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Abstract. It is well known that a raft foundation
is, in most cases, a more economical alternative to a
conventional pile foundation. The concept of
incorporating a raft into a piled system is not new
and has been implemented in foundation design in
several Western countries. However, practical
implementation of this concept remains limited and
largely absent. Ukrainian design codes only
mention the existence of combined pile-raft
foundations (CPRFs) and the possibility of their
application.

In CPRFs, both components—the raft and the
piles—act as load-bearing elements, and their
design must follow one of two approaches,
depending on which component serves as the
primary structural element.

The first approach treats the raft on natural soil
as the main foundation system, with piles added to
improve its functional performance. In this case,
piles are used to reduce and equalize the raft’s
settlement and to lower the reactive pressure
beneath the raft base.

The second approach considers the piles as the
main load-bearing elements, with the raft
incorporated to reduce the total number of piles.
This type of CPRF can be particularly effective in
cases of complex soil stratification, where at depths
of 10-15 meters there are thick lenses of weak soil,
making traditional pile foundations require
excessively long piles.

This paper demonstrates, using a specific design
case of a pile foundation, the feasibility of
implementing an alternative solution in the form of
a combined pile-raft foundation.

The structural analysis model of the building was
developed as a spatial multi-element system. The
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raft was modeled as a slab on an elastic foundation
with a variable modulus of subgrade reaction across
the plan.

The design parameters of the model were
determined analytically and through software, using
the GRUNT subroutine of the LIRA-SAPPHIRE
2024 software package.

The implemented alternative CPRF solution
proved to be both feasible and efficient, satisfying
all deformation and stability requirements for both
the soil base and the piles. With minor
modifications to the raft design, the number of piles
was reduced from 290 to 190.
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PROBLEM STATEMENT

The idea of incorporating a raft into the
functioning of a pile foundation is not new.
However, the practical design implementation
of this concept is unfortunately limited and
largely absent. Ukrainian normative documents
only briefly mention the existence of combined
pile-raft foundations (CPRFs) and the
possibility of their application [1, 2, 3].
Nonetheless, research on combined pile-raft
foundations has been and continues to be
actively conducted [9, 10, 11, 14, 15, 16, 18,
19]. There are also implementations of such
foundations in construction practice, but these
are usually individual unique structures [4, 7, 8,
17], or design solutions adopted to reinforce
existing foundations [5, 6, 12, 13]. The areas of
effective application of CPRFs are thoroughly
discussed in [12].

Given that in CPRFs both components—the
raft and the piles—act as load-bearing
elements, two main design approaches can be
distinguished.

The first approach considers the raft on
natural soil as the primary foundation type, with
piles supplementing the raft foundation to
improve its functional characteristics. This type
of foundation is also referred to as a raft-pile
foundation. Combined raft-pile foundations are
effective for buildings on sites where medium-
strength soils lie near the surface, and although
the soil’s bearing capacity is sufficient, a raft
foundation alone does not meet deformation
requirements. Piles are used to reduce and
equalize the raft settlement and to decrease the
reactive pressure under the raft base.

The second approach treats the pile
foundation as the main type, while the raft is
incorporated to reduce the number of piles.
Implemented design solutions have shown that
CPRFs of this type can be quite effective in
cases of specific soil layering, where lenses of
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weak soil of significant thickness occur at
depths of 10 to 15 meters.

This type of CPRF is classified as a pile-raft
foundation, where the majority of the building
load is transferred to the piles, and the raft
increases the foundation’s efficiency by
reducing the number of piles required.

This paper examines, using a specific
implemented pile foundation design, the
possibility of realizing an alternative solution in
the form of a combined pile-raft foundation and
analyzes its efficiency and prospects for
adoption in design practice.

MAIN STUDY

The design of CPRFs, regardless of the
selected type, should be carried out using an
iterative method  through  successive
approximations toward an optimal solution.

Analyzing the arrangement of vertical
elements and the estimated loads on them, the
type and dimensions of piles are selected, and a
pile layout is designed. In the first
approximation, the load distribution between
piles and raft can be assumed as 70% and 30%,
respectively. The spacing between pile groups
should be at least 4 to 5 pile diameters. Based
on the first approximation calculation results,
the total settlement of the building, pile forces,
and soil stress under the raft are analyzed. After
adjusting the pile layout (if necessary),
modifications are made to the calculation
model and the next iteration of analysis is
performed.

