy2a YCblHbLIAObL.

Tyilin ce3nep: xada, Kada auHanacLIiHOALI MONBIPAK, KA3AHWYHKbID, WMAMN,
wmamnmay, mulabl30an Kaiblnmay, mulabl30a12aH auMax;
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AHHOTAUMA. M371001cenbl  pesyibmamsl  UCCIe008anutl no paspabomke Mmemood,
N0360AI0Ue20  NPOU3BOOUMb  NPOSHO3 — paA3Mepo8  YNIOMHEHHOU  30Hbl  2pYHmA,
Gopmupyrowelics 6 OKOIOCBAUHOM NPOCMPAHCIBE 0OUHOYHOU C8AU NPU BbILUMAMNOBbIBAHUU
8 HeM KOMJIO8AHA NOO JOKAIbHLIL pOCmeepK nocie 3abusku ceéau. Memoo paspabomarn
NPUMEHUMENbHO K  HOBOMY 6UOY O0OHOCBAUHO20 KOMOUHUPOBAHHO20 —(YHOAMeHma,
couemarujeco 6 cebe GyHKyuu 3a0uU6HOU ceau U GyHOamMeHma 8 BbIUMAMNOBAHHOM
Komaogaue. AKMYyaibHOCMb CO30aHUs Memooa 00YCl08/eHa Omcymcmeuem noooOHbIX
PpeueHull NPUMEHUMENbHO K YCI08USIM GbIUMAMNOBbIBAHUS KOMJIOBAHA 8 OKOJOCEAUHOM
epyume. Llenvto ucciedoganuil s61emcsi NOAYYeHUe OCHOBHLIX (HOPMYTL NO ONpeoeleHUo
Pazmepos YnjiomHeHHOU 30Hbl OKOJIOCBAUHO20 SPYHMA NPU 8bIUIMAMNOBbIBAHUU KOMIOBAHA.
Pewenus Oasupyromes Ha ucnonv3osamue ypaeHeHus COXPAHEHUs. MACCbl OKOLOCBAUHO20
2PYHMA 6 YNIOMHEHHOU 30He 00 U MNOCie BbIUMAMNOBLIBAHUS 6 HeM KOMIOBAHA.
Hcnonv306anbl makoice u36eCmHule 8bIKIAOKU U NPUEeMbl 8 00IACMU MAMEMAMUKY, QUUKY U
MexaHuku 2epyHmos. Paccmompenvt 06a eapuanmvl KOMOUHAYUU BO3MOICHBIX GOpM
VIIOMHEHHOU 30Hbl epyHma. [lonyuenvl pacuemmuvie @Hopmynvl, Komopwvie NO36010M
VYCMaHasueams ouamemp YNiIOMHEHHOU 30Hbl U ee 2lyOuHy (Hudice OHA KOMJIOBAHA) C
yuemom nokazameinei NIOMHOCMU U GILAICHOCMU OKOJOCBAUHO20 2pYHmMA, a MmaKdice
pazmepos 3abumotl ceau U KOMIOBAHA, BbIUMAMNOBLIEAEeMO20 nosepXy ceéau. Ha ocHoge
NPeOCMAasIeHHbIX (POPMYI BbINOTHEHbL CPABHUMEIbHbIE PACYEmbl, KOMOpble NOKA3AIU, YMO
pe3yibmamsl N0 HUM OOCHMAMOYHO Oau3Ku Opy2-0pyey u ux pasuya ve npesviuiaem 20%. B
coCmas OCHOBHBIX (YOPMYTL Memooa 6x005m Napamempsvl, PeKOMEeHOAyUuu no onpeoeseHuio
KOMOPbIX, OO0JJICHbL OblMb 6bIPAOOMANLI HA OCHOBE PE3YIbMAmMo8 IKCHePUMEHMATbHBIX
uccneoosanuii. Memoo pekoMeHOVIOMCst K UCHONIb30BAHUIO 8 UHIICEHEPHOU NPAKMUKE NOC/Le
€20 IKCNePUMEHMANbHOU NPOBEPKUL.

