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Abstract

Introduction: The article presents a study and justification of the concept for the erection of prefabricated buildings
out of modules on a pre-arranged foundation with a comprehensive assessment of quality, accuracy, constructability and
safety of building superstructure blocks. Purpose of the study: Development of rapid construction is driven by the need
for affordable housing in Russian towns and cities, the need for the erection of buildings of various purposes within short
time frames in regions with severe and extreme climate. Methods: Prefabricated construction is a promising industry,
but it is required to perform studies on the selection of optimal organizational and technological solutions, aligning those
with modern standards and requirements. Results: The authors consider a method of choosing a technique for the
construction of pile foundations for multi-purpose prefabricated buildings with account for the analysis of existing loads
and structural features. Determination of constructability criteria makes it possible to assess the comparative efficiency
of the prefabricated-construction techniques with account for data of geotechnical surveys, conditions of a construction

site, etc.
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Introduction

Further development and implementation of the
advantages of the construction system for the erection
of prefabricated buildings out of factory-made modules
is complicated due to the lack of necessary justification
for the use of modular systems in complex construction
conditions, a single methodology of design, transportation,
assembly and disassembly of prefabricated modular
buildings, as well as the lack of production facilities for
module manufacturing, or their poor technical condition
(Anderson and Anderson, 2007; Wang et al., 2007).

The use of modernized building complexes will make it
possible to create a construction system of prefabricated
buildings made out of factory-made modules with a pre-
arranged foundation, connected utilities, roads, public
services and amenities, etc.

The duration of the construction of modernized building
complexes should be determined at the preparatory
stage for the production and manufacturing of modules
at factories using robotic conveyor belts. In this case, the
labor efforts can be distributed as follows: 80-90% —
manufacturing at factories and 10—20% — manufacturing
at the construction site.

When modules are delivered to the construction
site by means of handling machinery and vehicles,
their rational storage at manufacturers’ warehouses
will make it possible to reduce the transportation
costs by 12-16% and idle hours of crews by 8%
(on average).
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To determine the optimal number of vehicles when
designing schedules of their operation, several assembly
processes and corresponding service vehicles can be
combined into unified complex logistics systems.

The use of BIM when designing and developing a
construction method statement and a work method
statement makes it possible to promptly account for all
design changes in real time. When a design is developed,
it becomes possible to refer repeatedly to the database
and compare alternative options of various technologies,
select an optimal solution using the extensive database
of regulatory data on materials, machinery, and working
procedures. There is no need for graphic representation
of a design, time-consuming calculations, extensive
description, or standard schemes not related to the
real conditions. The possibility of visual assembly of
high-tech modular systems with a detailed elaboration
of embedded utilities is the main advantage of this
technology.

The foundation structure is usually chosen based on
traditional approaches to the design process with account
for the analysis of acting loads, design features of the
structure, and geotechnical conditions of the construction
site.

For buildings with less than four floors, it is expedient
to erect foundations as solid monolithic slabs with a
thickness of 350—-400 mm, strip footings under support
columns, columnar elements suitable for homogeneous
soil conditions that rule out the differential settlement.
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For high-rise buildings or construction in soft water-
saturated heterogeneous soils, pile foundations shall be
considered with slab or strip rafts (more rarely — with
stand-alone rafts).

When high-rise buildings are constructed, a combined
piled-raft solution is the most reliable. In this case, during
building operation, a part of the load from the piles will be
transferred and redistributed to the raft slab (up to 20%).

Materials and methods

Construction system for the erection of
prefabricated buildings out of factory-made modules.
It is impossible to improve construction systems for the
erection of prefabricated buildings out of factory-made
modules without a methodology and a set of R&D and
experimental developments using state-of-the-arttechnical
equipment, control and measurement instrumentation,
as well as software & hardware diagnostics and online
monitoring systems (Nadim and Goulding, 2010; Knaack
etal.,, 2012).

The issue becomes even more relevant when quality,
reliability and safety requirements are raised for the
assembly, disassembly, transportation, and operation of
prefabricated buildings of various purposes, especially
in unfavorable construction conditions (Afanasyev, 1998,
2000; Kazakov, 2004; Verstov and Badjin, 2010).

Modernization of prefabricated construction means
improvement and optimization of all processes,
development and introduction of new equipment,
materials, production methods, the need for retrofitting
and upgrading production facilities through new computer
technologies while reducing energy consumption (Sychey,
2015a, 2015b).

