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Abstract. Safety and serviceability in geotechnical design applicable to shallow foundations are studied for the purpose of
harmonization of Ukrainian standards with Eurocodes. The paper contains the analysis of 86 field tests and calculations conducted by the
authors for predicting the safe bearing capacity of shallow foundations. Both safe bearing pressure on the soil and design resistance of the
soil are derived in different ways. Spread of plastic shear zones in the soil is studied using the field test results and the numerical
simulations for the purpose of estimation of bearing capacity of shallow foundations. This paper presents a comparison between the results
obtained from plate load tests and analyses by two approaches — safe bearing pressure using safety factor given by Eurocodes and design
resistance of the foundation given by the Ukrainian norms.

Keywords: geotechnical design; shallow foundations; Ukrainian standards; Eurocodes; safe bearing pressure; design resistance

IMPOTHO3UPOBAHME BE30ITACHON HECYIIEA CHIOCOBHOCTH
®YHJIAMEHTOB MEJIKOI'O 3AJIOKEHUSI

BOJIBIIAKOB B. H.", 0. m. n., npog.,
KHUPHUYEK FO. A.”", 0. m. n., npog.,
TPET'YE A. B>, doy.

! Kadenpa MarepuanoBeneHus ¥ 00OpaGOTKH MaTepuaios, I'ocylapcTBeHHOe Bhicliee yueOHOe 3aBeneHue "IIpuaHenpoBckas
roCyJapCTBEHHAas aKaJeMHs CTPOMTENILCTBA U apXUTeKTypsl", yi. UepHsimesckoro, 24-a, 49600, /lHenmpomnerpoBck, Ykpausa,
teit. +38 (0562) 47-39-56, e-mail: bolshakov@mail.pgasa.dp.ua, ORCID ID: 0000-0003-0790-6473
¥ Kadempa 3eMIeycTpoiicTBa, CTPOHTEIBCTBA ABTOAOPOT H TEOAE3MH, [OCYIapCTBEHHOE BhICIICE Yd4eOHOE 3aBEICHHCE
"[IpuaHenpoBckas TOCYHApCTBEHHAs aKaJeMHs CTPOMTENBLCTBA U apXWUTeKTypel", yi. UYepHsimesckoro, 24-a, 49600,
JuenponerpoBck, Ykpauna, ten. +38 (0562) 46-93-27, e-mail: sadig@mail.pgasa.dp.ua

Kadenpa 3emieycTpoiicTBa, CTpPOMTENbCTBA aBTOAOPOT M TeOAe3UH, I ocylapcTBEHHOE BhICIIEE YdeOHOE 3aBeleHUE
"[IpuaHenpoBckas IOCYAAapCTBEHHAs akKaJeMHs CTPOMTENIBLCTBA U apXUTEKTypwl", yi. UepHsluesckoro, 24-a, 49600,
JlaenponerpoBck, YkpauHa, Tei. +38 (0562) 46-93-27, e-mail: sadig@mail.pgasa.dp.ua

AHHOTamus. be3onmacHocTs M ymoOCTBO OOCIYKHBAaHHS B TEOTEXHHYECKOH KOHCTPYKIHUH, NPHUMEHUMBIE K HETITyOOKHM
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criocobamu. PacrpocTpaHeHHe NIACTUYECKHX 30H CABUra B MOYBE H3Y4aeTCsl C HCIOIb30BAHHEM PE3YNITaTOB TECTUPOBAHUS B
TOJIEBBIX YCIOBHUSIX U YHCIEHHOTO MOJEIMPOBAHMS JUIS IIeNeil OLEHKU Hecymlel crocoOHOCTH (HyHIaMEHTOB MENKOTO 3a0XKEHHMS.
BeInosHeHO cpaBHEHHE AAaHHBIX, IIOJIYYCHHBIX B pe3yIbTaTe UCIBITAHUI HArpy3KU IUIACTUH, U aHAJIK3a, C IOMOIIBIO IBYX IIOAXOI0B
— Oe3omacHoe JaBJieHHE MOJIIMITHUKOB, C HUCIIOIb30BaHUEM Kod(duieHTa 6e30MacHOCTH o JaHHBIM EBpoxomoB, n pacuerHoe
CONPOTHBIICHHE QYHIAMEHTA, 110 YKPAUHCKUM HOpMaM.