KiawueBble ¢JI0Ba: 0KOIOCBAUHBIL 2pYHM, C6Asl, WMAMN, BbIUMAMNOBLIEGAHUE,
8bIMPAMOOBLIBAHUE, KOMJIOBAH, YNIOMHEHHAS! 30HA
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1 INTRODUCTION

It is well known that surface soil compaction, as well as the tamping and stamping of pits,
trenches, and depressions, results in the formation of a compacted zone in the surrounding soil
(Keller et al., 2025; Seth et al., 2024). Research results conducted over various years indicate that
the shape and dimensions of compacted soil zones depend on the following factors:

- Excavation tamping conditions and the distance between them;

- Properties and state of the soil prior to compaction;

- Tamper shape and its energy parameters;

- Slope angle of the tamper's side faces relative to the vertical;

- Shape and dimensions of foundations within the tamped excavations.

The parameters of this zone are essential for the effective design of foundations on compacted
soils, as well as foundations in tamped-out pits and stamped trenches or basins(Bessimbayev et al.,
2022). This is due to the fact that the soil within the compacted zone possesses increased density;,
and its deformation and strength characteristics are significantly higher than those outside this zone
(Alenov et al., 2025). Therefore, when determining the bearing capacity and settlement of founda-
tions, it is crucial to consider both the geometric parameters of the compacted zone and the soil
property indices within it . Undoubtedly, such an approach will contribute to a significant increase
in the reliability and cost-effectiveness of foundations constructed on compacted bases (Melese,
2022).

The arguments presented underscore the relevance of research aimed at developing a method
for determining the dimensions of the compacted peripile soil zone during pit stamping following
pile driving (Kido et al., 2022a). This assertion is further supported by the fact that the pile founda-
tion-comprised of a pile and a grillage installed in a stamped pit within the peripile soil after driving
-represents a new type of combined pile foundation for which no such studies have been conducted
(Bekbasarov et al., 2025). This foundation type is characterized by a higher soil compaction effect
compared to piles with shaft enlargements or pyramidal-prismatic piles (X. Li et al., 2026). This
advantage is attributed to the specific stress-strain state (SSS) of the foundation soil resulting from
sequential mechanical impact: initially through soil displacement by the volume of the driven pile,
followed by additional radial and vertical compression during the stamping process of the footing
cavity. However, despite the evident structural advantages, contemporary regulatory technical litera-
ture and existing calculation methods lack analytical dependencies that allow for a reliable determi-
nation of the geometric parameters of this ‘dual' compaction zone. Current methodologies are either
limited to the calculation of individual rammed (stamped) cavities or consider pile performance in
isolation from the influence of the densified soil space beneath the footing.

Based on the analysis of changes in the physical characteristics of the near-pile soil after driv-
ing the pile into theground, a method for calculating the compacted zone of the near-pile soil
has been developed with and without taking into account possible soil uplift at different degrees of
soilwater saturation, including completely water-saturated soil (Gotman et al., 2025).

2 LITERATURE REVIEW

Given the complexity of predicting the shape and geometric parameters of compacted soil
zones through analytical methods, it is generally advisable to determine these parameters through
field testing at construction sites. However, as is well known, this method-despite its reliability-is
quite labor-intensive and costly (Skeji¢ et al., 2023). Therefore, in most cases where field testing is
absent or unfeasible, specialists establish the dimensions of compacted soil zones using engineering
methods. Currently, there are several such methods for determining the dimensions of soil zones
subjected to impact compaction. A brief analysis of their features is provided below (Fang et al.,
2019).
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In the work of, a method is presented for determining the maximum depth of soil compaction
when using pneumatic impact devices. It is proposed to determine this parameter using the follow-
ing formula:

hmax = B1ds, (1)

where: B, — a coefficient equal to: * 1.0-1.2 for clayey and filled soils; 1.2-1.4 for loamy
soils; 1.4-1.7 for sandy soils; d; — the diameter of the bottom of the stamp.