The study is based on a realized design of the
pile foundation for a 20-storey residential
building under construction in Sofiivska
Borshchahivka village, Kyiv region. The
foundation consists of bored injection piles
with a diameter of 420 mm and a length of 12
m combined with a continuous reinforced
concrete raft 1200 mm thick. For proper
comparison, piles in the alternative pile-raft
foundation design are taken identical to those in
the base design.
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Fig. 1. Calculation-analytical model of the
building in LIRA-SAPPHIRE
2024 software

Puc. 1. Po3paxyHKkoBo-aHaTmITHYHA MOJIENb
oynisii y I1K Jlipa-CAII®IP 2024

CALCULATION-ANALYTICAL MODEL

The calculation-analytical model of the
building was created as a spatial multi-element
model. The raft foundation was modeled as a
slab on an elastic foundation with a variable in-
plan modulus of subgrade reaction (modulus of
subgrade reaction).

The base traditional pile foundation was
designed using the LIRA-SAPR software suite,
while the calculations for the alternative pile-
raft foundation were performed using the
LIRA-SAPPHIRE 2024 software package. In
the calculation model, a plate triangulation step
of 250 mm was used for the pile foundation and
500 mm for the combined pile-raft foundation.
The calculation model of the building is shown
in Fig. 1, and the arrangement of vertical
elements is presented in Fig. 2.

The base pile foundation with a high raft
included 290 piles transmitting the load to the
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Fig. 2. Arrangement of vertical elements
Puc. 2. PosrainryBaHHs BEpTHKaJIbHUX €IEMEHTIB

soil foundation without considering the
contribution of the raft slab.

In the combined pile-raft foundation,
approximately 35% fewer piles were
designed—190 piles in total.

Piles were modeled as a chain of single-node
finite elements of type 57 (FE 57), the stiffness
of which was determined based on soil
properties using the GRUNT system.

In the horizontal direction, boundary
conditions for the foundation slab were
implemented using single-node elements type
54 (FE 54). In the vertical direction, boundary
conditions were modeled via the GRUNT
system according to the geological survey data
of the site, which allows for variation in the
modulus of subgrade reaction beneath the raft
foundation base.

Generally, for pile-raft foundations it is
advisable to use bored piles with a diameter of
620 mm or more; however, as noted above, the
type and dimensions of the piles were kept
unchanged for consistency.
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Figure 3 shows the pile field of the base
design variant, where 290 piles are arranged,
and Figure 4 presents the alternative variant
with a reduced number of piles down to 190
units. The logic of pile arrangement in both
variants, despite the reduction in quantity, is
maintained and dictated by the layout of the

vertical load-bearing elements. The total load
transferred to the soil foundation amounts to
24,400 tons-force (tf).
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Fig. 3. Arrangement of piles in the base pile foundation,
290 units

Puc. 3. Po3ramyBanHs nainb y 0a30BOMY MaJIbOBOMY
¢dbynnamenri, 290 mwt

I'PYHTOBI YMOBU I PO3PAXYHKOBI
ITAPAMETPU KIIII®

['eonoriyauii po3pi3 3 MOCAAKOI IUIUTH
(GyHIaMEHTYy Ha TPYHTOBY OCHOBY HaBEJICHO
Ha pwuc.5. be3nmocepeaHbO T ITiAOMIBOIO
IUTUTHOTO POCTBEPKY 3aJIsirae MiCOK JpiOHUiA,
IIUTBHAN 3 TAKUMH XapaKTePUCTHKAMHU:

p =195 T1/M3;E = 29,41 MIla; ¢ = 30.

BicTpst mane crnuparoThbesl Ha Map TPYHTY
No§ 3 HacTymHUMH XapakTepUCTUKAMH —
MiCOK JIpiOHUH, MUTBHUA, HACUYEHUN BOJIOIO:

p=21T1/M3; E =49,03MIla; ¢ = 33.

Meton pospaxyHky ocimanus KIII®D i

BI/IMOBITHO PO3MOJiJ HaBaHTAXXEHb MK HOTO
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Fig. 4. Pile Arrangement in the Combined Pile-Raft
Foundation (CPRF), 190 units
Puc. 4. PosramyBanns nans y KIIIT pynnamenti, 190 mr

eJeMeHTaMu  0a3yeTbCsi Ha  CHUIBHOMY
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Fig. 5. Geological cross-section and seating of the pile foundation on the soil base
Puc. 5. ['eonoriunuii po3pi3 i mocajaka [1I1®D Ha rpyHTOBY OCHOBY
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Fig. 6. Settlement of the building with a pile Fig. 7. Settlement of the building with a combined

foundation pile-raft foundation
Puc. 6. Ocimanus Oymiemi 3 mansoBuM ¢yHma- Puc. 7 Ociganns Oyxisii 3 KIIIT ¢pyngamMenTomM
MEHTOM
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The characteristics of the soil foundation
obtained from the GRUNT program were as
follows: modulus of subgrade reaction C =
4000...2800 kN/m3, and the design soil bearing
capacity under the base of the raft foundation
Ro=540 kPa.