Knrouesvie cnosa: TeOTEXHHUESCKHA Z[H3aﬁH; @yHHaMeHTbI MCECJIKOTO 3aJI0KCHUA; YKPAUHCKUE HOPMBI] EBpOKOZ[LI; Oe3omacHoe
JIaBJICHUEC MOAIIUITHUKA; PaCUCTHOC COIIPOTUBJICHUE

47



METAJIO3HABCTBO TA TEPMIYHA OBPOBKA METAJIIB  ISSN 2413-7405

MPOTHO3YBAHHSA BE3IEYHOI HECHOI 3JIATHOCTI ®YHJIAMEHTIB
MIJIKOT'O 3AKJIAZIEHHSA

BOJIBIIAKOB B. I", 0. m. n., npog.,
KHUPHUYEK 0. 0.7, 0. m. n., npog.,
TPET'YE O. B, ooy.

! Kadenpa marepianosnasctBa Ta oOpoOKu Matepianis, JlepaaBHuii BHIMil HaBuanpHuil 3axinan "TIpMIHIIPOBCHKA AepIKaBHA
akajgeMiss  OymiBHuMOTBA Ta  apxitekrypu', Byl  YepHumeBcpkoro, 24-a, 49600, [lninpomeTpoBchK,  YKpaiHa,
tein. +38 (0562) 47-39-56, e-mail: bolshakov(@mail.pgasa.dp.ua, ORCID ID: 0000-0003-0790-6473

> Kagempa 3emieycTpoio, OyIiBHMIITBA aBTOXOPIr Ta reonesii, JlepkaBHuil BumMil HapuampHHil 3akmax "TIpHaHIMPOBCHKA
nepikaBHA akajgeMis OymiBHuITBa Ta apxitektypu"', Byn. YepHuieBcbkoro, 24-a, 49600, [luinpomeTpoBchk, YKpaiHa,
ten. +38 (0562) 46-93-27, e-mail: sadig@mail.pgasa.dp.ua

? Kadenpa semeycrporo, 6yIiBHUITBA aBTOAOPIr Ta reofesii, JlepapHuil BUIMil HABYATbHMI 3aKinaa "TIpuIHIIPOBCHKA JepKaBHA
akajgeMiss  OymiBHuMOTBA Ta  apxitekrypu', Byl — YepHumeBcpkoro, 24-a, 49600, [lninpomeTpoBchK,  YKpaiHa,
tei. +38 (0562) 46-93-27, e-mail: sadig@mail.pgasa.dp.ua

AHoTtamisi. be3meka 1 3py4HICTE OOCIYyroByBaHHS B TEOTEXHIUHIll KOHCTPYKIII, IO 3aCTOCOBYETHCS OO HETIMOOKHX
(GyHIaMEeHTIB, BUBYAIOTHCSI 3 METOIO TapMOHi3amil yKpaiHChbKHX craHaapTiB i €BpokofiB. CTaTTs MICTHTh aHali3 86 MOIbOBHX
BUNPOOYBaHb 1 PO3paxyHKIB, NPOBEACHUX aBTOPAMU JUIS NPOTHO3YBaHHsA Oe3MeyHOi HECHOI 31aTHOCTI (YHZAMEHTIB MIJIKOro
3aKitajieHHs. SIk Oe3MeYHuil OMOPHUI THCK Ha TPYHT, TaK i PO3paxyHKOBHIA OMip IPYHTY OTPUMaHO pi3HUMH criocobamu. [TommpenHs
IUIACTUYHUX 30H 3CYBY B IPYHTI BHMBYA€TbCS 3 BHMKOPUCTaHHAM pPE3YJbTAaTiB TECTYBaHHSA B IIOJbOBUX YMOBaX i YHCIOBOIO
MOJIETIOBaHHS JUIS LI OLIHKY HEeCHOI 31aTHOCTI (PyHIaMEHTIB MUIKOTO 3aKkiajieHHs. HaBeneHo MopiBHSHHS AaHHUX, OTPUMAHHX Y
pe3yibTaTi BUNpoOyBaHb HABAaHTaKCHHS IUIACTHH 1 aHAIi3y, 3a JOIMOMOTOI0 JBOX MiJAXOMIB — OE3MEYHUI THCK MiJANIMITHUKIB, i3
BUKOPUCTAHHSM KoedimieHTa 6e3nekn 3a JaHUMHU €BPOKOIB, 1 pO3paxyHKOBHH omip (GyHIaMEHTY, 32 yKpaiHCbKUMU HOPMaMH.

Kniouosi cnosa: reoTexHidHUH Ou3aifH; (QyHIAMEHTH MINKOTO 3aKJIAJCHHS; YKpaiHChKI HOpMH; €Bpokojau; Oe3ledHHuil THCK
IIIMIUITHUKA; PO3PaxXyHKOBHH OIIip

implemented in Ukraine. The standard established the
action program of harmonization of technical norms for
planning the first stage construction works will be an
alternative to the national norms.

