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The paper considers and theoretically justifies the improved model of the soil base for the combined raft pile foundation (CRPF)
to consider the nonlinear behavior of the elements “after” and “before” the connection between the raft and the piles (structural
nonlinearity) to calculate the stress-strain state using the finite element method in present-day calculation packages. Using the
improved model makes it possible to qualitatively simulate the behavior of the CRPF with the structural nonlinearity in the
behavior of its elements. The simulation and numerical calculation of the base-CRPF system was performed using a specific
example and it was found that the application of the proposed model with consideration to the structural nonlinearity of the
behavior of the foundation elements reduces the moment forces in the raft to 15% in comparison with the application of the
full load at once and the behavior of the raft with the permanent connection between the raft and the piles
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YnockoHajieHa Mo/ieJib TPYHTOBOI OCHOBH
IS PO3PAXYHKY KOMOIHOBAHOIO IVIMTHO-NIAJILOBOI0 (DYyHIaAMEHTY
3 KOHCTPYKTHUBHOI HeJIiHIHHICTIO po00TH eJIeMEeHTIB
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VY crarTi MPONOHYETHCS Ta TEOPETUYHO OOIPYHTOBYETHCS YAOCKOHAIEHA MOJIENIb TPYHTOBOT OCHOBH KOMOIHOBAHOTO IIUTHO-
najgboBoro GyHAaMEHTY JUls BpaXyBaHHs HEJiHIIHOT poOOTH HOro eNeMEeHTIB «I0» Ta «ICis» 3’€AHAHHS IUIMTH Ta IMalb
(KOHCTPYKTHBHA HENIHIHHICTB) U1 pO3paxyHKy METOJOM CKIHUCHHHX €JIEMEHTIB HalpykeHO-/1e()opMOBaHOTO CTaHy y cydac-
HHUX PO3pPaXxyHKOBHX KOMIUIEKcaX. BHKOpHCTaHHS yIOCKOHAJIEHOT MOJIENi J]a€ 3MOTY SIKICHO MOJIIOBATH TPOLIEC TTOBEIIHKI
KIII® 3 KOHCTPYKTHUBHOIO HENiHIHHICTIO poOOTH HOTO eneMeHTiB. Pe3ynpTaToM € OTpUMaHHS HaJiifHUX pe3yJbTaTiB MIOA0
HaIpy>KeHo-1e(OpMOBAHOTO CTaHy CHCTEMH «OCHOBA — (yHJAMEHT — CTIopyAa». Ha KoHKpeTHOMY MpHKIIa i BUKOHAHO MOJIe-
JIFOBAHHS Ta YHUCETHHUHN pO3paxyHOK cucteMu «ocHoBa — KIITI®Dy i3 BUKOpHCTaHHAM JiHIHHO-TIPYKHOT MOJIEN TPYHTY Ta He-
niniitHO{ Moneni Mopa-Kyrona. AHami3 OTpUMaHHUX JaHMX MOKa3ye, IO PI3HUIA y pe3yibTaTax ckiagae He Oimpime 2%. 3a
KPUTEpiil OLIHKK BIUTMUBY 3allpONIOHOBAHOI KOMOIHOBaHOT MOJIeNi TPYHTOBOI OCHOBHU IPH PO3paxyHKax pi3HUX (GyHIaMEHTIB
NPUITHATO CyMy 3THHAJIbBHUX MOMEHTIB Y3/I0BX IUNIMTH X|M:|. BcranoBNeHO 110 BpaxyBaHHs 2-X eTanHoro ¢opmysanns HJIC
KIIT® i3 3acTocyBaHHSM 3alpOIIOHOBAHOI MOJIENi 3MEHIIIye MOMEHTHI 3yCHJUIS y TUTHTI Ha 2-My (ocTaHHBOMY) eTami 10 15%
y TIOpiBHSIHHI 3 TPUKIIIAHHM 0/Ipa3y MMOBHOTO HABAHTAXKEHHS 1 pOOOTOIO IUTHTH Y SIKOCTi POCTBEPKY 3 MOCTIHHNM 3’ €THAHHAM
IUTITH Ta Maibk (OAMH eTar). 3a pe3ynbTaTaMH PO3paxyHKIB BCTAHOBJIEHO, IO NPH CIPUIHATTI IWINTHOIO YacTuHOIO 100%
HaBaHTa)KCHHS Ta IHIINX PIBHUX YMOBAaX MOMEHTHI 3yCHIIIA y TUINTI 3aBXKH MEHIII HDK Y BUIAJKy 3’ €IaHHS Majb 3 INIHTOIO,
IO BiOYBA€ThsI Yepe3 BiCYTHICTh 3HAYHOI KOHIIEHTPAIII{ 3yCHIIb Y KYTOBUX Ta epH(epiiHUX Maisix y pasi poOOTH IUIUTH K
POCTBEpKy