This method is simple to apply; however, it lacks sufficient reliability because it does not ac-
count for the influence of the following factors on the soil compaction depth:

- the mass and drop height of the tamper;

- the density and moisture state of the soils.

When compacting soils with heavy tampers, the thickness of the compacted soil layer is de-
termined using a simplified method. According to this method, the thickness of the compacted soil
is calculated using the following formula, which depends on the diameter of the tamper base.

Hes = kd (2)

where: k- a coefficient equal to: 1.55 for sand; 1.45 for loam; 1.3 for loessial sandy loam; 1.2
for clayey fill; 1.0 for clay; d — the diameter of the tamper base.

Formulas (1) and (2) differ insignificantly from one another in both their structure and the
values of their coefficients.

The Guidelines recommend determining the dimensions of the compacted soil zone beneath
the base of a tamped-out pit using the following formulas:

hcomp = 1,5b, (3)

dcomp = 2bp, (4)

rie. Reomp - TOJMILMHA YIIIOTHEHHOH 30HBI IPYHTA HOJ KOTIOBaHOM; by,- width of the pit at
the mid-height section; d,m,- width of the compacted zone at a depth of (0.15-0.25) b, from the
pit base.

Similar recommendations are contained in departmental and republican building codes, all of
which pertain to the process of pit tamping.

Building codes provide for determining the dimensions of the compacted soil zone around a
tamped-out pit based on the condition that the shape of this zone in a vertical section corresponds to
an ellipse. In this case, both the thickness and the width of the compacted zone are established pro-
portionally to the width of the pit at the mid-height section (Table 1).

Table 1.
Dimensions of the compacted soil zone around a tamped-out pit .
Type of founda- le of the | Dimensions of the compacted soil zone
tion in a tamped- Taper afngg]efo t g ower part . .
out pit of the foundation Thickness hg Width dg
With a flat bottom
end - 1,5b,, 2b,,
"With a pointed 45° 0,7b,, 1,4b,,
bottom end 60° b, 1,6b,,
90° 1,3b,, 1,8b,,

HPI/IMe‘IaHI/IGZ bm - pa3sMEp KOTJIOBAHA B €0 CPEAHCM CCHYCHHHU I10 BBICOTC.
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The method under consideration is characterized by the same drawbacks as the methods de-
scribed above. This is due to the fact that they lack a theoretical basis and are based solely on corre-
lation dependencies derived from experimental research results.

In the works, a method is presented that allows for the determination of the diameter of the
compacted soil zone around a tamped-out pit. According to this method, the required parameter of
the compacted zone is established by formula (5):

d. = {M} (5)

5]
a = [p(1+w)/pa(1+w)] -1, (6)

where: V, - volume of the tamped-out pit; p; u w’ - the average values of the dry soil density
and its moisture content, respectively, within the compacted zone after pit tamping; p; u w - the
same parameters prior to pit tamping.

All other parameters included in formula (5) are determined according to the recommenda-
tions specified in. In the development of this method, the shape of the compacted soil zone was as-
sumed to be a truncated ellipsoid (Moldamuratov et al., 2024). The method applies to soil compac-
tion processes implemented using flat-bottomed tampers and tampers with bottom taper angles
ranging from 45 to 120 degrees (Moldamuratov et al., 2023). Unlike other methods, this approach
is theoretically grounded, and its calculation accuracy is high. For instance, the relative error in de-
termining the diameter of the compacted soil zone using formula (5) is 9.8-13.1% (Qiu et al.,
2011).

As the presented analysis indicates, existing methods are more thoroughly developed primari-
ly for determining the dimensions of the compacted soil zone formed around tamped-out pits-
specifically for those constructed in a soil mass free from any structures or other obstacles. Conse-
quently, these methods cannot be effectively utilized in cases where a pit is stamped over a driven
pile and is formed within the peripile soil (Getter et al., 2015).