Method of the calculation of the safe bearing capacity
of shallow foundations is based on the safety factor and
ultimate bearing capacity (Bodo & Jones, 2013). The key
point of the method is the estimating of the factor, which
depends on the local circumstances. The uncertainties in
geotechnical engineering are very large because of
variability on natural soils in the ground and the
complexity of theoretical soil mechanics. To take into
account all these uncertainties it is common to apply a
safety factor. The safety factor can be applied as partial
factors to reflect the various uncertainties or as a single
lumped value. The National Annex may contain the
information on values for partial factors, which are open
in the Eurocode for national choice, known as Nationally
Determined Parameters.

Introduction

Various safety concepts for shallow foundations have
been followed trough the world. Over the years regions of
Europe, Asia and America have used different limit
states-based design concepts. The conventional method of
foundation design is based on the approach either of
bearing capacity or allowable bearing pressure. The
bearing capacity of foundations is derived from the shear
strength of the soil within the area of load. Modified
Therzaghi's bearing capacity equations have been used in
the shallow foundations design. According to Eurocode 7
two types of limit state have to be considered for
selecting dimensions of foundations. The most common
limit states for shallow foundations are bearing failure
and excessive settlements.

Widely used in former Soviet Union countries the
shallow foundations safety concept was based on the
method of calculated resistance of foundation, R. This
approach is used for the estimation of the safe foundation
pressure g = R which is the maximum loading rate which
can be applied to the soil without developing of the shear
failure, irrespective of the settlement that may occur. In In this paper the field data are studied for comparison of
this case depths of plastic shear deformation zones in the bearing capacity analyses utilizing two methods -safe
soil underneath the footing theoretically equal to one bearing capacity using the safety factor and calculated
quarter of the width of the footing and the settlements are resistance of the foundation given by the Ukrainian nonns
limited by linear zone of deformation. JBH B.2.1-10.2009. Tables 1 and 2 describe some of 86

The Construction Products Directive — 89/106/EEC plate load test results (Alyohin, 2004; Berezancev,
"The system of standardization and setting of norms in Yaroshenko, Prokopovich, Razorenov, Sidorov, 1958;
construction" "Application and use of Eurocodes" Cimbal & Sheyhnazari, 2011; Drukovaniy, Matvev,
JACTY — H B A 1.1 — 77:2007 has been recently Korchevskiy, Rindyuk, Cherniy, Shokarev, 2006;

Application of the results of the plate load tests for the
bearing capacity prediction for shallov foundations
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Klepikov 1996; Kushner, 1990; Skormin & Malishev,
1970; Timchenko, 2009; Tugaenko, 2003).

Table 1

Soils and plate dimensions used in plate load tests

No test Soils Withand  Depth of
length of  embed-
plate, m ment of

plate, m
1 Medium dense fully 1x1 0
saturated silty sand
2 Medium dense silty sand 2x0.52 0
3 Medium dense partially @ 0.6 0
saturated medium sand
4 Medium dense partially @ 0.63 0
saturated silty sand
5 Medium dense partially © 0.63 0
saturated silty sand
6 Stiff loam 1.4x1.6 0
7 Stiff clay 1.2x2.4 0
8 Stiff loam 1.4x1.6 0
9 Stiff loam 1.2x2.4 0
10 Stiff loam 1.4x1.6 0
11 Stiff loam 1.2x2.4 0
12 Stiff loam 1.2x2.4 0
13 Stiff clay 2x2.5M 0
14 Stiff clay 1x1 0
15 Medium dense partially 1x1 0.5
saturated medium sand
16 Dense partially saturated 2x0.52 0.5
fine sand
17 Medium dense partially 0 0.628 0.63
saturated silty sand
18 Stiff loam 0.5x0.5 0.7
19 Stiff clay 1.0x1.0 0.8
20 Stiff clay 1.0x1.0 1.2
21 Medium dense partially 1.0x1.0 4.18
saturated silty sand 2.16
22 Medium dense fine sand 2x0.52 1.17
23 Medium soft eluvial 20,7 2.8
loam
24 Medium soft eluvial 20,7 5
loam

The plate load tests are performed with square,
rectangular and circular plates. Width (diameter) of, the
plates ranged from 0.5 to 3.3 meters and depth of
embedment is in the range between 0 m and 4.18 m. Table
1 presents type of soil, width B and length L of the plates
used in the plate load tests, depth of embedment of the
plates D. Table 2 contains the following soil properties:
modulus of elasticity E, angle of friction ¢, cohesion C,
bulk weight density y and voids ratio e.

