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Abstract

Introduction: In a 1754 publication, Discussion plus particuliere de diverses manieres d’elever de I'eau par le moyen des
pompes avec le plus grand avantage (Very detailed explanation of the different methods of raising water through pumps
with the greatest effectiveness), Leonhard Euler (1707—1783) made extensive use of the concept of mechanical power in
estimates of the power needed to raise waters with piston pumps, by means of natural forces such as human and horse
force, running waters, and windmills. Purpose of the study: We aimed to revisit this publication to show to the modern
reader Euler’s pioneering approach in providing rational calculations of the power of natural forces needed to drive
different machines to raise waters with piston pumps. Methods: After a brief historical review on the use of natural forces
to drive machines and the evolution of the concept of mechanical power, the method employed was the examination and
an annotated reproduction of the main formulation using Euler’s original notation and ways of scientific writing of the time.
Discussion: We address the evolution of hydropower and wind power, particularly for the generation of electricity, and
also show that despite of its much lower attractiveness, there have been some attempts in the use of human and animal
power in developing countries, particularly in applications that do not require large and constant amounts of power inputs.

Keywords

Piston pumps to raise water, history of piston pumps, power of natural forces, history of hydraulic machines.

Introduction

The need of providing mechanical power to drive
machines has been a pressing issue for humans
since the earliest civilizations as it is still today. In
classical antiquity, virtually all work was done by
man-power or animal power. Water power was used
for pumping and in ancient industrial processes
but probably not much before the first century BC
(Landels, 1978). The dates are uncertain, but it is said
that as early as 1700 BC, Hammurabi used windmills
for irrigation in the plains of Mesopotamia (Golding,
1976). There is evidence that wind power was used in
Afghanistan around 700 AD and by the Chinese back
in 1200 AD (Golding, 1976). Harnessing water power
and using it to drive machinery were apparently not
explored until the early part of the first century BC.
According to the geographer Strabo, a water-mill
was built in the Pontus (near the modern Niksar, N.
central Turkey) (Landels, 1978). The conceptions
of these machines were probably transmitted and
perfected from generation to generation. Certainly,
there were virtually no guidelines to estimate the
required inputs (force, work, and power) to achieve
the desired outputs (flow rate, head, pressure,
and efficiency); in other words, the technological

knowledge as is known today was non-existent, and,
perhaps, not even thought of.

Itis argued (Landels, 1978) that the Mediterranean
world, and particularly the Roman Empire, was
dominated by the Greek culture, which might have
had important effects on the scientific thought. This
was characterized by a liking for stability, rest and
permanence, and an opposing dislike of change
and movement, which caused people to set a high
value on the permanent and stable. As a result, their
understanding of static conditions (e.g., hydrostatics)
and mechanical problems not involving movement
was acute, whereas their ideas on dynamics (e.g.,
ballistics) were incomplete and inaccurate. They
spoke of velocities but hardly even began to study
acceleration, which impaired the notion of inertia and
kinetic energy.

The study of motion was also impaired by the lack
of devices to measure short intervals of time, of the
order of seconds. Moreover, philosophers of the time,
such as Plato, and their followers adopted an anti-
physical attitude, exalting the “pure” and theoretical
sciences (such as geometry and astronomy), looking
down on any research that was mechanical, or which
had practical applications (Landels, 1978).
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First Notions of Force, Work, and Power

It is possible to say that this state of affairs began
to change with Galileo Galilei (1564-1642) and a
mechanical treatise of his authorship, referred to by
the author himself as Mechanics (Le mecaniche),
which consisted of handwritten texts, copies of which
obtained wide circulation in Europe in the first half
of the 17" century, and eventually was published
in 1634 in French by Marin Mersenne (1588—-1648)
under the title Les Mécaniques de Galilée, a year
after the conviction of Galileo by the Holy Inquisition.
Along with Galileo, he referred to mechanics in
the plural to designate the part concerned with
machines, as distinct from the denomination in the
singular — mechanic — understood as the general
theory for the conditions of rest (equilibrium) and
natural motion of physical bodies.

According to Mariconda (2008), the original
manuscript by Galileo was considered lost.
Nonetheless, two copies appeared, one in a
short version and another in a long version, the
former written in 1593/1594, and the latter written
in 1601/1602. Based on secondary sources that
examined these publications, Mariconda showed that
the basic explanation scheme employed by Galileo
consists in showing that, as for the machines known
at Galileo’s time (lever, pulley, wedge, screw, inclined
plane, and capstan), all can be reduced to a system
of simple levers. The lever principle is extended
from the static to the dynamic case, and the effect
of velocity on the motive power is considered, where
the motive power is the product of the weight (force)
of a body and its velocity, taken by Galileo as a
measure of the power being used.

Galileo’s approach differed from the works of his
predecessors in his strategy of introducing idealized
conditions with the basic objective of eliminating
friction, in order to think of an ideal machine. Galileo’s
predecessors knew that friction reduces performance
(yield) of a machine, but none of them were led to,
or were able to, think about the following problem:
what would happen with a perfect machine? Or,
more simply, what would happen with a frictionless
machine?

Thus, according to Galileo’s conception of
machines, they all have the function of transmitting
and applying force or power as effectively as
possible. In this conception, it is possible to develop
a quantitative evaluation for the performance of
machines in terms of the product of the driving force
used and speed, which corresponds to an important
step towards the quantification of the power of
a machine and opens the way for the elaboration

of concepts such as work and energy, which are
fundamental for the development of modern
engineering.

It is generally accepted that the concept of
force was first formally introduced into physics with
Newton’s second law of motion. Similar to “quantity
of matter”, the product of density and volume,
Newton (1643-1727) proposed “quantity of motion”
as a measure of the same, arising from velocity and
quantity of matter conjointly (mv).

Since the quantity of motion is a scalar, Newton’s
definition implicitly treated velocity v as scalar speed
rather than vector velocity v. Hence the quantity
of motion is not precisely identical to the modern
concept of momentum, which is a vector quantity
given by mv. Based on the scalar quantification of
“motion”, Newton had to acknowledge that, contrary
to the teachings of Descartes, the “quantity of
motion” is not conserved.

The concept of work (force times distance), and
power (work per unit of time) may have been first
introduced by Descartes (1596-1650) as indicated
by Belidor?, in his famous Architecture Hydraulique
(de Belidor, 1819). In the first chapter (§ 85), the
concept was discussed by Belidor, with the subtitle
“Descartes Principle for Mechanics”, and it is
presented as follows (Fig. 1): “... a body only has
force as long as it is in motion, and this force will be
all the greater when it will have, at the same time,
more mass and more speed, as a rectangle will have
more surface when it has a larger base and a greater
height. Or, since this surface is expressed by the
product of these two dimensions, similar is the force
of a body, which is also called its ‘quantity of motion’,
and should be expressed by the product of its mass
and its speed...”

In § 89 Belidor generalized the Descartes
Principle considering power (P = Fv) rather than
quantity of motion (mv), to read: “.. in the state of
equilibrium, the force and the weight will be as the
reciprocal ratio of their speed; and, therefore, the
quantity of motion of the force will be equal to that
of the weight ...” This translates to the equality of
powers: P = P . In the subsequent paragraphs,
de Belidor applied this principle to several simple
mechanical machines such as: levers, pulleys,
cranks, etc. Fig. 2 is an image of an ancient crane,
composed of several mechanical elements for power
conversion.

In § 99 Belidor exemplified the mechanical
principle by applying it to a hoisting machine: “... a
force of 25 livres? may aid a machine to hoist a weight
of 500 livres, if the weight is only one foot of a way in

@ Bernard Forest de Belidor (1697—-1761), a military engineer, taught mathematics at the artillery school at La Fére where he authored
several textbooks. Seeking to introduce mathematics into practical engineering, he wrote La science des ingénieurs (1729) and Architec-

ture hydraulique (1737-1739).

b The livre poids de marc or livre de Paris was equivalent to about 489.5 grams and was used between the 1350s and the late 18" century.

4
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Fig. 1. de Belidor’s illustration of the Descartes
Principle for Mechanics (de Belidor, 1819)

Fig. 2. Ancient crane hoisting a load with the aid
of the human power applied to the paddles of the
turning wheel (source: https://www.gruasyaparejos.
com/en/construction-crane/ancient-crane/)

the time that the force will make 20 (feet): or else, a
weight of 50 livres will raise a weight of 500 livres, if
the former has a velocity ten times greater than that
of the 500 livres weight ...”

However, Claude-Louis Navier (1785-1836),
the reviewer of the new edition of Architecture

meter, a force F equal to one newton, and for a unit
of time of one second, the power is equal to one watt:

Hydraulique®, an academic at the Ecole Nationale
des Ponts et Chaussées and Ecole Polytechnique,
in a footnote following this paragraph, reproached
de Belidor for his interpretation of the Descartes
Principle and rephrased it in more rigorous terms by
substituting speeds for virtual velocities, followed by
other considerations. Nonetheless, de Belidor recast
it in terms of power, perhaps because he was more
interested in the practical applications of the principle.

Definition of power: if a constant force F is
applied throughout a distance d, the work done 7' is
defined as T=F-d. In turn, the power P is defined as

_T_Fd_,

the work done per unit of time, © ~ ;7 ; ' 7,
where v is the speed. For a distance d equal to one

1W=IN1 m/s.

Another common and traditional measure
of power is the horsepower (hp)¢, comparing to
the power of a horse (Fig. 3); one mechanical
horsepower equals about 735.5 watts. This means
that a horse is capable of raising a load of 75 kg
(165 Ibf) to a height of 1 m (3.28 ft) in 1 s. Since the
normal gravity is equal to 9.80665 m/s?, then a force
of 735.5 N is necessary to raise a mass of 75 kg,
which at a velocity of 1 m/s, would require a power
of foot-pounds per second (FPS).

When considering human-powered equipment, a
healthy human can produce about 1.2 hp (0.89 kW)
“briefly” and sustain about 0.1 hp (0.075 kW)
“indefinitely”.