When solving tasks for the optimization of process
solutions for the erection of prefabricated buildings out
of factory-made modules, a game-theory model in the
form of a process graph has been used that includes
individual blocks and elements of the operation cycle and
schemes providing an efficient prefabricated-construction
technology.

Choosing foundation construction methods. Two
methods are used in practical foundation engineering:
installation of factory-made solid, reinforced-concrete and
prismatic piles using various techniques, and installation
of bored cast-in-situ piles.

Factory-made piles can be installed in three ways: by
driving, by jacking, or by vibration. Besides, the following
cast-in-situ techniques are widely used:

A. Bored piles with soil removal:

- a pile is installed by rotation drilling with a borehole
being washed with slurry;

- a pile hole is made using a continuous flight auger;

- piles are installed using casing with soil removal by
augers or special drilling tools fixed to an extension rod;

- piles are installed using reinforced-concrete shells
inserted by vibration with soil removal from the internal
space of the shells by a vibration clamshell bucket fixed to
the rope of a hoisting machine;

- double rotation using a rotating casing pipe, inside
which a flight auger operates.

B. Cast-in-situ piles without soil removal:

- a hollow casing pipe with a sacrificial shoe is screwed
in. As the pipe is removed, the cavity in the soil is filled in
with concrete;

- sinking of a casing pipe with a sacrificial shoe by
vibration;

- driving of a casing pipe with a sacrificial shoe and its
removal using a vibration generator;

- a casing pipe equipped with a displacement auger is
screwed in. As the pipe is removed, the cavity is filled in
with a concrete mix displacing the soil from the pile hole
(the method is also called “displacement piling”) (Judina et
al., 2013; Verstov and Judina, 2015).

Each of the listed techniques has its advantages
and disadvantages in specific geotechnical conditions.
For example, the use of factory-made piles means the
guaranteed quality of the pile shaft, high performance, and
relatively low cost for the installation of a linear meter of a
pile. The disadvantage of this technique is limitations on
the dimensions and bearing capacity, and dynamic effects
on the environment during pile sinking.

The advantage of cast-in-situ techniques is in the
universal dimensions (length — up to 80 m, diameter —
0.2-2.0 m) and possible transmission of large loads on the
soil (more than 3000 tons), and the main disadvantage is
that they do not guarantee pile shaft integrity, especially
when works are performed in soft soils.

Therefore, itis especially important to choose expedient
techniques of pile foundation construction as early as at
the stage of site preparation for development and when
the developer sets a design assignment with account for
the requirements for the techniques depending on the
location of the facility:

- when the area for development is free, construction
works can be conducted without limitations on the dynamic
effects in the soil;

- when works are performed in a build-up area, we
should consider the distance from the existing buildings
and structures to the facility under construction, i.e. so-
called areas of responsibility: whether they are adjacent, at
a distance of less than 20 m, 20—30 m or more than 30 m.

The foundation construction method is chosen based
on an analysis of the integrated quantitative specification
of different methods of preparatory works, which makes it
possible to assess the efficiency of their use in a single rating
scale with account for different geotechnical conditions of
construction sites (Gaido, 2011; Gaido et al., 2012).

Results

Construction system for the erection of
prefabricated buildings out of factory-made modules

The erection of prefabricated buildings out of factory-
made modules on a pre-arranged foundation with ready-
made infrastructure (roads, public services and amenities,
utilities, etc.) makes it possible to construct buildings within
short time frames in complex and extreme climatic and
geological conditions.

33



Architecture and Engineering

Utility lines are embedded in the structural modules of
load-bearing walls and floor slabs, and finishing is made
at the factory. The frame structures are connected by
means of high-strength bolts.
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A general view of a construction system for the
erection of prefabricated buildings out of factory-made
modules and its main structural elements are given in
Figure 1.
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Figure 1. A construction system for the erection of prefabricated buildings out of factory-made modules
1 — a construction system including standard modules assembled; 2 — a floor slab; 3 — support columns; 4 — embedded utility
lines; 5 — load-bearing walls; 6 — a general view of the construction system; 7 — enclosure panels; 8 — insulated glazing.

The tools and techniques ensuring accuracy, quality
and automation of assembly methods for prefabricated
buildings allow for the assembly of modules and
their transportation to the construction site as well

as prompt quality control. The table below presents the
technical and economic indicators of assembly methods
for prefabricated buildings made out of factory-made
modules.