Figures 1—6 show the load-settlement curves of rested
on a homogeneous soil shallow horizontal plates of
various shapes and sizes in case of the load increase.
These figures depict the results of plate load tests
performed on sand and cohesive soil with embedment
depth of the plates D/B in the range from 0.0 to 7.14.
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The result shows the ratios of calculated resistances of
the soils to the ultimate bearing capacity for medium
dense sands and dense sands which are in the range
between 0.1 and 0.21. For clayey soils from medium soft
to very stiff consistency the ratios are between 0.21 and
0.59. These ratios correspond to the range of safety factor
from 4.8 to 10 for sand, and from 1.7 to 4.8 for clayey soils.
It can be seen that the resistance is not fully used for
maximum values of the factors and safety is not ensured
for minimum values of the factors. Furthermore, the
resistances are not used completely for middle dense
sand, stiff and medium stiff cohesive soils.

The calculated resistances of the foundations R are
within the range between 0.1g, and 0.65¢q,, where ¢, is
the ultimate bearing capacity. The settlements of the
plates under pressures equal in value of calculated
resistances of the foundations are in the range from
0.015;to 1.258,, where S, are the safe settlements. At the
same time the corresponding safety factors are in the
range from 1.5 to 10. The safety factors are deviating
from ultimate limit state of the structure. Therefore
minimum experimental values of the safety factors are
insufficient and maximum values are excess.

Experimental settlements under corresponding to
calculated resistance of the foundation pressure are much
less as well as greater than ones given by the norms.

The analysis of computed results shows that the safe
bearing capacity given by Eurocode 7 is some bigger that
one provided by the Ukrainian norms. At the same time
Eurocode 7 has a range of partial factors and other
reliability parameters that ensure safety.

Table 2
Soil properties at the sites of plate load tests

y, KN/m’

Test E, o, C, KPa e
o MPa degree
1 8 35 3 19.2 0.77
2 15 35 3 16.1 0.77
3 53.1 36 1 16.6 0.62
4 21.8 35 3 16.2 0.7
5 22.6 36 5 17.9 0.63
6 19 23 43 18.7 0.75
7 19.7 24 45 19.6 0.68
8 16.8 27 57 19.8 0.62
9 46.7 32 20 19.6 0.68
10 23.3 27 57 19.8 0.62
11 343 35 28 19.2 0.72
12 36.7 18 32 19.1 0.68
13 4.5 15 38 18 1.0
14 33 15 38 18 1.0
15 54 35 8 18.2 0.6
16 35 34 8 17.8 0.04
17 22.6 35 3.0 16.1 0.7
18 6 24 18 17.3 0.9
19 4.8 15 38 18 1.0
20 17 19 49 19.3 0.7
21 534 37 10 16.8 0.7
22 347 36 10 16.6 0.72
23 30.3 34 8 17.8 0.64
24 15.7 26 30 17.2 0.65
25 18.5 26 30 17.2 0.65
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Fig. 7. Plate load tests 24—25 for plates with depth of
embedment D/B from 4 to 7.14 rested
on the soft eluvial loam

The experimental settlement-load dependences are
compared with ones obtained by Plaxis modeling.
Discrepancies between the predicted and experimental
values of settlements are in the range from 2.6 % to
16.4 % under pressure 1.2R < P < 2R for silty sands and
10.2 % for stiff loam under pressure R < P < 1.2R.

Discrepancies of the other comparisons are greater
and the predicted settlements are always greater than
experimental ones

Plastic shear zones

An increase of load on foundation greater than
corresponding first critical pressure is accompanied by
increase of dimension of plastic shear zone in the soil. The
local shear failure in the soil will gradually extend
outward from the foundation.

The result of plate load test (Skoromin & Malishev,
1970) and FE analysis depicting the shear plastic zones is
presented on the left side of Figure 8.

Test soil Plate + \J  Calculation
250 100 50 50
V1504 7.

300
0

75

120 60 0 60 120 fm

Fig. 8. Lxiad plate test on the left and FE analysis
on the right

The field test was performed on a circular plate with
diameter D = 0.6 m on the dense medium sand
(e = 0.62; y = 16.6; KN/m’; (p = 36.) In this case first
critical pressure equal to 11.3 kPa, R = 33 kPa and
qu = 274 kPa. The axisymmetric FE-analysis is given on
the right side of Figure 8. The plastic shear zone in the
soil is appeared under pressure 20 kPa. Under pressure
equal to calculated resistance the depth of plastic shear
zone is some greater than a quarter of the plate diameter.