Kiio4oBi cjioBa: rpyHTOBa OCHOBa, MOJIejIb, KOMOIHOBaHMII IITUTHO-NIANILOBHN (DyHIAMEHT, METOIMKA, HAMPYKEHO-Aehop-
MOBaHUH CTaH
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Introduction

In modern geotechnics, with the advances of infor-
mation technology and the availability of powerful
software packages for the calculation of the entire base-
foundation-building (BFB) system, one of the main re-
search areas is the development, improvement and re-
search of soil base models to ensure adequate interac-
tion between the components of the system during the
construction and operation of structures (buildings).

It is generally known that to obtain reliable and valid
results of the stress-strain state calculation for the foun-
dation designs in the BFB system, a model of the soil
base with appropriate parameters should be chosen that
is close to the behavior of the actual soil medium by
two criteria: distribution capability and deformability
of the foundations of buildings.

Review of the research sources and publications

Back in the last century, the model of the soil base in
the form of a continuous linear elastic layer was widely
used in engineering calculations of bases and founda-
tions, as it was provided by the national building code
[1, 2] and required only setting the thickness H of the
layer (compressible thickness) and the stress-strain
properties of the soil (the total strain modulus £ and

Poisson’s ratio v). Furthermore, this analytical model
had no constraints in plan. Today, with the expansive
growth of information technology, when simulating
and performing numerical calculations of the BFB sys-
tem in the powerful calculation packages such as SO-
FiSTiK, ABAQUS, Plaxis, SCAD, Lira and others, the
three-dimensional formulation generally uses a soil
base model in the form of a continuous layer of finite
distribution capability (Fig. 1) [12-22] (the concept is
introduced for the first time), which, in addition to the
vertical strain constraints at a certain depth A, also has
the horizontal strain constraints at a certain distance
from the load in plan (LyxL,).

These boundary conditions for the model are based
on the fact that under the action of external loads on the
soil base a spatial stress-strain region is formed, beyond
which the soil strains can be neglected, since the addi-
tional load at the boundaries of the soil mass does not
exceed the structural strength of soil [3]. In addition,
any patterns of soil straining under loads, including
time patterns, can be specified for the model itself. For
two-dimensional formulations (plane strain) the model
is well-known as the model of a continuous layer of fi-
nite width.
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Figure 1 - Soil base model in the form of a continuous layer
of finite distribution capability (for three-dimensional problems)

Definition of unsolved aspects of the problem

The major drawback of the existing approaches to
simulating the interaction between the building and the
soil base using classical models is that it is impossible
to incorporate the structural nonlinearity of the behav-
ior of the BFB system, particularly for a new type of
high-performance large-size combined raft pile founda-
tions for multistory and high-rise buildings [4, 22],
where no contact between the piles and the raft is ob-
served at the first stage of loading. A utility model of a
combined raft pile foundation (CRPF) [1] (Fig.2) has
been patented, which consists of the raft / and the piles
2 with the diameter d, with the gap 3 with the height 4

being provided between the raft and the piles. For the
technological convenience of ensuring that no contact
is made between the raft and the pile heads within the
concrete bed 4, the gap under the raft can be filled up
with a low-modulus material. The soil base is desig-
nated as 5.