It is well known that during pile driving, the soil around it is partially loosened (near the
ground surface), while deeper within the stratum, it becomes compacted within the deformed zone.
Therefore, tamping out a pit over a driven pile-given the presence of both loosened and compacted
areas within the peripile soil mass-is a relatively complex process (Kido et al., 2022b). This process
involves the compaction of the loosened section by the stamp and the additional densification of the
deformed soil zone already surrounding the pile(Yang et al., 2023). In this context, the trajectory of
soil particle displacement under the impact of the stamp likely follows a specific pattern: during the
initial hammer blows, soil particles move downward and laterally at an angle to the vertical (Wu &
Qiu, 2020). At this stage, the volume of particles moving downward beneath the stamp base ex-
ceeds the volume of particles displaced laterally away from the stamp(\Wang et al., 2023). Subse-
quently, as the stamp penetrates further, soil particles move more significantly in the lateral direc-
tion rather than downward along the side faces of the pile. As a result, it is hypothesized that a com-
pacted zone will form around the pit and the pile's side faces, with an outer contour resembling a
pear shape (Xiao-ling et al., 2020).

Thus, the conditions of the peripile soil will influence its deformation and particle displace-
ment during the stamping of a pit within it (Sabri et al., 2022; Tatyana et al., 2015). Therefore, the
shape and dimensions of the compacted peripile soil zone will differ from those formed around a pit
stamped in the absence of a pile (Isa et al., 2021). Based on these assumptions, the development of
a method to determine the dimensions of the peripile soil zone during pit stamping after pile driving
is a relevant task for ensuring the rational design of individual combined pile foundations in con-
struction (. Li et al., 2026).
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3 MATERIALS AND METHODS

The methodology is based on the fundamental law of soil mass conservation within the com-
pacted zone, originally adapted from L.I. Bekbasarov’s principles. This study integrates analytical
methods from soil mechanics, physics, and mathematics to derive dependencies for a new type of
single-pile foundation. The research specifically focuses on the unique condition where a pit for a
local grillage is stamped into the soil after a pile has already been driven. To model the process, the
authors analyzed two geometric variations of the compacted zone's outer contour to approximate its
real shape. The first variation models the densified area as a combination of a cylinder and a trun-
cated cone, while the second uses a series of cylinders. A core mass-balance equation was formulat-
ed to relate the initial state of the peripile soil to its compressed state after mechanical stamping.
This equation incorporates a coefficient, which accounts for the specific fraction of soil mass dis-
placed into the target zone during the process. From these theoretical foundations, new analytical
formulas were derived to calculate the maximum diameter and depth of the compacted soil region.
To verify the proposed mathematical model, comparative calculations were performed using vary-
ing parameters such as pit depth and soil dry density. The resulting method provides a practical tool
for engineering design, allowing for the prediction of densified zone dimensions under different
technological conditions.

4 RESULTS AND DISCUSSION

"Based on the principle of mass conservation set forth in, we shall write the fundamental
equation (7) for the condition of stamping a pit in the peripile soil after pile driving:

Mgep = AMy 4, @)

where: my., - mass of the soil within the compacted zone after pit stamping; m ;- mass of
the soil within the volume bounded by the outer limits of the compacted zone prior to pile driving
and pit stamping; « - a coefficient determining the fraction of the soil mass m, , that is displaced
into the compacted zone during pile driving and pit stamping.

Expressing the soil mass in terms of its volume and density, equation (7) can be transformed
and presented in the following form:

Vc,pp, = CZchp,D, (8)

where: V,,, - volume of the compacted soil zone; V, , - volume of the soil within the mass
bounded by the outer limits of the compacted zone prior to pit stamping (after pile driving); p'- av-
erage density of the soil within the compacted zone; p - o average density of the soil prior to pit
stamping (after pile driving).