ISSN 2413-7405

Two plastic shear zones are joined under pressure
100 KPa at the depth 1.2 D. The failure in the soil took
place when the plastic shear zone reaches the critical
dimensions under the pressure equal to ¢, = 230 kPa. In
this case failure surface in the soil is extended to the
ground surface and both zones under the edges of the
foundation are connected under the centre of the footing.

According to the Ukrainian norms the depth of plastic
shear zones is practically limited by one quarter of the
footing width for engineering purposes. The comparison of
numerical and experimental results shows that safe
dimensions of plastic shear zones can be some greater than
1/4 of the footing width and they can be limited by load
within the range 0f 0.27 g, to 0.36 g,.

Cost savings in foundation design

It is significantly important to take into account the
economical and safety factors during the foundation design.
The safe bearing pressure of footing given by Eurocode 7 is
generally greater than one given by the Ukrainian norms.
Therefore, a footing designed using the Ukrainian norms,
has greater dimension and consequently is more expensive
than one designed using Eurocode 7. Figures 9 and 10
show an analysis of costs for square footings from 1 mto 5
m in width and from 1 m to 5 m in depths rested on sand
and loam, respectively.

25
20 OD=1m
=
g, .5 aD=2m
% BD0=3m
2 10
§ aOD=4m
57 B 0D=56m
0 -

Fig. 9. Analysis of cost savings of foundations rested

on a sand
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£ 15 tH A
& 1HH 8D=3m
- 10'1 facmiinhy
2 : 44 ‘ OD=4m
. [
(&) 5+t : ] #
T AD=5m
0" T T T

Fig. 10. Analysis of cost savings of foundations rested
on a loam

The cost saving is in the range between 12 and 47 %.
Foundations with middle dimension (from 2 m to 3 m in
width) rested on middle dense sand, stiff and medium
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stiff cohesive soils have greater cost savings than implementation of Eurucodes in Ukraine will effectively

foundations with large and small dimensions. save about 20...40 % of total costs for shallow foundation
construction and at the same time sustain the high level of
Conclusions safety.

It is very important to harmonize the safety and

The safe bearing capacity of shallow foundation has economical profit, but many important problems remain

been studied. Results of 84 load plate tests and FE-analyses

) . o . lved.
have been used to simulate the footing-soil interaction and unsolve
Eirinslce)irismns of plastic shear zones underneath the footing Acknowledgement
The safe bearing pressure of footing in foundation The authors are grateful to the aforementioned
design given by Eurocode 7 is greater than the one given researcher for test load plate results.
by the Ukrainian norms. It is found out that the
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AHotauisi. Ilocmanoséka npobnemu. AHa3 B3a€MO3B’SI3KY MK XapakTepUCTHKAMH pyHHYBaHHS Ta CTPYKTYPHUMHU
CKJIaJIOBUMH HH3bKOBYIJICLIEBUX MiKpoJsieroBaHux craneid. Memoouka. TIpoBeneHo KoMIiuieke ¢pakrorpadidHUX HOCITIIKEHb i3
BHUKOPHCTAHHSM PacTPOBOTO €JICKTPOHHOTO MIKpOCKONa. BHKOHAHO po3paxyHKH nedopMaiiiiHoro craHy ()epHTHOI CKJIaJ0BOi
HHU3bKOBYIJICIEBUX MIKPOJIErOBaHUX craneid. Pe3ynbmamu. Y XoIi BUKOHaHHA pOOOTH MPOBEACHO IOPIBHAIBHUN aHaIi3
nedopmanii pepuTHOI CKITaIoBOi JOCIHIIKYBaHIX MapoOK CTajell BiamoBiaHo 10 kKoHuentii Tomaccona. Haykoea Hoeu3sna nomsrac 'y
BU3HAYCHHI 3aJIKHOCTI IuactHyHol aedopmarii, ska 3abe3rnedye picT Ta PO3MOLIMPEHHs B’S3KOr0 pyHHYBaHHS, Bifl CTPYKTYpH
HU3BKOBYTJICLIEBUX MiKposeropanux crajieil. IIpakmuuna 3nauumicms. BrBueHHs 3aKOHOMipHOCTEW pPyHHYBAaHHS CHpPHATHME
MOXJIMBOCTI KEpyBaHHS MMPOLIECAMH PO3MOLIMPEHHs TPIUMH y OyaiBeNbHMX MaTepianax, i, SK HaclifoK, MiJBUIIATH HaIilHICTh
BUPOOIB i3 IIMX MaTepiaib.
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