¢ In the 1810s, de Belidor’s two works, La science des ingénieurs (1729) and Architecture hydraulique (1737—-1739) were issued in revised
and expanded editions by Navier, who had been recruited by the Ecole des Ponts et Chaussées to edit the works of his great-uncle, the
great French engineer Emiland Gauthey. By 1813 Navier completed this task and also issued a revised and expanded edition of Belidor’s
La science des ingénieurs. Navier’s success as an editor of Belidor’'s Science des ingénieurs and Gauthey’s works led their publisher,
Firmin Didot, to invite him to prepare a revised edition of Belidor’s Architecture hydraulique. Navier sought to correct the errors found in this
work and give it a mathematical sophistication that would make it useful to the graduates of the Ecole Polytechnique. Navier’s contributions
to the Architecture hydraulique are confined to the first volume, which contains notes and commentary equal or surpassing the original
text in length. The remaining volumes consist of reissues, with new titles dated 1810, of the edition published in 1780 (text adopted from
Jeremy Norman'’s Historyofscience.com, https://www.jnorman.com/cgi-bin/hss/38462.html, accessed on March 9, 2017).

4 Until the mid-18" century, most demanding labor required horses. With the advent of the steam engine, machinery began to replace
horses for various tasks. But many people resisted this change; they were skeptical about the efficiency of the new machines. Inventor
James Watt (1736-1819) knew this and capitalized on it when marketing his improved steam engine. Watt noticed people’s reticence to
adopt the new technology and decided to make a measurement comparison that potential buyers could relate to: horses. But instead of
figuring out exactly how much power a horse really produced, he estimated it. Watt guessed that a pony could lift an average of 220 Ibf
(pound-force) 100 ft. per minute (220 Ibf x 100 ft./min. = 22,000 Ibf x ft./min.). From there, he extrapolated that a horse could lift 50 per-
cent more than a pony, bringing the estimated power of a horse, or horsepower, to 33,000 Ibf x ft./min = 550 Ibf x ft./s. Regardless of how
accurate his measurements actually were (some neigh-sayers disagreed with them because no horse could sustain that level of effort for
an extended period of time), the comparison was an effective one, and the term stuck (text adopted from “The History of Horsepower” by
Paul Humphreys, https://www.thecompressedairblog.com/the-history-of-horsepower, accessed on March 10, 2021).
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Euler’s Calculations of Mechanical Power
from “Natural Forces”

Leonhard Euler (1707-1783) was, perhaps, the
first to formally introduce mechanical power as a
measure of the capacity of natural forces to drive
piston pumps by means of humans, horses, running
waters, and windmills (Euler, 1754). This is a most
remarkable publication from the engineering point
of view, because Euler was capable of providing
detailed calculations on how to design systems to
extract power from these natural sources, which can
well serve as an introductory historic chapter to any
textbook on the evolution of machinery for raising
waters.

Euler began by invoking his previous memoir
on raising waters with piston pumps (Euler, 1754b),
in which he had developed the analytical tools
necessary for determining the pressures that the
piping system should sustain according to the
required raising height and volume flow rate. From
these, and from the pump dimensions, he was able
to determine the piston velocity and the effort exerted
by the pump’s piston per second (equal to the work
done per second during the pump’s piston motion, or
the supplied power).

Fig. 4 shows a conception of a pair of piston
pumps that operate out of phase in their delivery and
aspiration cycles, in order to provide a continuous
flow of water through the piping system. In this figure,
F is the force applied to the lever that is supposed to
move with a velocity a, and K is the resulting force
applied to the piston that is supposed to move with
a velocity ¢, such that K¢ = Fa. The pumping system
is supposed to have the following characteristics:
piston diameter = a, piston excursion = b, diameter
of the piping system = ¢, height of the reservoir = g,
length of the pipe = /, cycling time of the piston = ¢,
flow rate per hour = M, and pressure inside the pipe
at the pump exit = p.

Next, Euler wrote the following formulas, which he
had obtained in his previous memoir (Euler, 1754b).
For the cycling time of the piston:

) €Y \

A
1 HP = 550 foot-pounds per sec (FPS) =735.5 watts

Fig. 3. One horsepower is needed to lift 75 kilograms (of water)
by 1 meter in 1 second (adopted from
https://aces.nmsu.edu/pubs/_m/M227/welcome.html)

0.4484a>/bl

e

for the flow rate:

M:3600Foc(ft3j’ @)
Ag h

and for the pressure at the pump exit:

4K
- —_— 3
P ra’ (ﬁ)’ ©)

where the force K is given in cubic ft of water.

Euler also defined two additional parameters:
the ratio of pressures /1, and the ratio of velocities i,
which are written as follows:

A=£, (4)
g
==, (5)
oC
and from this latter expression, the following relations
2b .
old: 7 T and t=2blicx

Setting the number of all pumps to be used = 2,
where n is the number of pairs of pumps, Euler then
provided the following additional formulas:

A =l+\/(l+
2 4

for the piston diameter:

. 1.2732F’ (7)
Aing

0.0815F oc* il
WJ, (6)

Fig. 4. A pair of piston pumps operating out of
phase to provide a continuous flow of water
through the piping system (Landels, 1978)
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for the force acting on the piston:
1
K= Ana’g, (8)

and for the piston velocity:
_12732Fa
pr— ©)

It will become clearer later that 1/ is a measure
of the system efficiency, which was extensively used
by Euler for the optimization of the pumping system
performance.

Man-power: by defining f'as a force that a man
is capable to deliver at rest and ¢ as the greatest
velocity that a man can walk without too much
fatigue, such that if a man has to walk at such
velocity, he would be unable to exert any force,
because all his efforts will be consumed through
this course of walk. If w is a velocity smaller than ¢
and p is the force that a man can proceed with the
velocity w, then, the relation between the forces 1
and p, can be obtained from the velocities ¢ and w,
by considering the following conditions:

1. fw=0,thenp =4
2. Ifw=¢  thenp=0.

Euler then proposed the following ad-hoc
analytical expression for p:

p:f(l_ﬁj | (10)
4

To find the velocity that would correspond to the
maximum deliverable power (which Euler called
the greatest “moment of motion”), he proposed
the differentiation with respect to w of the following
expression (which corresponds to the deliverable

power): ,
o)

under the supposition that the velocity o is the

1 4
variable that should be maximized, @ :g%P :gf»

4

and then the maximum deliverable power is :Ef@.
Considering that a man at rest can exert an effort

of 60 Ibf, and that without too much fatigue, he is
able to follow a path at 6 ft per second, then /= 60
Ibf and ¢ = 6 ft. Then, to apply most advantageously
the force of a man to a given machine, it will be
necessary for him to march at 2 ft per second,
and the force will assume the following value:

4 e
5'60”’:26 6716 Reducing this force to the weight

of a volume of water, at a ratio of 70 Ibf per cubic ft,
this force will be equivalent to % cubic ft (of water).
Therefore, we can say that the force of a man is
applied in the most advantageous way with a velocity

of 2 ft per second, carrying a weight of %”’ of water.

If the number of men that one wishes to employ in
a machine is set = m, and these men put the machine
into motion with a velocity of 2 ft per second, their

3m

force (= F) will be F==" cubic ft of water, and the

3m

force that drives each pump will be K=o cubic ft
of water. For a velocity of 2 ft per second, «x=2
, and the power of this force will be rFo-3n . As a
consequence, according to Eq. 2, the amount of
water that will be raised in one hour will be M=@.
Since a portion of that force will be used to overcome
friction and raise the pistons to admit water by
suction, the quantity M will be a little less, or it will be
necessary to employ a few more men to overcome

the obstacles.

Substituting sz:%m into Eq. 6, we obtain the
following:
1 1 0.1222mil
ﬂ=*+ *"rﬁ . (12)
2 4 bc g

Based on Eq. 7, we also obtain the diameter a of

each piston:
g 0.4774m
Aing (13)

According to Eq. 4, the pressure that the pipe
should sustain at its lower end p will be equivalent
to the height Ag.

Example of application: by putting m = 1 (one

4 6
man driving pumps), ’:§:5:3, n =1, (one pair
of pumps), and g = 30 f¢ in Eq. (13), we will obtain
0.053 1 .
“o .Byassumingb=1f, """ landi=45
ft, we will obtain 2 =2.20 and a = 0.155 ft. Based on
Eq. 2, the flow rate will be M = 41 f¥*/h, and based
on Eq. 4, the pressure that the pipe should sustain
at the pump exit will be p = Ag = 66 ft. These results
show that a man driving a pair of pumps, such as
that shown in Fig. 4, is capable of rising 41 f# of
water per hour to a height of 30 f¢ through a pipe
with a diameter of 1 in and 45 fz in length. The piston
of each pump will have a diameter of 0.155 f#, each
running into a cylinder of 1 f# in height. Of course,
these results do not take into account the friction
between the piston and the walls of the cylinders,

A=

¢ These values would give approximately 0.1 hp (0.075 kW), which is the same value that has been proposed for the human power as

mentioned earlier.
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the friction of the water flowing through the pipe, and
the power needed to raise the pistons to admit water
by suction.

Horsepower: considering that for a horse /=4201bt
and ¢=12 ft, and based on the same power model
established for a man (Egs. 10 and 11), Euler found
that the force of a horse is applied in the most
advantageous way, with a velocity of 4 fi/s, carrying

2 .
a weight zgﬁ of of water (186.5 /bf).

Then, for a horse, the corresponding formula for
A (Eq. 6) is as follows:

l=l+ l+
2 4

and, from Eq. 7, the diameter of each piston a will be

as follows:
oo [3:3952m (15)
Aing

Running water power: the points 4, B, C, D,
E, etc. along the circumference of the water wheel
with the center at 0 are considered (Fig. 5), which
is garnished with paddles Aa, Bb, Cc, etc receiving
successive impulses of the running water /m: such
that the water wheel by its motion drives the machine
under consideration. Then, m is set as the center of
the efforts of the water on the paddle 4a, which will
fall roughly in its middle.

Let us set: the radius of the water wheel O0m=r, the
height of the paddle 4a=h, the length of the paddles,
or the width of the water wheel = £, and the surface of
each paddle = fh velocity of the water wheel at point
m = v in ft per second, velocity of the running water
Im = ein ft per second.

Let us also consider that the paddle 4a is in the
vertical position, and that the water hits only this
paddle, such that the neighboring paddles H#h, Bb
are above the free surface of the river.