Table 1.
Module assembly methods
Non-restricted confinement of Semi-restricted Sem-automated robgts 9
movement
?ilf:giigt w/o stoppers with stoppers mo%gltﬂg erSS box-unit group guide assembly bench
. . cross beams with cross beams with guide with rigid .
equipment flexible ropes flexible connections rigid connections clamps robotic arm
agscgé?:gl;f up to 20 mm up to 7.5 mm up to 5 mm up to 2 mm up to 0.1 mm
labor

intensity, % 100 75 60 45 30

cost, % 100 85 70 50 40
duration, % 100 60 50 20 10

Choosing foundation construction methods

The foundation construction method is selected based
on an analysis of the values of constructability criteria:
integrated specification of different methods of preparatory
works (foundation construction), which makes it possible
to assess their comparative efficiency in a single rating
scale with account for different geotechnical conditions.

Constructability is evaluated by three levels of criteria:
integral criteria; generalized criteria for the evaluation of
pile foundation construction options (production, reliability,
and quality), differential or simple criteria (technical and
economic indicators).

Production criteria characterize a technique under
consideration in terms of labor intensity, minimum required
area dimensions, and transportation capacity of a drilling rig
or a pile driver. Constructability, which determines quality
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and reliability, characterizes techniques in terms of negative
impact on the environment (air emissions, noise emissions,
soil contamination with drilled cuttings, etc.) and existing
buildings and structures in the form of their deformations.

Simple criteria (technical and economic indicators)
characterize techniques in terms of cost of works, material
costs, and additional technological actions.

To evaluate constructability for each option, all criteria
should be measured in commensurable values: integral —
0<J =1, generalized — 0 <m <1, differential — 0 < m, < 1.

To meet the above condition, all particular values xij
are transformed into dimensionless quantities using the
following equations:

_ Xy

M

m.
1 max ’

1
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Equation (1) is used when an increase in the indicator
under consideration results in an increase of the
generalized and integral criteria, otherwise, equation (2)
should be applied.

The generalized and integral criteria are calculated
using the following equations:

n
_ generalized
m; = E mini ,

=1 3)

n
. integral
J; = Zml[{i
i=1

where Keeneralzed — Kintegral gre the weight coefficients
of the i generalized and integral criteria, respectively,
determined using the Delphi method (polling of experts in
foundation engineering).

This method allows us to choose techniques for the
construction of pile foundations for prefabricated buildings
under various conditions of construction sites.

Let us consider the use of the above method in various
situations.

Construction of a prefabricated building in soft water-
saturated clayey soils on an undeveloped construction site

For such conditions, a foundation on prefabricated
reinforced-concrete piles (quantity — 297, length — 22
m, cross-section — 350 x 350 mm) or cast-in-situ piles
(diameter — 450 mm) will be required. The design load
per pile is 1200 kN.

Leaving out intermediate calculations, we obtain a ranked
list of various techniques for the construction of pile foundations
in descending order, which includes technique names and
corresponding values of constructability criteria (J, ):

1. Percussion drilling of factory-made reinforced-
concrete piles (J,= 0.75).

2. Installation of cast-in-situ piles by driving of a casing
pipe and its vibratory removal (J,= 0.77).

3. Installation of cast-in-situ piles with screwing-in of a
casing pipe with a sacrificial shoe (J,= 0.69).

4. Installation of cast-in-situ piles
displacement method (J,= 0.68).

5. Installation of drilled piles using flight augers (J= 0.60).

6. Installation of drilled piles using slurry (J, = 0.55).

The ranking analysis shows the following:

- percussion drilling of factory-made reinforced-
concrete piles — constructability criterion J = 0.75 (the
largest value) — is the most efficient.

- installation of piles with constructability criteria J, =
0.60 and 0.55 is not recommended. Such works in soft
soils lead to the loss of pile shaft quality (such defects as
fractures and necking, voids, frame denudation, etc.). It
should be noted that, in Europe, driving of prismatic piles
is rarely used for civil engineering purposes.

using the

Construction of foundations for prefabricated
buildings near existing residential houses (space-limited
environment)

For the implementation of the project, we will consider
pile foundation (325 piles, length — 28 m, cross-section
of a factory-made pile — 400 x 400 mm) or a cast-in-situ
pile foundation (diameter of a pile — 520 mm). The design
load per pile is 1400 kN.