From equation (8), the volume of the compacted soil zone V_ can be determined as follows:

Vep = aVc,,pp/p’ , 9

Conventionally, two variants for determining the volume of the compacted soil zone can be
considered. In each variant, various possible combinations of geometric shapes are examined
which, in aggregate, allow for a compacted zone shape that closely approximates the hypothesized

(pear-shaped) form. This form is characteristic of the peripile soil during the stamping of a pit fol-
lowing pile driving.
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First variant: the volume of the compacted soil zone V,,  is determined by the following for-
mula (Figure 1):

Vire = [(Ve = Vep = V) + (Ve — V)], (10)

where: V. - volume of the cylinder; Vg, - volume of the stamped-out pit; 1, - volume of the pile
segment with a height equal to the pit depth hy; V. - volume of the truncated cone; 1;,* - volume of
the pile segment with a height equal to depth h.,,; h,, - depth of the compacted soil zone below the
bottom of the pit.

It follows from equation (10) that the outer contour of the compacted soil zone is close to the
shape of a cylinder ACBG in its upper part, and to the shape of a truncated cone JZKL in its lower
part (Figure 1).

The parameters included in equation (10) are determined as follows:

- cylinder volume according to formula (11);

- pit volume according to formula (12);

- volume of the pile segment (within the depth of the pit) according to formula (15);

- truncated cone volume according to formula (16);

- volume of the pile segment (from the bottom of the pit to the lower boundary of the com-
pacted soil zone) according to formula (17).

VC = 7T0,25Dgphp, (11)
_ ([
= {(5) hp(Sp1 + Spz + m)} , (12)
Spl = (B%p - dZ)' (13)
Spz = (B =%, (14)
Vo = d*hy, (15)
1 2 2
Ve = (5) Thep(0,25D2: + 0,25Dcp1d +0,25d%) =
= ()hep(D21 + Deprd + d?), (16)
Vpu — dzhcp' (17)

where: D, - the maximum diameter of the compacted soil zone; S,;- cross-sectional area of
the pit at the top; S,,, - cross-sectional area of the pit at the bottom; B,,; - pit dimension at the top;
B,,, - pit dimension at the bottom; d - pile cross-sectional dimension; D, - diameter of the upper
base of the truncated cone JZKL (Figure 1).

The diameter of the upper base of the truncated cone JZKL in formula (16) is equal to such a
dimension of the cone at which the following equality holds:

Vir = Vi, (18)
where: V,, uV,, - are the volumes of the figures DCB (EAG) and JBZ (LGK), respectively
(Figure 1).
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The fulfillment of this equality ensures that the calculated volume of the compacted soil zone
corresponds to its hypothesized volume. Overall, the diameter of the base of the truncated cone
D,x1 must be greater than the dimension of the pit at its mid-section B, but smaller than the max-
imum diameter of the compacted zone D,,;. Based on this, the diameter D,;, can be approximately
taken as equal to the dimension of the pit cross-section at the top By, .

B
AlE D¢
3 4
éy Bra ;[
G /ﬂB
(i
K 4
Duk

1- pile; 2 - peripile soil compacted zone; 3 - stamped-out pit;
4 - compacted zone around the pit.

Figure 1 - Schematic for determining the dimensions of the compacted soil zone
around a pit stamped after pile driving

Equating the right-hand sides of equations (9) and (10), we obtain the final equality (19), from
which expression (20) can be derived.

aVy . p/p' = [(Ve = Vip = V) + (Ve — VI, (19)
aVe+Vie = Vi, =Vp/p" = [(Ve = Vip — V) + (Vee — V)], (20)

From equation (20), formula (21) for determining the cylinder volume can be obtained V. B in
the following form:

=A{VAQ-a+V'1A-a)+ V] -V:c(1 —a)}/(1 - a), (21)
a =ap/p'wmm a =apz(1+w)/pz;(1+w"), (22)
rae: p, - average dry density of the soil within the compacted zone; w'- average water content

of the soil within the compacted zone; p, - average dry density of the soil prior to pit stamping (af-
ter pile driving); w - average water content of the soil prior to pit stamping (after pile driving).
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By equating the right-hand sides of formulas (11) and (21), a formula for determining the di-
ameter of the compacted soil zone can be derived D, in the following form:

Dy = /b/(0,257hy) (24)

b={VA-a)+V"A-a)+ V] -Vc(1-a)}/(1-a), (25)

When using formula (24) to determine the volume of the truncated cone V;., included in for-
mula (25), it is necessary to specify the depth of the compacted zone below the bottom of the pit
hyi. 1t is recommended to preliminarily adopt this parameter in a form h,, = 1,5B,, similar to
formula (3). The proposed relationship is subject to refinement based on the results of experimental
studies.