Based on these definitions, the relative
velocity of the water on the paddle will be equal to
(e — v)ft/s, which is due to the height u. Considering
that a weight falling from a height of 15.625 f gives a

(e-v) 3125
velocity of 31.25 fi/s, then 4 15.625, from which

bc2g2

15.625(@—\))2 _(e—v)2 _i( B )2
we have that ~ 3128 65 125 ' . The
force of the water on this paddle will be equal to the

2,y

weight of a volume of water 125 (e=v) , from which
_ 2'fhv(e7v)2

the power (“moment of motion”) is 125

; and

1
this will be as high as possible if "~ 3 . Therefore, to
take this advantage, it will be necessary to arrange
the machine in such a way that the wheel turns with
such motion that the velocity at the center of the
paddles is equal to one-third of the velocity of the
running water; and then the force of the water that
_42°m 8
is applied to the wheel willbe =9 125 1125° 7"
If our machine is set into motion by such a
| F=—Sop
water wheel, we will have the force 1125
and the velocity of the wheel at a distance Om=r

1

1
will be de, which is the value of a, that is a :ge

and F“:%ezﬂ’. Therefore, the amount of water
that could be raised in one hour by this machine is
_ 8-3600 o :ge?fh
33751g 15 gh.
Then, for the water wheel, the corresponding
formulas for 4 and the diameter of the piston a are
as follows:

. 4
A=ty l+il22 - (16)
2\l 4 155295cg

2
q= M_ A7)
221Aing

According to Euler, a machine of this kind was
put into practice at the Notre-Dame bridge in Paris
(Fig. 6) to raise water to a height of 81 ft above the
level of the Seine River. It was composed of two
water wheels pushed by the flow of the river, each
one driving a separate equipment.

Euler then commented that these wheels are
similar to the one considered here, which according
to a description by M. de Belidor® had the height /4
of the paddles equal to 3 f¢ and their width f equal

9de Belidor himself, in the Avant-Propos of the 1739 edition of Architecture Hydraulique (Vol. 2), reported on a call to the Notre-Dame
facility: “... Messrs. The Provost of Merchants & Aldermen of the City of Paris having learned that | had commented on faults in the pumps
of the machine applied to the bridge Notre-Dame, which supplies water from the Seine river to the greater number of public fountains,
made me the honor of inviting me in 1737 to communicate to them my views on how to rectify this machine, in order to make it capable of
a bigger product. As in working on the project that we carried out, it happened to me make several new discoveries on the movement of
waters and the perfection of machines suitable for raising them, | have believed it necessary to suspend the printing of this Volume in order
to infer them, and at the same time make essential corrections in several places, based on a few hydraulic principles, commonly received,

the error of which | saw, as we can convince ourselves...”
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to 18 ft. The velocity of the river e was estimated as
9 fi/s, and g=81 ft, which was equal to the length of
the pipe /, because it was mounted vertically. Euler
then argued that this machine would be capable of
delivering the amount of water Mzﬂfﬁ/h, if
“well managed”, and twice this value considering
both equipments, which increases as the value of 1
is reduced.

However, according to Euler, the system proved to
be capable to raise only 2400 f#/h, which de Belidor
himself recognized that it was too little, and among
other considerations, he attributed this result to the
slow motion of the wheels, because just one-third
of the paddles was immersed into the river, and not
up to their centers. Corrections in the valves were
also considered to reduce the flow resistance, and
by these corrections, Belidor expected to more than
double the output of the system.

The value 1 of estimated by Euler for this system,

8294 1

considering both equipments, was = 2400 2,
and, therefore, the pipe had to resist a pressure
corresponding to more than three times the water
column. Euler then concluded that the machine was
highly defective in delivering much less water than
it was desired, and as a consequence, the pressure
inside the pipe increased considerably, which could
cause the “destruction of the machine”.

Here, it is possible to consider that 1/1
is a measure of the system efficiency; then
l/lx100%=l/3lx100%z286% )

2 , Which seems
to be a reasonable estimate for the efficiency of a
system of this sort.

Next, Euler proposed to improve the performance
of the machine by reducing the value of 2 as much as
possible. His strategy was to increase the number of
cycles for each complete turn of the wheel. He began
by calculating the value of A fore =9, /=18, h =3
[ = g = 81 and by considering that for each turn of an
8.5 ft radius wheel (with a peripheral velocity of 3 fi/s),
each piston would accomplish u cycles per turn of the
wheel, giving then the following result:

PR (1+ u j (18)
4 95¢

By this approach, the value of 1 for c:ﬁ would
be reduced to 1.03 for x = 6 and to 1.002 for u = 4.
According to the machine description, the piston
excursion b=1.5 ft, which would result in a flow rate
of 8052 f#*/h for both wheels for 4 = 6. Euler then
considered that this output would be less, about
7200 f£/h, on account of the force required to
overcome friction but, nonetheless, would triple the
current output of the machine.

Euler finished this section by providing general
design formulas for pumping water by means of

Fig. 6. Pompe Notre-Dame (Notre-Dame Pump) originally
built in 1670 and reconstructed in 1708. This pump raised
waters from the Seine into many public fountains and
monuments, and it is said that it would allow the fountains
to shoot water from 12 up to 50 feet in the air. Here shown
in 1861, the pump looks rather destitute and neglected
next to the Pont-Notre Dame. The Pont underwent much
renovation during the 19" century, while the pump itself
remained virtually untouched (source: https:/frwikipedia.
org/wiki/Fichier:Pompe_Notre-Dame, vue_prise_de_la_
v0%C3%BBte_du_quai_de_G%C3%AAvres_en_1861.jpg)

Fig. 7. Geometrical elements of the sail
of a windmill (Euler, 1754)
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water wheels, by substituting i in Eqs. 16 and 17
ub

with 7, . This substitution is based on an ad-hoc
assumption of the wheel turning with a peripheral
velocity equal to one-third of the velocity of the
river. However, Euler omitted the conditions on how
to make the wheel to turn at this desired velocity.
This would require a more complex and detailed
calculation of the inertia of the system, including
the mechanical characteristics of the water wheel
itself, and other considerations such as friction (fluid
and mechanical), which Euler was unable or had no
desire to establish at that time.

Windmill power: Fig. 7 shows a view
perpendicular to the keel of the sail of a windmill,
where MLM is a section of the sail, the point L
belongs to the keel, and the line LB represents the
direction of the motion of point L. It is clear that the
wind direction is in the same plane and that it is
perpendicular to the line LB. The width of the sail
MM = y, the inclination of the wind or angle DLN = g,
the wind velocity DL = e, and the velocity of the point
L of the sail LF = v; and since the sail “escapes” in
part from the action of the wind, then one finds from
the rules of mechanics that the effect would be the
same if the wind is expressed by the diagonal GL,
falling into the same direction GL when the sail is
considered at rest.

The force of the wind on the line MM will
be =GL’sin’ GLM-y, which Euler showed that it can be
written as =y(e sinp-v cosg ), and if the letters eand v
are given in fi/s, this force will be equal to the weight

. 2
of a volume of air, and then 125 ¥(esing—veosg)
But since air is about 800 times lighter that water
this force will be reduced to a mass of water whose

1 . 2

volume ZMY(ES‘H“”VCOS‘P) in feet square,
and assuming the width of the sail MM =y is also
expressed in feet, then, since we have considered it
to be a line, the effect of one dimension out of three
is still missing.

Since this force is in the direction LN, its
component, which drives the line A7) in the direction

ycosQp , . 2
of the motion LB will be ~ 50000 (esing—veosp) ,
and if we call the infinitesimal width of this line
dx, then the infinitesimal resultant force that
makes the sail to turn in the direction LB will

_ ydxcosg
be 50000 of water.

Fig. 8 is the frontal view of the sail O44ABB of a
windmill, and Fig. 9 is an image of a real windmill,
showing the elements of the sail considered in Fig. 7.

In these figures, 0D is the axis around which
the sail turns, such that the sail falls into the wind
direction. Here, 0CD = f"is the sail span, and OL = x is
any section along the span, where the width MLAM=y,
and where the inclination of the wind direction over

10

(esin(p—VCOS(p)2 S

the element MMmm is =¢. The velocity at the tip D of

the sail will be set as u, and since u:f=v:x, then the
xXu

——

velocity of point L will be /"; therefore, the wind

force over the element MMmm=ydx in the direction of

vdxcosp( . xu ’ 3
the motion will be ~ 50000 [esm(p_Tcowj 7 of water,
where e is the wind velocity in f#/s. This element of
xXu

force, when multiplied by the velocity f, will give

the element of the moment of motion for the force

(element of power) of the wind over the sail, which

2
will be _ fﬁ&ﬁfﬁﬂﬂ( ﬁn¢_%;coswj.

50000 f
Since, ordinarily, the angle ¢ is the same
over the entire span of the sail, and assuming
that the sail has the same width 44=BB=h,
and because y=h, the element of the moment
of motion (element of power) will be given by

hu cos @
50000 f

which after integration gives

2.2
aix[e2 sin’ @ — Zefux sing cos @ + uf)i cos’ (p]

3 2. 4

eux sing cos L1 cos’p—C
3fA ® ® 4f2 ®

The constant C will be found by setting x=0C, for
which the integral vanishes. Then, for OC=k,

3 u2k4
Sing cosQ +—— A7

C= lezk2 sin” ¢ — 2eu cos o-C
2 3f
Let us set x=0D=f, and the moment of motion
(power) over the entire sail will be given by
f?—k?)sin’ go— =k )sing
hucos 2° ( ) 3f ( )
50000 f

+4L;2 (f4 —k4)cosz(p

and if the windmill is equipped with four of such sails,
the moment of motion for the force (power) of the
wind will be given by the following:

1e2 (fz —kz)sinz(p—

_hucosg| 2eu , 19
= 125007 ﬁ(f3—k3)sm(pcos¢)+ . (19)
2
2 (f k“)cos 1)

Upon differentiation of Eq. 19, Euler then found
the maximum velocity that the sails should turn at
their extremities D :

8(f3—k3)$(f—k)
t
:% 10/ +20/° +84 k> +
20 fk° +10k*

,(20)
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Fig. 8. Frontal view of the sail of a windmill (Euler, 1754)

where the minus sign before the radical should be
chosen for the maximum motion to be achieved.
Since the distance OC=k can be chosen as small
as possible, then it is allowed to consider k=0 to
81@
tan
= o (/)(31\/5). By setting ¥=5,

obtain =

such that u = detan ¢ , from Egs. 19 and 20, the

moment of motion for the total force (total power) of

the wind will be given by the following:

B 68?5@.e3fhsin3(p
729 12500

Whereas the maximum motion will be obtained
with the minus sign before the radical, giving a

F o

(21)

tip velocity u=oetangp=0.537525etan¢ |
and as Eq. 21 shows, the maximum total power will
be obtained, instead, with the plus sign before the
radical, which is then given by the following:

_68+5V10 & fhsin’ g & fhsin’ g (22)
729 12500 108726

F o

It is seen that the maximum action of the wind
would be obtained by setting ¢ as a right angle;
however, this would be unfeasible because the force
F will be zero, since it varies with cos ¢, and oc will
go to infinite, since u varies with tan ¢. Next, Euler
provided design formulas for u and Foc for three
values of ¢ , 45°, 55°, and 60°.