Problem statement

The purpose of this work is to improve and theoreti-
cally justify the soil base model and the methodology
for identifying its parameters to calculate a CRPF in the
BFB system.
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Figure 2 — General arrangement of a combined raft pile foundation (CRPF)

Basic material and results

To represent a soil base as a linear strain medium un-
der conditions of a single load application, which does
not result in significant growth of the regions of the ul-
timate stress state (“unstable” regions), it is required to
ensure the normative condition [1, 2]:

P<R, (1),

where p is the average pressure under the bottom of the
foundation, kPa;

R is the design resistance of the soil of the foundation
base, kPa.

Since this paper considers large-size combined raft
pile foundations, the average pressure under the bottom
of the raft of the foundation does not generally exceed
the design resistance of the soil of the base, that is to
say it is appropriate to adopt the linear strain law for the
soil base under load, which was proposed by N. Gerse-
vanov [6] and V. Florin [7].

Following the previous solutions to test problems on
various interactions between the raft and the piles in
present-day  calculation  packages (SOFiSTiK,
PLAXIS), we propose an improved model of the soil
base for the CRPF and a methodology for simulating
the base-CRPF subsystem to incorporate the structural
nonlinearity of the behavior of the CRPF, that is, the
behavior of the foundation elements “before” and “af-
ter” the connection of the piles to the raft.

An improved model of the soil base in the form of a
combination of a continuous linear strain layer of finite
distribution capability and a Winkler-Fuss layer is
shown in Fig. 3.

The methodology for simulating the base-CRPF sub-
system includes the stages as follows:

1. We simulate the soil base of the CRPF with the
physical and mechanical properties of soil layers and
model dimensions such as compressible thickness prz
and overall dimensions LyxL, in plan, and correspond-
ing vertical and horizontal strain constraints on the
boundaries of the model.

2. We simulate the interaction between the soil base
and a single pile separately (or using a built model).
Based on the calculations and results of soil tests with
piles at the construction site, we iteratively determine
the connection stiffness G, under the lower end of a
single pile. In this case, the connection stiffness G, of a
single pile can be either linear or nonlinear (for
example, bilinear). To determine the stiffness of piles
in the pile field, we should consider their interaction;
therefore, the stiffness G, under the lower ends of the
piles will be equal to:

Gpr= Gp - ¢[kN/m],

where G, is the stiffness of the connection under the
lower end (bottom) of a single pile, kKN/m;

{'is the coefficient of transition from the settlement of
a single pile to the settlement of the pile field, units. We
take the normative value of £ = 0.2 or when justified,
the value of £ = 0.25+0.33 can be taken [8].

3. We simulate a CRPF with no contact between the
raft and the piles with the gap A between them.

4. We simulate special inserts with the thickness 4
between the raft of the foundation and the piles, the
stiffness of which should be not less than that of the
foundation elements (by convention, “concrete” in-
serts). The “concrete” inserts should provide a
connection between the raft of the foundation and the
piles at the stage of calculation “after” the connection
to the raft.

Next, we simulate the superstructure with the appro-
priate effective, wind and other loads on it to obtain a
model of the entire base-CRPF-building system
(Fig. 3).

To calculate the structural nonlinearity of the com-
bined raft pile foundation, the main calculation steps
are as follows:

— We determine the stress-strain state of the raft of
the foundation “before” the connection to the piles. It
is determined for the part of the vertical load p,;, which
is taken by the raft of the foundation “before” the
connection to the piles;
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— We determine the stress-strain state of the raft of
the foundation “after” the connection to the piles to
find the most unfavorable combination of loads on it. It
is determined for the additional (effective) vertical load
Ppaa after developing the stress-strain state at the
previous stage.