From equation (20), taking into account formula (22), a formula for determining the volume
of the truncated cone V. can be obtained in the following form:

Ve ={lA-a)+V*A-a) + V] -1 -a)}/1 - a), (26)

By equating the right-hand sides of formulas (16) and (26), a formula for determining the
depth of the compacted soil zone below the bottom of the pit can be derived in the following form:

huie = ¢/ |(35) T(DZes + Durad +d?) (27)
¢ = V(1 - @) + V(1 - a) + V] = V(1 - 2)}/(1 - a), (28)

When using formula (27) to determine the cylinder volume V,, included in formula (28), it is
necessary to know the diameter of the compacted zone D,;. It is recommended to preliminarily de-
termine this parameter using formula (24). If, after calculating by formula (27), the depth value h,;
is equal or close to the preliminarily adopted depth h,;, = 1,5B,,, the results of the calculations by
formulas (24) and (27) can be taken as final. Otherwise, the diameter should be recalculated D,,; by
formula (24) using the depth value h,,;, obtained from formula (27), followed by a recalculation of
the depth h,;, by formula (27) using the refined diameter value D,,;.

Second variant: the volume of the compacted soil zone V,, is determined by the following
formula (Figure 2):

Ve = [(Ve = Vep — Vo) + (V2 = V)], (29)

when: V! - volume of a cylinder with diameter D,;, and a height equal to the depth of the com-
pacted zone below the bottom of the pit h,;; V., Vi, V. u V* - the same as in formula (19).

It follows from formula (29) that the outer boundary of the compacted soil zone is close to the
shape of cylinder ACBG in the upper part (within the depth of the pit), and to the shape of cylinder
LIJMH in the lower part (Figure 2).

In formula (29), the included parameters are defined as follows:

- cylinder volume V. according to formula (11);

- pit volume V;,, according to formula (12);

- pile fragment volume (within the depth of the pit) 1}, according to formula (15);

- cylinder volume V. according to formula (30);

- pile fragment volume (from the bottom of the pit to the lower boundary of the compacted
soil zone) V* according to formula (17).
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Bu

1- pile; 2 - peripile soil compacted zone; 3 - stamped-out pit;;
4 - compacted zone around the pit

Figure 2 - Schematic for determining the dimensions of the compacted soil zone around a pit stamped after
pile driving

Vi = 10,2502, oy, (30)

The diameter of cylinder LIMH (Figure 2) D, in formula (30) is established from the con-
dition that the following equality is satisfied:

Vi1 +Viz = Via, (31)

where: V,,;,V,3 uV, - respectively, the volumes of figures DCB (AEG), PMZ (THK), JBP (GLT)
(Figure 2).

The satisfaction of this equality ensures that the calculated volume of the compacted soil zone
corresponds to its assumed volume. In general, the diameter of the cylinder base D,;, should be
larger than the pit dimension at its middle section B, but smaller than the maximum diameter of
the compacted zone D,,;,. Based on this, the diameter D,,;, can be approximately taken as equal to
the dimension of the pit at the top B,y;.

By equating the right-hand sides of formulas (9) and (32), we obtain the final equality (32),
from which expression (33) can be derived.

aVyp/p = (V. = Vep — V) + (V2 = V)], (32)

Ve + V= Vip = Vip/p' = [(V. = Vip — ) + (V" — )], (33)
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From equation (33), formula (34) for determining the cylinder volume V. can be obtained in
the following form:

e={h(l-a+'A-a)+ L] -} U -a)}/1-a), (34)
where: a - a parameter determined by the formulas (22).