Finally, Euler considered the case where ¢ =54°, 45,
tan @ =+/2 , giving a tip velocity u=0.76018, resulting
in one revolution of the sails every 8.26541 =t

e

seconds. In the case where the windmill is driving
piston pumps to raise water, and considering that
each piston would accomplish x cycles per turn of

Fig. 9. Image of a real windmill, showing elements of the sail
(without the sail cloth) considered in Fig. 8 (adapted from
https://www.conserve-energy-future.com/how-windmills-work.php)

the sails 20 _,_8.2654f ;2024197 pbe e
obtain. joc ue o« f
From these, it is possible to write the following:
2
ﬂ,=l+ l+0.019722;2eFocl : (23)
2 4 c'g
and
5.2617f -
g 220171 F o (24)
Aunbeg
oc= esfh
Considering that from Eq. 22, 199743 |

then, from Eqgs. 23 and 24 we have the following:
4
A= l+ 1+L122 ; (25)
2 4 10128960c g

P (26)
195\ Aubg

and

From these expressions, it is then possible
to determine the piston diameter = q, the piston
excursion = b, the diameter of the piping system = ¢,
and the number of cycles per turn of the sails x, such
that the value of A becomes as small as possible.
Not only the pressure at the exit of the pump, which
is = Ag, will be the smallest, but also the quantity of
water that will be raised, which is given by Eq. 2 as

3
M:3600Foc(ﬁ3/h): 3600¢” fh (ﬁ3/h)
rg 1997437 ¢g , will
be the largest. Or else:

3 3

e )
M=—fh f_ , (27)

55.5Ag\ h

bearing in mind that e is the velocity of wind, fis
the span of the sails, and # is their width, and that

1
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f

e

the sails should turn one revolution in 8.2654
seconds.

The Windmill at Sanssouci: as an example of
application of the above formulation for windmills
driving piston pumps, let us consider a windmill that,
supposedly, was used to raise waters at Sanssouci,
which was examined in the paper by Eckert (2002):
“... Pumps, driven by a windmill, should raise the
water of the Havel River to an elevated reservoir. This
proposal was executed; it involved the construction
of a water reservoir on top of a hill 150 feet above
the river level, with a windmill-driven water pump
half-way between the river and the reservoir. The
water had to be guided by a canal from the river to
the site of the pump station, from where it would
be pumped through pipes up the hill and into the
reservoir. ... Construction began in the summer of
1748. The canal from the Havel River to the pump
station was finished by November. The windmill
and the pumps were finished by the end of the year.
The mechanism used to transmit the motion of the
windmill to the pumps was described as clumsy, but it
seemed to work. The pumps also were connected to
a mechanism that could be set into motion by horses
(Gopelwerk) if there were no wind...”

In Euler’s publication (Euler, 1754b), there is no
description on the characteristics of the pumps,
neither on the windmill at Sanssouci, because, as
a matter of fact, this particular system was never
directly mentioned in this publication, although, as
commented above, it was certainly motivated by
Euler’s involvement with this water park in 1749.
However, as far as the characteristics of the pump
are concerned, and for the sake of the present
exercise, we can consider the pump characteristics
given by Euler in an example of application at the end
of Euler’s publication (Euler, 1754b) itself: the piston

pump diameter 4 = iﬁ , and the piston excursion
3

b = 4 ft. Then, let us assume that » = I (one pair of
pumps), and that each pump completes four cycles
per turn of the sails, then u =4.

Some information about the piping system at
Sanssouci was also reported by Eckert (2002) as
follows: “... at the first system trial, by 1749, the
wooden piping system burst at the lower end, ...
eventually, by 1753, these were replaced by lead

1
tubes with an inner diameter ¢ = Eﬁ ...” In this same

publication, there are indications that the length of

the piping system was (approximately) / = 8000 ft.
No information could be found on the

characteristics of the windmills at Sanssouci; just a

brief comment by Eckert (2002) that, by 1753: “... a
second windmill was constructed at a different site to
raise water to the reservoir independently of the first
one, but it never seems to have worked properly...”
Nonetheless, to put some reality into this exercise,
it is possible to guess some information from the
image of the windmill shown in Fig. 9: the span of
the sails /= 50 ft, the width of the sails 4= 12 ft. Wind
speed e=25 fi/s (assumed), we obtain one revolution

50

in 8.2654f :8.26545:16.53 seconds, or 3.63 RPM.

e

Then, from Eq. 25 we have the following:
4
2 4 10128960c°g

1 1
—+ || =+

4-25%.12-8000

1

' =2.98,
10128960-(3) 150°

giving a system efficiency of 1/ 4 =33.6%.
From Eq. 27, the flow rate is as follows:
_efh 255012 o f
55.51g 55.5-2.98-150 h)

The value of 1 = 2.98 shows that to raise the
water to a height of 150 ft, the pressure that is
developed at the lower end of the pipeline (pump
exit) p = Ag = 447ft. However, a common assumption
by the fontainiers and hydraulic engineers at the
time was to consider that the necessary pressure
developed by the pump would be equivalent to the
height of the reservoir, which, as pointed out by
Euler, was obviously incorrect. The consequence of
not recognizing these high pressures was certainly
the main cause of failure of the wooden pipelines at
Sanssouci, as reported by Eckert (2002).

As far as the performance of the system is
concerned, the following remarks by Eckert (2002)
speak for themselves: “... By the spring of 1754, an
abundance of snow and rain together with the water-
raising machine (described as “miserably slow”)
produced some tangible results. On Good Friday
1754, with a half-filled reservoir, the King was given
a demonstration. But that day it was windy and the
main fountain rose to only about half the height that
the King had expected [100 ft]— and after an hour,
the reservoir was empty...” This was not surprising
because the output of only 378 (f#/ 1) = 10.7 (m’/h)
as estimated above would not be sufficient for the
grandeur of the water park wished by King Frederick".

h A steam-driven water pump was inaugurated in 1842 to supply water from the Havel River to the Sanssouci Palace, which in 2017 was

nominated a “Civil Engineering Historical Landmark in Germany”.
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Using Natural Sources of Power Today

The natural sources of power considered here
are still in much use nowadays (Gasch and Twele,
2016). For instance, the power of running waters, or
hydropower as is known today, is widely employed
in hydroelectricity, or hydroelectric power, where
electricity is produced from hydropower. In 2015,
hydropower generated 16.6% of the world’s total
electricity and 70% of all renewable electricity and
was expected to increase by about 3.1% each year
for the next 25 years. Hydropower is produced in 150
countries, with the Asia-Pacific region generating
33% of global hydropower in 2013. China is the
largest hydroelectricity producer, with 920 TWh of
production in 2013, representing 16.9% of domestic
electricity use (Atkins, 2003) (Hydroelectricity (n.d.).
In: Wikipedia. Accessed March 21, 2021, https://
en.wikipedia.org/wiki/Hydroelectricity).

Different classes of hydraulic turbines for
hydroelectric power plants can be selected according
to the available head and flow rate, and due to the
advances in the design of these machineries, they
can operate with efficiencies up to 90%.

Wind power, or wind energy, is the use of wind
to provide mechanical power through wind turbines
to turn electric generators for electrical power. Wind
power is a popular sustainable, renewable source
of power that has a much smaller impact on the
environment compared to burning fossil fuels. Wind
farms consist of many individual wind turbines, which
are connected to the electric power transmission
network (Bennert and Werner, 1989). Onshore
wind is an inexpensive source of electric power,
competitive with or in many places cheaper than coal
or gas plants. Onshore wind farms have a greater
visual impact on the landscape than other power
stations, as they need to be spread over more land
and need to be built away from dense population (von
Koénig, 1976). Offshore wind is steadier and stronger
than on land, and offshore farms have less visual
impact, but construction and maintenance costs are
significantly higher. Small onshore wind farms can
feed some energy into the grid or provide power
to isolated off-grid locations (Wind power (n.d.).
In: Wikipedia. Accessed March 22, 2021, https://
en.wikipedia.org/wiki/Wind_power).

A wind turbine is a machine that converts kinetic
energy from the wind into electricity. The blades of
a wind turbine turn between 13 and 20 revolutions
per minute, depending on their technology, at a
constant or variable velocity, where the velocity
of the rotor varies in relation to the velocity of the
wind in order to reach a greater efficiency. The wind
turbine is automatically oriented to take maximum
advantage of the kinetic energy of the wind, from the
data registered by the vane and anemometer that are
installed at the top. The nacelle turns around a crown
located at the end of the tower. The wind makes the
blades turn, which start to move with wind speeds

of around 3.5 m/s and provide maximum power with
a wind speed 11 m/s. With very strong winds (25
m/s), the blades are feathered and the wind turbine
slows down in order to prevent excessive voltages.
The rotor (unit of three blades set in the hub) turns
a slow axis that is connected to a gear box that lifts
the turning velocity from 13 to 1,500 revolutions per
minute. The gearbox transfers its energy through a
fast axis that is connected to the generator, which
produces the electricity (accessed March 22,
2021, https://www.acciona.com/renewable-energy/
wind-energy/wind-trurbines/).