The calculation results of the alternative
combined pile-raft foundation (CPRF) variant,
performed using the above-mentioned
calculation-analytical model, will be presented
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Fig. 8. Forces in piles of the base variant
Puc.8. 3ycumis B massix 6a30BOTo BapiaHTy

Figures 8 and 9 show the calculated forces in
the piles for the base variant (290 piles) and the
alternative variant (190 piles), respectively. It
should be noted that the pile layout in the base
variant was designed quite efficiently, as the
difference between the maximum force (1160
kN) and the minimum force (950 kN) was about
18%.

The force distribution in the pile-raft
foundation is less uniform, with a difference of
approximately 50%, and three piles are
overloaded, with the maximum overload
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in comparison with the corresponding results of
the base foundation variant.

The maximum building settlements (see
Figs. 6 and 7) in the CPRF are greater than
those in the pile foundation (68.3 mm. versus
38.4 mm.), but do not exceed the allowable
limit of 150 mm [2]. The analytically calculated
settlement of the CPRF (61 mm.) shows very
good agreement with the results of the
numerical analysis.
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Fig. 9. Forces in piles of the combined pile-raft
foundation (CPRF)
Puc.9. 3ycumns B mansx KIIIID

reaching 14.5%. The maximum force in these
CPRF piles was 1336 kN, compared to the
bearing capacity of 1166 kN obtained from
cluster testing.

However, the underloaded piles are mainly
located in the central zone beneath the elevator
and staircase block, which provides a potential
reserve of strength for the CPRF in case of
incomplete soil participation beneath the raft
base.

The differential settlement of the building is
nearly the same for both variants. In the base
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variant, it is 38.4 mm — 24.3 mm = 14.1 mm, approximately 40-50 cm2/m in the base variant
while in the alternative variant, it is 68.3 mm — and 30-40 cm#m in the alternative variant. In
56.4 mm =11.9 mm. the CPRF, the relative area of strengthened
The reactive pressure on the soil under the zones is larger than in the base variant, and the
raft base (see Fig. 8) is uneven, varying from layout of additional zones has been changed.
165.2 kPa to 281.2 kPa. The calculated pressure A similar pattern is observed for the upper
does not exceed the design soil bearing capacity reinforcement along the Y-axis.
Ro=540 kPa, indicating that the raft can be used The reinforcement of the lower zone of the
as a slab foundation and is capable of serving as raft slab along the X-axis is shown in Figures
a load-bearing element in the pile-raft 14 and 15. Here, the CPRF requires somewhat
foundation. more reinforcement in both the main slab field
An interesting observation arises from the and the additional zones compared to the base
consideration of the required design variant. ~ Conversely, for the lower
reinforcement of the raft slab. reinforcement along the Y-axis, the situation is
Individual reinforcement maps of the raft are reversed.
presented in Figures 11 through 15. Both Thus, it can be concluded that in the
variants adopt the same raft thickness of 1200 alternative foundation variant, the quantity of
mm and identical concrete and reinforcement design longitudinal reinforcement in the raft
classes. slab practically remains unchanged. However,
The distribution of design reinforcement in significant shear forces are generated near the
the upper zone along the X-axis for both vertical elements in the pile-raft foundation (see
variants is shown in Figures 12 and 13. The Fig. 11), which will require transverse design
main slab field requires up to 16 cm?/m in the reinforcement in these areas.

base variant and 13 cm2/m in the alternative
variant. Additional reinforcement zones require
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Fig. 11. Design transverse reinforcement of the CPRF raft slab
Puc.11. Po3paxyHkoBe momnepeyHe apMyBaHHs IUATH pocTBepka KITIID

HHHH

it

127
200418

1o ==t

S00dI6 HREEEEHERE

im
=200d10

T s

H

ﬁ

£

Pospaxyuox no PCH Imnopt
Ocuonssdt

peaana
Ommans siospy - o2/ In
Kpow, JHamerp - mu

40.215
520032
30.790
200428
24.545
S200425

19.005
s200d22

15.710
5200420

Fig. 12. Reinforcement of the upper slab zone Fig. 13. Reinforcement of the upper slab zone along

along the X-axis, base variant

the X-axis, CPRF variant

Puc. 12. ApMmyBaHHS BepXHBOi 30HH TUIMTH 1Mo Puc. 13. ApMyBaHHS BEpXHBOI 30HH TUTUTH IO OCi X,

oci X, 6a30BHii BapiaHT.