By equating the right-hand sides of formulas (11) and (34), a formula for determining the di-
ameter of the compacted soil zone D, can be derived in the following form:

Dy, = J9/(0,257hy, , (35)
9= {[V.(1 - @) + (1 - a) + Vil = V(1 - @)}/(1 - a), (36)

From equation (33), taking into account formula (22), a formula for determining the cylinder
volume V' can be obtained in the following form:

' ={ld-a+'1-+] -0 -0}/ -a), (37)

By equating the right-hand sides of formulas (30) and (37), a formula for determining the
depth of the compacted soil zone below the bottom of the pit can be derived in the following form:

hy, = ¢/m0,25D%,, (38)
c={hAd-a)+KBA-a)+ L] -V.(1-a)}/(1-a), (39)

Based on the obtained formulas, comparative calculations were performed to verify the simi-
larity of the results for the two adopted variants of the method.

The initial data for the calculations are given in Table 1. The value of the coefficient is taken
as 0.8. The density state parameters of the near-pile (clayey) soil are taken as follows: density p =
1,56 t/m3; density p’ = 1,75 t/md.

Table 1.
Initial data for calculations (authors' materials)
Parametrs Parameter values, cm
Depth of the pit h,, 50 75
Pit dimension at the top B, 60 60
Pit dimension at the bottom B,,, 40 40
Pit dimension at its middle section B, 50 55
Pile cross-section dimension d 30 30
Slope of the pit walls 1.5 1:15

The results of calculations for determining the thickness of the near-pile soil compacted zone
are presented in Table 2. The calculations were performed for the conditions of stamping pits with
depths of 0.5 mand 0.75 m.
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Table 2
Calculation results for determining the dimensions of the compacted soil zone (authors' materials)

Diameter of the compacted

zone Dy, cm, at a pit depth Depth of the compacted zone k., cm,

at a pit depth of h;, cm

Formula variants of hy, cm
50 75 50 75
Variant Nel 'é‘;;mulas @ gr3504) 8519 (24) 76,40 (27) 76,17 (27)
Variant Ne2 '(gg;m“'as (35)m 673335 75,88 (35) 75,58 (38) 74,99 (38)

Note: formula numbers used for the calculations are indicated in parentheses.

It follows from Table 2 that the difference between the results obtained using formulas (24)
and (35) ranges from 10.9% to 18.2%, while for formulas (27) and (38), it is 1.07-1.55%. The cal-
culation results for formulas (27) and (38) are significantly closer to each other than those for for-
mulas (24) and (35). Furthermore, the calculation data indicate that increasing the pit depth from 0.5
m to 0.75 m has a greater impact on the diameter of the compacted zone than on its depth. For in-
stance, when using formula (24), a 1.5-fold increase in pit depth is accompanied by a 1.03-fold in-
crease in the diameter of the compacted zone, whereas with formula (35), the increase is 1.13-fold.
A slightly different pattern is observed in the results for formulas (27) and (38). As seen in Table 2,
the depth of the compacted soil zone decreases slightly as the pit depth increases. This reduction
amounts to 0.30% when calculating with formula (27) and 0.78% with formula (38).

The calculation results indicate that the formulas are mutually acceptable, as the difference
between the results obtained from them does not exceed 20%. The formulas are subject to experi-
mental verification.

5 CONCLUSIONS

Based on the results of the conducted research, the following main conclusions can be
formulated:

1. Formulas (24) and (35) allow for determining the diameter of the compacted soil zone
around a pile when stamping a pit after pile driving;

2. Formulas (27) and (38) allow for determining the thickness of the compacted soil zone
around a pile when stamping a pit after pile driving;

3. The presented formulas are derived based on the principle of soil mass conservation during
pit stamping in near-pile soil, which accurately reflects the physical process of soil mass redistribu-
tion during pit stamping under the considered conditions.

4. Recommendations for assigning parameters D,,;,; u D, , related to the dimensions of the
compacted soil zone at the level of the pit bottom, as well as the functional dependencies for using
the presented formulas h,;, = f(By.), must be developed based on the results of experimental stud-
ies;

5. The formulas are subject to experimental verification; the value of the coefficient «, in-
cluded in these formulas must be established based on the results of corresponding experimental
research.
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