Besides being unreliable and because of its
irregular and much lower power output, man and
animal power has not developed in the same pace
as hydropower and wind power. Nonetheless, there
are still some attempts in the use of these natural
sources of power for driving machineries for different
purposes (Fuller and Aye, 2012; Phaniraja and
Panchasara, 2009).

Fig. 10 shows an image from a patent of invention
aiming to provide an animal powered mechanical
device for water desalination. The machine is
described as follows (US Patent No. US7387728B2,
by Pathak et al., date of publication: June 17, 2008):
a pair of bulls, capable of exerting more than 100 kg
of draft and walking at a rate of 50 meters/minute is
coupled to a mechanical link with the help of a rope.
The pair of bulls generates a pressure of 300 psi and
a discharge of 20 liters/minute, when it completes
one rotation of 8 meters diameter circular path.

Fig. 11 shows an image from a patent of invention
of a system and method for producing electricity
using the biological energy of the muscles of animals
like horses. The machine is described as follows (US
Patent No. US20050161289A1, by Gomez-Nacer,
date of publication: July 28, 2005): “... A system
and method for generating electricity by means of
increasing the velocity of an animal on a mechanical
device directly or indirectly attached to the hoof or
other part of the limbs of the animal to use the force
of its muscle contraction and the force produced

Fig. 10. Image from a patent of invention of an animal
powered mechanical device for water desalination.
Element # 9 is an osmosis membrane module
(source: US Patent No. US7387728B2, by Pathak
et al., date of publication: June 17, 2008)
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Fig. 11. Image from a patent of invention of a system
and method for producing electricity using the
biological energy of the muscles of animals like
horses (source: US Patent No. US20050161289A1, by
Gomez-Nacer, date of publication: July 28, 2005)

by its gravity to make spin multiplying wheels in
communication to an electricity generator...”

Fig. 12 shows an image of a gear reduction
system operated by human muscle power or animal
power to drive a car alternator as a generator to
charge a typical 12V 40Ah lead-acid automotive
battery (not shown in the figure). In the experiments,
human and animal power were used to charge the
batteries. It took three hours to fully charge a 50%
discharged battery and 1.5 hours to fully charge a
75% discharged battery.

Conclusions

Mechanical power as is known today, as a
measure of the capacity to perform work, seems
to have emerged in the first half of the 18" century
in the works of de Belidor, and was extensively
used by Euler in his 1754 publication, in which he

14

Fig. 12. Human muscle power operating a
gear reduction system for charging automotive
batteries (source: Yadav and Rao, 2015)

applied a pioneering approach in providing rational
calculations for the power needed to drive different
machinery to raise waters with piston pumps, by
means of natural sources of power (human power,
animal power, water flow power, and wind power).
With the advent of the steam engine in the mid-
18" century, the horsepower as a measure of
mechanical power was proposed, which later found
its equivalent in the internationally standardized
watt unit. It was shown that the use of hydropower
and wind power have evolved considerably,
particularly for the generation of electricity, and,
despite of its much lower attractiveness, there
have been some attempts in the use of human
and animal power in particular applications
that do not require large and constant amounts
of power inputs.
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Abstract

Introduction: The paper addresses thin-walled three-layer plates and panels with cutouts, reinforced with an orthogonal
grid of stiffeners or rectangular reinforcement plates parallel to the coordinate lines. In this case, the thickness of the
entire structure is taken into account analytically using unit column functions. Purpose of the study: We aimed to build
a mathematical model of deformation and develop a method for the analysis of the stability of thin-walled elastic isotropic
three-layer plates and wall panels with a discrete core. Methods: Based on the mathematical apparatus of generalized
functions using the Bubnov—Galerkin method, an eigenvalue problem is solved to determine the critical parameters of
a compressed three-layer wall panel with a discrete core. Results: According to the suggested method, we perform a
stability analysis of three-layer wall panels with different values of core stiffness and study the impact of the discrete core

parameters on the buckling load, consumption of materials, and efficiency of three-layer engineering structures.
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Three-layer plate, wall panel, discrete core, cutout, stiffener.

Introduction

Currently, to improve the weight and economic
efficiency, specific strength, and stiffness of thin-
walled structures, especially in construction,
shipbuilding, mechanical engineering, and other
technical industries, three-layer plates and shells are
widely used. The heterogeneous layered structure
of such shells provides the necessary strength and
stiffness characteristics as well as soundproofing and
heat and vibration isolation properties.

The used thin-walled structure analysis
principles are common for bending flat three-layer
panels, three-layer panels resisting compression
and bending, and three-dimensional three-layer
structures — shells.

Since three-layer structures have a core (solid or
discrete, e.g., ribbed) offering relatively low resistance
to shear, the bending strains in these structures
are accompanied by mutual skin displacement. It is
possible to perform three-layer panel and shell analysis
either based on the precise methods of the elasticity
theory or through the introduction of certain hypotheses
that reflect the specifics of structure behavior and
make it possible to significantly simplify the process of
problem-solving with no considerable error.

The precise method of core element analysis
uses an equation for a three-dimensional problem of
the elasticity theory. This method was first used for
thick slabs by Galerkin (1931).

In the case of cylindrical bending, Rzhanitsyn’s
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theory of built-up columns (1986) can also be applied
effectively for the analysis of three-layer panels. In
this case, the panel skins are considered as built-up
column laminations while the core is considered as
transverse and shear connections evenly distributed
along the column length.

Three-layer panels with low section height and,
therefore, high flexibility are usually supported on
four sides or secured on supports and calculated
based on the non-linear theory with account for chain
(membrane) forces acting in the middle surface.

The analysis of stiffened three-layer panels has
a number of specific features. In three-layer wall
panels (especially if there is a solid core), stiffeners
are distributed relatively sparsely, therefore, in the
analysis, it is necessary to account for the non-
uniformity of the distribution of normal stresses in
the skins along the width of the panel, caused by
shear forces along the lines where the skins and the
stiffeners come together (Aleksandrov et al., 1960;
Davies, 2001).

The general theory of the analysis of three-
layer plates and shells with a structural core was
developed by Aleksandrov (1959), Aleksandrov
et al. (1960), Bryukker (1965), Grigolyuk and
Chulkov (1973), Grigolyuk and Kogan (1972),
Levchuk (2008a, 2008b) as well as Dragan and L
evchuk (2011).

Numerous researchers (Eremeev and Zubov,
2017; Kipiani, 2014; Kobelev et al., 1984; Kreja, 2011;
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Pukhliy and Pukhliy, 2019) dealt with the development
of new analytical models for three-layer plates and
shells. The wide implementation of new materials
that enable making structures with unique properties
in engineering and construction has significantly
complicated analytical models. Among the studies
addressing methods for the analysis of thin-walled
structures made of composite materials, we would
also like to mention publications by Kaledin et al.
(2014), Nguyen et al. (2019), and Solomonov et al.
(2014).

Currently, numerical calculations of three-layer
panels are usually performed using finite-element
modeling packages. The skins are modeled by finite
elements of the plates and the core is modeled
by solid finite elements. The creation of powerful
computing systems based on the finite element
method (FEM) opens up opportunities for the
development of new analytical models with regard to
the analysis of the stress-strain state of multi-layer
plates and shells with irregular structures (Baculin,
2018; Golovanov et al., 2006; Grishanov, 2018).
Mathematical models for the analysis of modern
thin-walled three-layer structures shall meet a lot of
requirements. Among other things, they shall allow
us to determine with high accuracy the stress-strain
state, load-bearing capacity, and critical buckling
values of such structures, taking into account the
heterogeneity of layers and a wide range of external
effects (Karpov, 2010; Karpov et al., 2002).

Despite the fact that current computational
resources make it possible to build and analyze
complex finite element models in a comparatively
short time, the very development of an analytical
model that would reliably take into account the stress-
strain state of an irregular structure requires the
involvement of a highly qualified computing engineer
and significant programming efforts. The creation of
a method for stability analysis of three-layer panels
with a discrete core, based on the mathematical
apparatus of generalized functions and variational
analysis methods, is quite an important task.

The paper builds a mathematical model and
develops an algorithm for the analysis of three-layer
wall panels with a discrete core in the form of some
inner cutouts, which is equivalent to a core in the
form of a system of wide cross stiffeners.

Mathematical model for the analysis of plates
and wall panels

The paper addresses plates and panels reinforced
with an orthogonal grid of stiffeners parallel to the
coordinate lines. The height and location of the
stiffeners are specified according to Karpov (2010)

using unit column functions S(X—xj) S(y—)’i)
as follows:

3

H(x,y)= . hjg(x—xj)+

1

~.
Il

S HE (y-,)- ™
Y2 HE (x-x,)5 (r-)

i=1 j=1

where %, h' — the height of the stiffeners parallel to
the y and x axes, respectively; #’ = min{h’,hf} :

g(x—xj), S(y —¥;) — the unit column functions
equal to 1 at points where the stiffeners are located

or 0 outside those locations. If #/ = h/(y) h' =h'(x),

then A" =min {A'(x,); 1’ (y,)} .

Therefore, the thickness of the entire structure is
equal to h + H. If H> 0, then the plate is reinforced
with stiffeners or reinforcement plates. If H < 0, then
it is weakened by cutouts.

Let us consider a wall panel with thickness h
with a rectangular cutout reinforced with eccentric
stiffeners in the direction of the x axis.

If a slab, reinforced with stiffeners, the size and
location of which are specified by function H(x,y)
in the form of Eq. (1), also has cutout holes, the
location of which is specified by function 4, (x,y) in
the following form:

L0

Hz(xay)=—h225(x—xf2)5(y—ya )’

Jr=lip=1
then the total thickness of the slab will be
h+ H(x,y)+ H,y(x,y).