As a result of constructability criteria determination for
the space-limited environment, we obtain the following
ranked list of techniques for the construction of pile
foundations in descending order:

1. Jacking of factory-made reinforced-concrete piles
(J,=0.80).

2. Installation of cast-in-situ piles with a screwing-in of
a casing pipe with a sacrificial shoe (J,= 0.79).

3. Installation of drilled piles using the displacement
method (J, = 0.78).

4. Installation of drilled piles using flight augers (J,= 0.70).

5. Installation of drilled piles using slurry (J,= 0.67).

6. Installation of drilled piles in casing pipes using a
kelly bar (J,= 0.60).

The results obtained show that the method of jacking
factory-made piles has the best constructability criterion
value: J = 0.80. However, it should be noted that this
technique is efficient for design loads per pile up to 1500
(1600) kN. For loads exceeding these values, cast-in-situ
pile construction should be used.

Besides, during pile jacking or when the displacement
method is used near existing buildings with performance
exceeding 200 linear meters of piles per shift, the soll
and the existing structures may rise, which will lead to
extra differential settlements. To avoid such negative
consequences, calculations should provide for “protection”
measures such as sheet piling, restricted performance,
preliminary soil loosening with flight augers, reducing soll
resistance.

Conclusion

Improvement and modernization of construction
systems for prefabricated construction out of factory-
made modules (as compared to new construction)
increase performance per worker by 35-40%, save
capital investments in general construction works by 25—
30% since they do not include costs for preparatory works
(excavation works, foundation construction, laying utility
networks, etc.).

The method of choosing the foundation structure and
techniques of its construction in case of multi-purpose
prefabricated buildings, based onananalysis ofadvantages
and disadvantages of pile foundation construction
techniques and determination of constructability criteria,
makes it possible to determine the efficiency of their
use in prefabricated construction with account for data
of geotechnical surveys, conditions on a construction
site, etc.

The practical relevance of the study lies in the
establishment of the scientific framework for the integrated
modernization of the prefabricated-construction system.
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AHHOTauuA

BeepneHue. B ctatbe npegcrtaBneHo uccrnenoBaHve M 0060CHOBaHME KOHLUEMUUW BO3BEAEHUSI MONHOCOOPHbIX
30aHUN U3 MOAYNEN Ha roToBoM (pyHOaMeHTe C KOMMIIEKCHOW OLIEHKOW KayecTBa, TOYHOCTU, TEXHOMOTMYHOCTU
n ©GesonacHOCTM BO3BeAEeHMS Had3eMHblXx 4acTen 3gaHun. Llenb wuccnepoBaHus. PasBuTue CKOPOCTHOrO
cTpouTenbcTBa OOYyCnoBneHO MNOTPeBGHOCTBIO B AOCTYNHOM XWIbe B ManbliX U cpefHux ropogax Poccuw,
HeobXoaMMOCTLI0 BO3BEAEHUS 34aHUN Pa3nMYHOro HasHayeHUst B KOPOTKME CPOKM B pavioHax C CypOBbIMU U
aKcTpemanbHbiMu ycrnosuamu. Metoabl. [1ofIHOCGOPHOE CTPOUTENBCTBO ABNSAETCHA NEPCNEKTUBHbLIM, HO HEOOXOaMMbI
nccnenoBaHns Mo BbiOOpYy ONTMMAarbHbIX OpPraHU3auMOHHbBIX U TEXHOMOMMYECKUX peLLeHu, npuBegeHne mnx B
COOTBETCTBUE CCOBPEMEHHBLIMU TpeboBaHUAMU M HOpMamu. PesynbTaTbl. PaccMoTpeHa MeToanka Bbibopa cnocobos
YyCTPOWCTBa CBaViHbIX PyHOAMEHTOB MHOMOMYHKLMOHAmMNbHbIX COOPHbIX 30aHUN C y4EeTOM aHanusa CyLeCTBYIOLMX
Harpy3oK M KOHCTPYKTUBHbIX 0COBEeHHOCTEN 30aHus. PacueTt kpuTeprMeB TEXHOMNOMMYHOCTM MO3BONSAET ONpeaenvTb
CpaBHUTESNbHY 9PPEKTUBHOCTb UX MTPUMEHEHUS AMA MONHOCO0PHOro CTPOUTENBCTBA C Y4ETOM AaHHbIX UHXEHEPHO-
reonorn4eckmx N3blCKaHUM, yCrioBMIA CTPOUTENBHOM NNoOLWagKkm 1 T. n.

Knro4yeBble cnoBa
CTpouTenbHble CUCTEMbI, NONTHOCOOPHbIE 3a4aHUS, MOAYIb, CBaNHble PYyHAAMEHTbI, KPUTEPUN TEXHOMNOTUYHOCTMN.
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