130

KIII®

ByniBenbHi koHCTpyKUii. Teopis i npakTuka * 16/2025



R T O e TP
efaistensisateieiotospstateaty i ies:
T o !
i
938 H
e i
| FHE
L HH
@ : HHHD
20040 a5 ? HEHE 2
B e S :
H
209 - . an
056 R
H T BT R : T
v T = HH TEay i
402 i H S
20082 P e e R Zaraiiasinas
. .-J 3 - 1 I3 I3 .* -.R
= S PR Sra S 5
14 AL S8 :
£k Rags AmEseEaaii o) i
2028 HEEH T bt
i R
: e H H : : i
M5 ik i ot Sl
" a0es -a-#f.%_gl#?tr SHREEREE pisimlied i Raa e s TR e eI
] FIARE PR s b T
R i
= H i
= 19 Sus :
| sam2 .
|
| t
| 157 T HEE
7 s20ke0 TEE T e £ 1 L 1
T I
Ll 127 : :
[ 200018 Fas, i 't—jﬁ i
L 393
20010 b
! f SR s s i I
: 5 PR 935 T SR
It

Fig. 14. Reinforcement of the lower slab zone
along the X-axis, base variant

Puc. 14. ApmyBaHHsI HUKHBOT 30HH TUTUTH TI0 OCi
X, 6a3oBuii BapiaHT

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

1. This paper, using the example of a specific
pile foundation design, demonstrated and
confirmed the feasibility of implementing an

alternative solution in the form of a

combined pile-raft foundation (CPRF).

. The calculation-analytical model of the
building was developed as a spatial multi-
element model. The raft was modeled as a
slab on an elastic foundation with a variable
in-plan modulus of subgrade reaction. The
design parameters of the model were
determined  both  analytically  and
numerically using the GRUNT subprogram
within the LIRA-SAPPHIRE 2024 software
package.

. Based on the analytical calculation of pile
and slab stiffnesses, an approximate load
distribution between piles and the raft was
adopted as 70% and 30%, respectively.

. The maximum settlement of the building in
the CPRF is greater than in the pile

ByniBenbHi koHcTpyKUii. Teopis i npakTuka  16/2025
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Fig. 15. Reinforcement of the lower slab zone along
the X-axis, CPRF variant

Puc. 15. ApmyBaHHsI HWKHBOT 30HU TUTUTH 110 OCi X,
KIIIID

foundation (68.3 mm vs. 38.4 mm) but does
not exceed the allowable limit of 150 mm
[2]. The analytically calculated settlement of
the CPRF (61 mm) almost exactly matches
the results of the numerical analysis.

5. In the alternative CPRF variant compared to
the pile foundation, the amount of design
longitudinal reinforcement in the raft slab
does not increase. Introduction of design
transverse reinforcement near vertical
elements is possible.

6. The implemented alternative CPRF solution
demonstrated its feasibility and
effectiveness, meeting all deformation and
stability requirements for both the soil
foundation and the piles. With a minor
modification of the raft design, the number
of piles was reduced from 290 to 190 units.
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E®OEKTUBHICTHD KOMBIHOBAHOTI'O
IVIMTHO-ITAJIBOBOI'O
OYHAAMEHTY

Bonooumup KPIIIAK,
Bipa KOJI)IKOBA
Janiin KY3bMEHKO

AHoraist. Bimomo, o mimTHER QyHIaMEHT, ¥
OIIBIIOCTI  BHITAIKIB, OyZe  eKOHOMHIIIUM
ATBTEPHATUBHOTO TAJLOBOTO (YHIaMEHTy. lmes
BKIJIFOUEHHS POCTBEPKY HE HOBa 1 peanizoBaHa Mpu
MPOCKTYyBaHHI (YHAAMEHTIB y psAmi  3aXiIHUX
KpaiH. AJie MPOeKTHA peai3allis miei i1ei, Ha KaJib,
oOMeKeHa 1 BiICYyTHA. B HOpMaTHBHHX TOKyMEHTaX
Ykpaiam MoxkHa 3HaWTH, Xi0a 10, JIKTIIE
HarajyBaHHS Ipo ICHYBaHHA KOMOiIHOBaHHX
INIUTHO-TaTboBUX  QyHaamentiB  (KIIIID) i
MOJKJIMBICTh 1X BUKOPUCTAHHSI.