The internal forces in the panel can be
represented as follows:

,,,,,,,,,,,,,,,, F———>y
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Fig. 1. Wall panel with a rectangular
cutout reinforced with stiffeners

17



Architecture and Engineering

Volume 7 Issue 1 (2022)

E (W -
M = —+J . +J + ,
X 1_”2(12 x ](%1 IUZZ)
E (K -
My:l_uZ(E+Jy+Jj(xz+,uxl),
3
YRS (N A P
v 2(1+y) 12

E 3
M o=—= "y 4T
» 2(1+u)[12 " j%”’

1
M =5(Mxy+Myx),

Xy

where expressions for the moments of inertia have
the following form:

3 moon

J= ZZ5(}C x) (y yll)
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r,=r;/a, n,=r/b.

The equilibrium equation for the slab compressed
in the direction of the x axis will be as follows:

M. M, oM 2
6 2,\¢+ 2y+2 xy_Nxa VZ:O (2)
ox oy Ox0y ox

Let us consider a wall panel in the form of a three-
layer slab with a discrete core. Such a structure can
be specified according to Karpov et al. (2002) if a
slab of thickness / with internal cutouts of depth 4/3 is
considered. Let us assume that the cutouts have the
same size and are rectangular with side a, along the x
axis and side b, along the y axis. In the direction of the
x axis, there will be m, cutouts, and in the direction of
the y axis, there will be », cutouts (Fig. 2).

The reduced area of the cutouts will be equal to
the following:

a;mbyn
—b .
The moment of inertia of such a slab with the zero

stiffness of the cutouts “smeared” along the entire
plate will be equal to the following:

K1:
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Fig. 2. Wall panel with inner cutouts

where:
hl/6 3 3
J=n2,J= | A
324 12-27

—h/6
Then the moments in Eq. (2) will be as follows:

M, =— " ST (2 + 12,),
E -

M, =1~ " =J (2, +1x,),

- E -

M =—=Jy..

Xy 2(1+[l) 112

Analysis of the efficiency of three-layer wall
panels with a discrete core

Let us study the stability of wall panels in the form
of three-layer plates with a discrete core compressed
in the direction of the OX axis with force N_uniformly
distributed along the middle plane of the slab
(N = — const). The equilibrium equation for such a slab
has the form of Eq. (2).

Let us assume that the edges of the slab have
pin support. We need to find such value of N where
deflection W(x,y) is other than 0. This value ofN will
be critical. Let us present W(x,y) in the following form:

To find the 4, coefficients according to the
Bubnov—Galerkin method we will derive a system of
homogeneous linear algebraic equations.
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Having determined the integrals of known
functions, we will obtain the following:

m

Zz Jivjy U NZZBUIIA i

i=l j=1 i=l j=1

i=12,.,m,j=12,.,n

As a result, we have an eigenvalue problem. We
need to find such values of N where this system has
a non-zero solution.

If small deflections are considered, the first
approximation of the Bubnov—Galerkin method can
be considered, i.e., W(x,y) can be adopted in the
following form:

W (x,y)=C, s1nna sm%

For a slab of constant thickness 4, we will obtain
the following:

2 4 2
(o “b(nza “j G b
a

4 » b *Dda* 4’
where:
3
Do Eh
12(1- )
Therefore:
Dr? a at
N =- = (1 2b_2+b_4 (4)

For a rectangular slab at a=b, we will obtain the
following:

by

3
N_ =-3. 615ﬂ
Cl

Let us consider a wall panel in the form of a three-
layer slab with a discrete core. The thickness of such
a structure can be specified if we consider a slab of
thickness /4 with inner cutouts of depth 4/3 (Fig. 3).

Let us assume that the cutouts have the same
size and are rectangular with side a,along the x axis
and side b, along the y axis. In the direction of the x
axis, there will be m, cutouts, and in the direction of
the y axis, there will be », cutouts. The reduced area
of the cutouts will be equal to the following:

ambn,
ab

The moment of inertia of such a slab will be equal
to J-J K,where:

K =

hl2 3 hl6 3 3
h h h
i e T e TR et
—h/2 —hl6
Therefore:

_E_W(l_ﬁj
C2(1-x)U 27/

and the critical load will be as follows:

2 2\?
N, =—D7§ (1+a—2j .
a b

Let us consider a specific example. Let us assume
that the width of a cutout is two times larger than the
width of the connection between the cutouts. Then,
if there are four cutouts and five connections in the
direction of the x axis, then 13 units of length will
correspond to the distance a and the distance a/13
will correspond to each unit of length.

Since two units of length are required per one
cutout, then 8a/13will correspond to four cutouts.
There will be five cutouts in the direction of the y
axis, i.e., b/16 per one unit of length, and 105/16 per
five cutouts. Let us find X, for this case:

Fig. 3. Slab with inner cutouts
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ab-i.&

K, =—1316 _( 3846

a

K
Therefore, ( —2—71j =0.9858. The value of the

critical load N, almost has not changed, but the
volume of the slab has decreased and become as
follows:

V:abh—z—“-4-2—b-5-ﬁ=abh-0.8718 m’.
13 16 3

Let us increase the area of the cutouts. Let us
assume that the width of a cutout is three times
larger than the width of the connection between the
cutouts. The number of cutouts in the direction of the
x axis will remain the same, i.e., four. We assume
that in the direction of the y axis, their number is 10.
In this case:

K, =2£ =O.5165,(1—£) =0.981.
17 41 27

The volume of the slab will be equal to the
following:

V =abh-0.8278 m’.

If a reinforced concrete panel with the dimensions
a=3m, b==6m, h=0.3m, (E=3.25-10*specific density
p= 200 kg/m?) is weakened by the above cutouts,
then its dead weight will be as follows:

S, =V-p=8940.24 kg.

The dead weight of a solid panel with the same
dimensions will be as follows:

20

S, =abhp =10800 kg,

i.e., such a panel will be heavier than a panel with
cutouts by more than 1 ton.

Therefore, for the panel with cutouts, the
critical load has decreased by 1.9%. Meanwhile,
its weight has decreased by 17.2%. The example
above shows that it is economically efficient
to use three-layer panels with a discrete core,
providing the required design stability parameters
at reduced consumption of materials in
construction.

Conclusion

We have built a mathematical model for the
deformation of thin-walled elastic isotropic three-
layer plates and wall panels with a discrete core
in the form of a system of cross stiffeners, taking
into account their width. The thickness of the entire
structure is taken into account analytically by means
of unit column functions.

To determine critical parameters of a compressed
three-layer wall panel using the Bubnov—Galerkin
method, the eigenvalue problem has been solved.
According to the method suggested, we have
performed stability analysis of three-layer wall
panels with different values of core stiffness
and studied the impact of the discrete core
parameters on the buckling load, consumption of
materials, and efficiency of three-layer engineering
structures.

The reliable mathematical model and relative
simplicity of the analysis algorithm make it possible
to recommend the suggested method for the
assessment of efficiency of three-layer wall panels
with a discrete core.
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AHATN3 9ODPEKTUBHOCTU TPEXCJIONHbLIX CTEHOBbIX
NAHENEW C AUCKPETHbIM BHYTPEHHUM CJIOEM

Bnagumnp Bacunbesuny Kapnos, EBreHun AHatoneesuny Kobenes*

CaHkT-lNeTepbyprckmii rocyaapCTBEHHbIN apXUTEKTYPHO-CTPOUTENbHbIA YHUBEPCUTET
2-asa KpacHoapwmetickas yn., 4, CaHkT-lNeTepbypr, Poccus

*E-mail: evgeny.kobelev@gmail.com

AHHoOTauuA

PaccmatpunBaloTCst TOHKOCTEHHbIE TPEXCMNOWHbIE NNACTUHBI M NAHENW C Bbipe3aMu, NOAKPenieHHble OPTOroHanbHOM
ceTkou pebep nnm NPAMOYroribHbIX HakNagoK napannenbHbiX KOOPANHATHBIM NUHKUAM. ToMNWwUHa BCEV KOHCTPYKLMM Mpu
3TOM YYMTbIBAETCH aHaNMTUYECKM C MOMOLLbIO €AUHNYHBIX cToN6YaThIX MyHKUNA. Llenbio paboTekl 66110 nocTpoeHne
mMaTtemaTtnyeckon moaenv AedopMMpoBaHUA U co3fgaHne MeTOAMKM pacyeTa Ha YCTOMYMBOCTb TOHKOCTEHHbIX
YNPYrnX N30TPOMHbIX TPEXCMOWHbIX NAACTUH U CTEHOBLIX MaHenen ¢ AUCKPeTHbIM BHYTPeHHUM cnoem. Metoabl: Ha
OCHOBE MPYMEHEHNS MaTemMaTnYeckoro annapara o606LeHHbIX PyHKUnA meTogom bybHoBa — ManepkuHa pelueHa
3ajava Ha cOBCTBEHHbIe 3Ha4YeHNs ANSA onpefeneHns KpUTUYECKMX napaMeTpoB CXKaToOW TPEXCIOMHOW CTEHOBOM
naHenn ¢ AUCKPETHbIM BHYTPeHHUM croeM. PesynbtaThbl: 10 NnpefnoXeHHON MeTOANKE NPOBEAEHbl pacyeThbl
TPEXCNONHbIX CTEHOBbIX NAHENen Ha yCTOMYNBOCTb NPU Pa3fMYHON XECTKOCTU BHYTPEHHEro Crnosi U uccnegoBaHo
BNUSAHWE NapameTpoB OUCKPETHOIO BHYTPEHHEro Cros Ha BENUYMHY KPUTUYECKOW Harpys3ku, MaTtepuanoemMKocTb n
3P PEKTUBHOCTb TPEXCINONHBIX CTPOUTENBHBLIX KOHCTPYKLMIA.

KntoueBble cnoBa
TpexcrnonHasa nnacTvHa, CTeHOBas NaHenb, AUCKPETHbLIN BHYTPEHHUI CION, Bbipes, pebpo ecTKoCcTu.
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Abstract

Introduction: The paper addresses grouted tenon-and-groove joints in the prefabricated structure of Changchun
subway station. For the first time, grouting of prefabricated structure joints with organic epoxy grouting material is
analyzed. Purpose of the study: We aimed to make sure that an organic epoxy grouting material can be injected
into the joints uniformly and in full and conducted its experimental study. To establish the applicability of the epoxy
grouting material in the prefabricated structures, we studied the mechanical properties of the epoxy grout and its
adhesive properties in relation to concrete. Methods: In the course of the study, we used a set of test equipment and
an independently developed method. Results: High-quality grouting can be guaranteed at an injection pressure of
0.4 MPa and a temperature of 5-10°C. The relationship between the slurry flow rate and time was fit according to the
experimental data at 5 and 10°C. The optimal quartz powder ratio was determined at the level of 1:0.6—1:0.8, and the
optimal quartz powder particle size (D50) was determined at the level of 18—25 uym. The results of the study can provide

references for similar projects in the future.