To investigate the effect of the proposed model of the
soil base on the stress-strain state of the CRPF, it is pro-
posed to consider a simple example of calculation with
the initial data of an actual construction project in a
two-dimensional formulation:

— The overall normative vertical average load under
the raft of the combined raft pile foundation is
DPior=PpitPaa=167 kPa;

— The gap between the raft and the piles is 4=0.05
m=5.0 cm;

— The soil base takes the average vertical load under
the raft of p,~=119 kPa (approximately of the weight of

the total building volume) “before” the connection to
the piles (Stage 1);

— The soil base takes the additional average vertical
load under the raft of p,+—=48 kPa (effective load) “after”
the connection to the piles (Stage 2);

— The linear stiffness under the ends of the piles is G,
=32000 kN/m, which is determined from numerical
iterative calculations of the interaction between the soil
mass and the single pile under the action of a vertical
force F = 1200 kN on the single pile with the stiffness
under the lower end of Gp = 160000 kN/m (determined
iteratively) and its settlement =5 mm, which
corresponds to the results of field tests of soils with
bored piles [10].

The conditional calculation patterns of the base-
CRPF system are shown in Figs 4 and 5.

a)
&
Combined raft pile foundation h
I
A
7 R
The model of soil base
of limited distribution
capacity
2 H
- elastic modulus E, MPa LY
- Poisson’s ratio v, units
- s0il specific weight y, kN/m *
pe pe N
Lx
b)
N Callout
L T T L L (“before” connection fo the piles)
Multistory structure Raft
[T TR T AT RN N T YR R R RN N ) (building)
e G- totaf weight
of the building Raft
Py WITIITIIPPITTIIP LI I ETITY i
<ty / <H Concrete [
=Tpw =Mpw bed
4 RN R R RNz R RN N :
b 1
¥ Eq vy
Callout
¥uEp v
% b a—aE Callout
~ (“after” connection to the piles)
¥n. En, Vn y ye)
Pile . Raft
h— )
Yarts Eners Viey & -
b r;7 i 7;7 A ‘IV\ ji ‘va i Concrete / “\
Connection of / bed \ "concrete”
finite stiffness G pr L. Pile insert

Figure 3 - General arrangement of an improved model of the soil base for the CRPF:
a) Three-dimensional view of the base-CRPF subsystem; b) View of the base-CRPF-building system with
the specific locations of the connections of finite stiffness Gpr under the bottom of the piles.
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Figure 4 — Conditional calculation pattern of the base-CRPF system “before” the connection to the piles (Stage 1).
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Figure 5 — Conditional calculation pattern of the base-CRPF system “after” the connection to the piles (Stage 2).

To investigate the performance of the proposed model
of the soil base, a finite element model of the base-
CRPF subsystem, which consists of a soil base and a
combined raft pile foundation, was created using the
PLAXIS 3D package according to the calculation pat-
terns of Figs 4 and 5 (Fig. 6) [11].
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Figure 6 — General view of the base-CRPF system in a two-dimensional formulation.

The soil base and piles were simulated using a linear-
elastic material model which is based on Hooke’s law
for isotropic elasticity and represented by solid finite
elements with consistent stress-strain properties such
Young’s modulus (elastic modulus) £ in kN/m? and
Poisson’s ratio v in units.

The raft is simulated by plate finite elements using an
elastic material model with the parameters as follows:
specific weight y in kN/m?, elastic modulus E in kN/m?,
and Poisson's ratio v in units.

Fixed-end anchor elastic elements with the
elastic modulus E (kN/m?), cross-section A4
(m?), and thickness 2 (m), that is, with the lin-
ear stiffness of Gpf=E-A4/4=32000 kN/m, are
used as the connection of finite stiffness un-
der the lower ends of the piles.

A two-row arrangement of the piles with the
spacing 3d at a distance of 6.0 m between the
rows was adopted.

The load is assumed to be evenly distributed
over 1 (one) running meter of the raft.

Fig. 7 below shows the results of the prelim-
inary simulation of the interaction between the
soil base and the single pile to determine iter-
atively the connection stiffness G, under the
bottom end of the single pile. Iterative calcu-
lations were performed for both the linear-
elastic model and the nonlinear Mohr-Cou-
lomb model for soil. The difference was not
more than 2%.