Y KIIII® o6uasi KOMIIOHEHTH (QYHIaMEHTY,
IUIMTHUH POCTBEPK 1 Maii, SBJISIOTHCS HECYYUMHU
eIeMeHTaMH 1 TpU HOro TMPOEKTYBaHHI CIif
TOTPUMYBATUCS JBOX ITIXOIIB, B 3aJIEXKHOCTI Bif
Toro sika komnoHeHTa [ 11D sBaseThCS OCHOBHOIO.

[epmuiéi — ¢ OCHOBHUM, 0a30BHM THIIOM
(byHOaMEHTY SBIAETHCSA IUIMTA HA TIPUPOIHIN
OCHOBI, a TaJsAMH JOIOBHIOIOTH IUITUTHUHN
(dbyHIameHT IRt MOKpAaIleHHA Horo

(hyHKIIIOHANBHHUX sSKOCTeH. [lamssMu 3MEeHIyrOTh i

Cmammsa nadiiiwna 00 pedaxuii 28.03.2025 p.

134

BHUPIBHIOIOTH  OCIJaHHS  IUTUTH, 3MCHIIYIOTh
PEaKTUBHUI THUCK i MiJOMIBOO TLTUTH.
Jpyruii - TyT OCHOBHOI KOMIIOHEHTOIO

SIBIISIIOTBCSA TMaji, a TNIUTHUH POCTBEPK BKIIOYAIOTh
B po0OTY JUIs 3MEHIIeHHS KiTbKOCTi majib. KIITID
TaKOTO THUITy MOXe OyTH TOCUTHh ¢(DEKTUBHUM TIPH
CBOEPITHOMY HAllapyBaHHI TPYHTIB, KOIU B
rpyHTOBOMY MacwBi Ha rimmoOmai 10...15 ™
TIPOSIBISIIOTHCS JTIH3W CJIA0KOTO TPYHTY 3HAYHOL
TOBIIMHU 1 TpaguliiHUA NaIb0BHH (YyHIAMEHT
Oyzae BUMaratu majib 3HAYHOI JOBXKHUHHU.

VY HaBeneHiil cTaTTi, Ha MPHUKIATi KOHKPETHOTO
MIPOCKTHOTO PINICHHS TaJIbOBOTO (PyHIAMEHTY,
MoKa3aHa MOKJIMBICTh peaizalii aTbTepHaTHBHOTO
pIlIEHHS Yy BHIISI KOMOIHOBAaHOTO TMATbOBO-
IUIUTHOTO (PyHIaMEHTY.

Po3paxyHkoBo-aHaTITHYHA  MOJENs  OYIiBII
YTBOPEHAa y BUIJSAI  OPOCTOPOBOI  Oarato-
€JIeMEHTHOI ~ MOJeJi. [TnuTHMMA pOCTBEpK

MOJIETTIOBABCA SIK TUIMTAa Ha TPYXKHIA OCHOBI 31
3MiHHHUM B IIaHi KOE(i[iEHTOM MPYKHOTO BiAOPY
rpyHTY (Koe(illieHTOM ToCTeli).

Po3paxyHkoBi mapameTpy MoJeNi BU3HAYATIUCS
AQHAIITUYHO 1 TIPOTPAaMHO 3 BUKOPHUCTaHHIM
mignporpamu I'PYHT mnporpamHoro komruiekcy
IIK Jlipa—CAIIDIP 2024.

PeanizoBanmii alnbTEpPHATUBHUN BapiaHT
¢ynnamenty y Burimsini I1IIP mokazaB cBoro
JIOUINMBHICTE 1 e(eKTHBHICTh, 3a0e3Me4nB ycCi
BUMOTH T10 JieopMallisix i CTIMKOCTI SIK TPyHTOBOT
OCHOBM Tak 1 mamb. [lpm He3HauHidl 3MiHi
KOHCTPYKTHUBHOTO DIllIEHHS POCTBEPKa, KIIBKIiCTh
nanb 3MeHmena 3 290 no 190 mr.

KarouoBi cmoBa: tumTHo-nanboBuilt (yHna-

MEHT; POCTBEPK; IaIbOBE I10JIe; TPYHTOBA OCHOBA;
ocajKa; MiICUJICHHS; apMyBaHHS.
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