Keywords

Prefabricated structure, grouted tenon-and-groove joints, epoxy grouting material, groutability, mechanical properties,

experiment.

Introduction

Prefabrication is a construction technology
that makes it possible to switch from traditional
cast-in-situ concrete structures to prefabrication
of components in a factory and on-site assembly.
Due to its advantages, which include civilized
construction, guaranteed construction quality, and
reduced construction time, prefabrication will see
broad application prospects in the coming decades
with the rise of construction industrialization (Yan et
al., 2004).

In China, Changchun Subway Line 2 encountered
several problems: a tight construction schedule,
high impact of construction on the surrounding
environment, and low temperatures during the
construction process. A number of open-cut subway
stations were constructed using prefabrication
and assembly technology. One of the stations has
a single-arch, large-span structure assembled
from seven prefabricated components with a ring
width of 2 m. Fig. 1 shows a sectional diagram of
the prefabricated structure. Fig. 2 shows ring and

longitudinal connections between the members,
made with a new type of grouted tenon-and-groove
joint using concrete of grade C50 (Yang and Huang,
2018; Yang et al., 2019a).

Both domestic and foreign researchers have
studied prefabricated assembled structures.
Scandinavian countries and Russia have rich
experience in the construction of prefabricated
assembled subway stations (Li, 1995; Vlasov et al.,
2002; Yurkevich, 1995). Li et al. (2019) analyzed
the mechanical properties of two kinds of subway
station structures (arched and rectangular) and
concluded that the arched structure is characterized
by better performance as well as lower stresses and
deformations under the same load. Li and Liu (2016)
analyzed factors affecting the bending stiffness
of single tenon-and-groove joints in prefabricated
subway stations and concluded that the bending
moment of the joints is the most important factor
leading to the reduction of their bending stiffness. An
increase in the axial load and grouting of the joints
significantly improves the bending stiffness of the
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Fig. 1. Sectional diagram of the prefabricated structure

joints. The degree of influence from changes in the
dimensional parameters of the joint on its bending
stiffness is related to the axial load applied to the
joint. Su et al. (2016) conducted destructive tests on
different combinations of axial and bending loads
acting on different types of tenon-and-groove joints
of fully assembled subway station structures to
determine the flexural load-bearing capacity of the
joints with account for five stages of flexural load
bearing. Yang et al. (2019b, 2019¢, 2020a, 2020b)
performed a number of experiments to study the
bending stiffness of grouted tenon-and-groove
joints in prefabricated subway station structures and
proposed a general formula for its calculation. Li et
al. (2015a, 2015b, 2017, 2018) and Xu et al. (2017)
systematically investigated the mechanical properties
of tenon-and-groove joints in prefabricated structures
using numerical simulations and structural loading
tests, with the Yuanjiadian station of Changchun
Metro Line 2 as the research background. Ding et al.
(2018) and Tao et al. (2019) experimentally studied
the seismic response characteristics of prefabricated
subway station structures. Du et al. (2019)
investigated the seismic performance of beam-slab-
column joints in the cross-section of prefabricated
assembled subway stations. Zhou et al. (2017)
studied the tenon-and-groove grouting technology
for prefabricated components.

Structural joints are still characterized by a design
that is not very reliable. Bolted connections, pre-
stressed rod connections, and cylindrical connections
do not guarantee structural integrity. Water tightness
cannot be guaranteed either. Although structural
integrity and water tightness are guaranteed in weld
and tenon-and-groove connections, the joined seams
are filled with inorganic materials. The solidification
and hardening of these materials are limited by
temperature. Therefore, they are not suitable for
use in low-temperature areas and low in adhesive
strength (Wang et al., 2009).
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Fig. 2. Tenon-and-groove joints

Epoxy resin adhesives have a number of
advantages. They are characterized by low shrinkage
and strong adhesion to a variety of materials, easy
to prepare and use. Besides, they ensure the high
hardness of cured products and can be easily
modified (Peng, 2004). To promote the further
development of prefabricated assembled structures
and solve issues with previous versions, epoxy
resin was proposed as a potting material for joints.
Inorganic rigid-particle quartz powder was used to
modify it (Zhao and Yun, 1999). The influence of
quartz powder introduction and the particle size
on the mechanical properties of the epoxy grout
and bonded concrete was studied experimentally.
Researchers determined the optimal amount of
quartz powder to be introduced and the particle size
to develop the optimal epoxy grout formulation and
conducted a full-scale test. To ensure successful
grouting completion, Yang et al. (1997) studied epoxy
grout injectability using unique test equipment and
test methods that they developed, and analyzed
the mechanical properties of the epoxy grout and
bonded concrete.

Methods

1. Mechanical performance test model

The base fluid used for the test was epoxy resin
with quartz powder particle sizes D50 of 16.71, 18.49,
21, 26.26, and 34.24 pm, and the test temperature
was 13—-14°C.

Compression strength and compression modulus
were tested using GB 1041-79 plastic compression
test method (State Standard of China, 1993).
Shear bond strength was determined using three
100 x 100 mm C50 concrete test blocks bonded in
triangles with epoxy grout as shown in Fig. 3. The
test load was force-controlled with a loading rate of
0.2 KN/s. Tensile bond strength was determined by
bonding two 100 x 100 mm C50 concrete specimens
as shown in Fig. 4. The test load was displacement-
controlled with a loading rate of 2 mm/min.
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Fig. 4. Tensile bond strength test system

To study the load-bearing capacity of tenon-
and-groove joints under different overburden
loads, a full-scale test of tenon-and-groove joints
was conducted. Due to the complex shape of the
original structure, the test was simplified and the test
specimen consisted of two rectangular reinforced
concrete blocks with tenons and grooves, with 5 mm
of epoxy grout in the middle of the tenon and groove.
The concrete grade, reinforcement grade, and
reinforcement rate of the specimens were the same
as in the original structure. The test was performed
by applying an axial load to one end of the specimen
by a jack to simulate the overburden load, and
the bending moment at the tenon and groove was
applied by two forces of equal size at equal distance
from the tenon and groove. The test load was force-
controlled. Fig. 5 shows a schematic diagram of full-
scale test loading.

2. Injectability test model

Due to the complex shape and large size of the
original structure, the original structure was simplified
for the test without changing the thickness of the
joints. Fig. 6 shows an injection test device used
in the test. Its cross-section is given in Fig. 7, and
the longitudinal section is given in Fig. 8. The main
design parameters of the injection test device were
the following: the seam spacing was 100 mm (1/6
of the original structure), the seam thickness was
5 mm, the total length of the grouting section was
1.6x3+1.65%x2+0.1x4=8.5m, and the internal

diameter of the grouting pipe was of the original
structure.

The test system consisted of a grouting pump,
grouting tank, injection test device, and slurry
collecting bucket, with all components connected by
a grouting pipe. Fig. 9 shows its design diagram, and
Fig. 10 shows its physical implementation.

The test process was as follows:

(1) Connect the grouting pump, grouting tank,
injection test device, and slurry collecting bucket with
the grouting pipe, ensure firm and dense connection.
Open the valve and ventilate to test the tightness of
the test device.

(2) Calculate the required amount of slurry to
be injected (mass = density x volume) and multiply
by a factor of 1.2 to prevent the air from being
injected into the test device and causing damage
to it. Prepare slurry and take measures to maintain
the slurry and chamber temperature at the test
temperature, test viscosity at that temperature.
Close the valve at the bottom of the grouting tank,
open the tank, slowly pour in epoxy resin slurry, and
then close the tank.

(3) Add a relatively small pressure to the air pump,
open the valve at the bottom of the grouting tank,
close the valve at the bottom of the grouting tank
after slurry flows out from the grouting port, increase
air pump pressure to the design value, then open the
valve at the bottom of the grouting tank, and record
the level of slurry with a marker every 5 s.
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(4) After slurry injection, close the valve of the
grouting tank and grouting pump.

Results

1. Mechanical performance test results
Fig. 11 shows the compressive strength of the
epoxy grout vs. the amount of quartz powder, and
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Fig. 10. Injection test system

Fig. 12 shows the elastic modulus of the epoxy grout
vs. the amount of quartz powder.

Cao et al. (2005) studied the effect of adding
ultrafine SiO, to epoxy resin on its mechanical
properties and found that with small filler amounts,
it is possible to reduce the shrinkage of epoxy resin,
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absorb energy, and terminate the silver pattern,
thus reducing residual stress during epoxy resin
curing and uniforming the process. Therefore,
with an increase in the filler ratio, the compressive
strength will increase as well. However, when the
filler amount exceeds a certain value, the stress
fields generated by the filler overlap and dominate,
and the compressive strength of epoxy resin
decreases.

It can be seen from Fig. 11 that the compressive
strength of epoxy mortar can exceed the compressive
strength of C50 concrete. The compressive strength
grows slowly when the quartz powder ratio is from
1:0.6 to 1:0.8 and is close to the maximum value.

As can be seen from Fig. 12, the elastic modulus
of epoxy mortar first gradually increases with the
addition of quartz powder, and then gradually
decreases; it is close to the maximum value in the
interval from 1:0.5 to 1:1. The introduction of quartz
powder can improve the elastic modulus of epoxy
resin since the elastic modulus of quartz powder is
much larger than that of epoxy resin. Within a certain
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Fig. 12. Elastic modulus of the epoxy
grout vs. quartz powder amount
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Fig. 14. Shear strength of epoxy grout bonded
concrete vs. quartz powder particle size

range of addition, quartz powder interacts better with
the epoxy resin interface and resists the expansion
of cracks, and beyond that range, the effect of quartz
powder becomes smaller (You et al., 2006).

Fig. 13 shows the shear strength of epoxy grout
bonded concrete vs. the amount of quartz powder.
Fig. 14 shows the shear strength of epoxy grout bonded
concrete vs. the size of quartz powder particles.