520

Total displacements u , (scaled up 50,0 times)

Maximum value = 0,000 m (Element 9289 at Node 903)
Minimum value = -5,317*10 “m (Element 3901 at Node 30)

Figure 7 — General view and straining of the base-single pile system.
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Fig. 8 shows the bending moment curves along the raft
of different foundations:

- CRPF (2 stages) L-E model: calculation pattern for
the base-CRPF system “after” the connection to the
piles (Stage 2), where the soil base is simulated using a
linear-elastic material model;

- CRPF (2 stages) M-K model: calculation pattern for
the base-CRPF system “after” the connection to the
piles (Stage 2), where the soil base is simulated using
the nonlinear Mohr-Coulomb material model;

- RPF L-E model: calculation pattern for the base-RPF
system with the full load p.; being applied and the

400,0
300,0
200,0

100,0

behavior of the raft as a raft with the permanent con-
nection between the raft and the piles, where the soil
base is simulated using a linear-elastic material model,;
- RPF M-K model: calculation pattern for the base-RPF
system with the full load p., being applied and the be-
havior of the raft as a raft with the permanent connec-
tion between the raft and the piles, where the soil base
is simulated using the nonlinear Mohr-Coulomb mate-
rial model.

The criterion for evaluating the effect of the pro-
posed combined model of the soil base in the calcula-
tion of various foundations is the sum of the bending
moments along the raft: £|M,|, kN-m (Fig. 9).

0,0

-100,0

M,, KN-m

-200,0
-300,0

-400,0

-500,0

—— CRPF (2 stages) L-E model
----- CRPF (2 stages) M-K model

— RPF L-E model
----- RPF M-K model

Figure 8 — Bending moment curves M. along the raft, kN-m
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120000,0

101565,53
100000,0
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40000,0
20000,0
" CRPF (2 stages)
L-E model

118073,86
100381,22

CRPF (2 stages) RPF M-K model
M-K model

Figure 9 — Sum of the bending moments along the raft: X|M.|, kN-m

It should be noted that the calculation of a 2-stage
development of the stress-strain state of the CRPF re-
duces the moment forces in the raft at the 2nd (last)

stage to 15% in comparison with the application of the
full load pii=ppitpaa=167 kPa and the behavior of the
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raft as a raft with the permanent connection between the
raft and the piles.

The analysis of the stress-strain state of the com-
bined raft pile foundation at different stages of the in-
teraction with the proposed soil base model helps to
confirm the physical significance of this structural non-
linearity of the behavior of the foundation elements. It
should be noted that in this case there is no point in
comparing the stress state of the raft when using other
soil base models since this is the only available model
now that can qualitatively simulate the behavior of the
CRPF with the structural nonlinearity in behavior.

Conclusions
The conducted investigations suggest the conclusions
as follows.

1. A soil base model in the form of the combination
of a continuous linear strain layer of finite distribution
capability and a Winkler-Fuss layer was improved and
theoretically justified. A methodology for simulating
the base-CRPF subsystem was developed to determine
the stress-strain state of the CRPF in present-day calcu-
lation packages. In this respect, the improved model is
capable to qualitatively simulate the behavior of the
CRPF with the structural nonlinearity in the behavior

of its elements, raft and piles, as shown in a specific
example.

2. Numerical studies of the model’s impact on the
distribution of bending moments in the raft of various
foundations were conducted, which showed a decrease
in moment forces in the raft of up to 15% when consid-
ering the structural nonlinearity of the foundation ele-
ments in comparison with the application of the full
load p:: at once and the behavior of the raft as a raft
with the permanent connection between the raft and the
piles.

3. The results of the calculations of separately per-
formed test tasks show that when the raft takes 100%
of the load and other conditions are equal, the moment
forces in the raft are always less than in the case of the
pile-raft connection, which makes the physical signifi-
cance owing to the absence of a significant concentra-
tion of forces in the corner and peripheral piles in case
the raft behaves as a raft.

4. The improved combined model may also be used
to calculate classical piled raft foundations to reduce
the concentration of forces in the corner and peripheral
piles, which requires further research into the proposed
soil base model.
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