As can be seen from Fig. 13, with an increase in
the amount of quartz powder when the ratio is less
than 1:0.5, shear strength increases. It reaches the
maximum value of 18 MPa when the ratio is 1:0.5,
which is 60.7% higher than the shear strength of pure
epoxy resin (11.2 MPa). When the ratio is greater
than 1:0.5, shear strength gradually decreases. The
reason is that when the amount of filler added is
small, the filler particles do not interfere with each
other and are uniformly dispersed in the epoxy resin
matrix, and the filler makes it possible to reduce the
shrinkage of the adhesive system, thus reducing
residual stress during adhesive curing and uniforming
the process. Therefore, with an increase in the
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filler amount, the shear mechanical properties will
improve. However, when the filler amount exceeds a
certain value, the stress fields generated by the filler
overlap, and the adhesive bonding performance and
adhesive shear resistance decrease.

As can be seen from Fig. 14, with an increase
in the quartz powder particle size (D50), the shear
strength of epoxy grout bonded concrete first
gradually increases and then gradually decreases,
reaching a maximum value of 24 MPa when the
quartz powder particle size (D50) is 21 ym. The
reason is that when the quartz powder particle size
(D50) increases but does not exceed 21 um, the
total area of quartz powder contact with concrete
decreases after the epoxy grout is filled into the

specimen, thus more epoxy resin can penetrate
concrete and increase shear strength, while an
increase in the area of epoxy resin contact with
concrete will also increase shear strength. When the
quartz powder particle size (D50) exceeds 21 um,
quartz powder deposition occurs during epoxy grout
curing, thus, a part of the contact area between
epoxy grout and concrete loses shear strength and
the total shear strength decreases. Therefore, the
quartz powder particle size (D50) shall be in the
range from 18 to 25 ym, and this range can provide
a better formulation.

The tensile strength of epoxy grout bonded
concrete depending on the amount of quartz powder
is shown in Table 1.

Table 1. Tensile strength (MPa)

Amo:r:)tv;)(;‘ec:uartz Group 1 Group 2 Group 3 Group 4
1:0 2.53 2.88 2.96 2.79
1:0.5 2.52 2.79 2.84 272
1:0.8 2.66 2.73 2.81 2.73

The measurements and specimen damage
diagram show that the tensile strength of the
bonding surface of the epoxy grout bonded concrete
specimens is much greater than the tensile strength
of concrete. The specimens were damaged due
to concrete failure. The value of tensile strength
depends on the value of concrete tensile strength
and has a weak relationship with the amount of
quartz powder and particle size.

Fig. 15 shows the general damage pattern of full-
scale test specimens. It can be seen that damage
is distributed not along the tenon-and-groove joints
but along the contact surface of reinforcement
and concrete, and concrete on the joints peeled
off at the time of damage, which indicates that the

B7.5kN-m

epoxy grout is safe for gluing tenon-and-groove
joints.

To determine the flexural load-bearing capacity
of the full-scale test specimens under different
axial loads, three points of specimen damage were
established: joint side opening of 3 mm when the
corresponding bending moment is M,; the end of
the crack stable development stage when the
corresponding bending moment is M,; reinforcement
stress reduction at the tenon-and-groove joint at the
same time when the corresponding bending moment
is M,. In all three cases, the load-bearing capacity
was taken as the smallest value among the bending
moment values under the same axial load. The

results are shown in Table 2.

Fig. 15. Failure mode in the full-scale test
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Table 2. Flexural load-bearing capacity under different axial loads
Axial load M, M, M, Load-bearing
capacity
0 — 87.5 — 87.5
500 230 250 — 230
1000 335 326 330 326
1600 471 470 480 470
2000 593 500 550 500

2. Injectability test results

During the tests, we used a modified epoxy grout
developed by Beijing Jiaotong University. The test
pressure was 0.4 MPa. Fig. 16 shows a relationship
between the flow rate and time, and Fig. 17 shows a
relationship between the flow and time.

With an increase in the grouting distance, the flow
rate gradually becomes slower, which is caused by
the internal friction between the layers. In other words,
viscosity plays an important role. To study the relationship
between the grouting volume and time, the measured
data were fit; the fitting results are shown in Fig. 18.

The fitting results show that the correlation
between the fit curve and the measured data curve is
as high as 0.999, indicating that the function obtained
by fitting is in good agreement with the actual results.
They also show that the slurry volume and time
are approximately parabolic, and the relationship

between the flow rate and time can be obtained by
the derivation of the function of the flow rate vs. time:
- Flow rate vs. time at 5°C: V = —2.5822t + 78.556.

- Flow rate vs. time at 10°C: V = -9.1642t + 141.97.
The function shows that, with an increase in time,
the flow rate decreases gradually. The flow rate at
the beginning of grouting at 5°C is 78.556 cm/min,
and it decreases at a rate of 2.5822 cm/min. The
time of epoxy grout injection at 5°C is 30.4 min,
and the longest injection distance is 12.02 m. The
flow rate at the beginning of grouting at 10°Cis
141.97 cm/min, and it decreases at a rate of
9.1642 cm/min. According to these calculations, the
time of epoxy grout injection at 10°C is 15.5 min,
and the longest injection distance is 11.02 m. The
theoretical time of grouting for the next joint at 5and
10°C calculated by the fitting formula is shown
in Table 3.

Table 3. Theoretical time of joint grouting (min)

Joints A B (o3 D, E
5°C 15.6 6.1 131 16.3

Grouting time
10°C 9.2 3.5 7.6 9.6
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The above test results do not consider the
effect of concrete surface friction on injectability. To
consider it, we performed two sets of comparative
tests, one with the use of Plexiglas plates with grit 60
emery cloth on the inner surface and another without
emery cloth. Fig. 19 shows a relationship between
the flow rate and time.

Conclusion

(1) The results of the mechanical properties
test for the epoxy grout and bonded concrete were
obtained.

Considering the effect of quartz powder
introduction on the compressive strength and elastic
modulus of the epoxy grout as well as the effect
on the shear strength of low-temperature epoxy
grout bonded concrete and the project cost, while
ensuring the best use of the tenon-and-groove joint,
the optimal ratio of quartz powder was determined at
the level of 1:0.6-1:0.8.

Considering the effect of the quartz powder
particle size on the shear strength of low-temperature
epoxy grout bonded concrete, the optimal quartz
powder particle size (D50) was determined at the
level of 18—25 ym.

The tensile strength of epoxy grout bonded
concrete depends on the tensile strength of concrete
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and does not depend on the quartz powder amount
and particle size in epoxy grout.

The full-scale test showed that it is possible to
ensure that the mechanical properties of joints meet
the engineering needs by bonding tenon-and-groove
joints with epoxy grout.

(2) The results of the epoxy grout injectability test
demonstrate the following:

With a construction temperature of 5°C or higher
and a grouting pressure of 0.4 MPa, the grouting
quality of all joints in the project can be guaranteed.

The flow rate decreases with grouting time,
the epoxy grout injection time at 5°C is 30.4 min,
and the longest injection distance is 12.02 m. The
epoxy grout injection time at 10°C is 15.5 min,
and the longest injection distance is 11.02 m. The
relationship between the slurry flow rate and time was
fit according to the experimental data at 5 and 10°C.

Friction has a relatively small effect on injectability.

The application of prefabricated structures in
underground engineering has broad prospects. The
design of joints is the key to the success or failure
of prefabricated structures application. The results
of the research on the grouting material ratio and
grouting technical parameters in this paper can
provide references for practical engineering.
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Fig. 18. Fitting results for the relationship between the flow and time
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Abstract

Introduction and purpose of the study: The paper presents results of studies aimed to provide a rationale for the
possibility of a gradual transition to hydrogen combustion in gas supply to domestic and commercial consumers without
changes in the design and operation of burners. For this purpose, we have considered tasks of determining the indicators
of interchangeability for natural gas and its mixtures with hydrogen. The main characteristics of combustible gases with
various hydrogen content in a mixture have been studied. We have established the impact of the hydrogen content on
the heat rate, emissions of harmful substances, as well as light back and flame lift phenomena. We have also analyzed
the available interchangeability criteria and their applicability when using natural gas/hydrogen mixtures. The impact of
the hydrogen content on the radiation heat transfer in the furnaces of gas equipment is described in the paper for the first
time. Methods: The methodology of the paper is based on a critical analysis of available literature data on combustible
gases interchangeability as well as theoretical and experimental studies performed by the authors. We have derived
dependencies that allow us to determine the possibility of gas equipment transition to the combustion of natural gas/
hydrogen mixtures. We have also developed recommendations on the permissible hydrogen content in a natural gas/
hydrogen mixture that would ensure the efficient, safe, and green use of such fuel in domestic and commercial heating
units. Results: Scientific findings and practical results of the study make it possible to implement partial gradual cost-
effective decarbonization in the area of gas fuel utilization as an intermediate stage of transition to more extended hydrogen
combustion.

Keywords
Gas supply, decarbonization, natural gas, hydrogen, mixtures, interchangeability, permissible content.

Introduction the process is accompanied by such quantities of

Currently, studies and pilot projects related to the
use of hydrogen as a fuel are of the most immediate
interest. The reason for such interest is the possibility
of decarbonization of the atmosphere through
reaching zero CO, emissions with combustion
products and reducing the impact on global climate
changes (European Commission, 2020).

However, as often happens, the road from the
idea to its technical implementation is long and
difficult. First of all, it is worth mentioning numerous
technical and economic issues of hydrogen
production, storage, transportation, and use, which
are nowadays contradictory. This is especially
when we refer to great and almost global plans for
transition to this type of fuel (Grib, 2019). The so-
called catalytic steam reforming of hydrocarbons is
a quite simple and well-mastered method. However,

CO, emissions that the thesis on the green nature
of hydrogen fuel does not make sense. Well-known
hydrous pyrolysis does not have this drawback, but
it is 1.8-3 times more expensive than reforming.
Electric power required for electrolysis can be of
green origin only so as not to bump into the issue of
CO, plume (Konoplyanik, 2020). In our opinion, the
necessary investment and functional-cost analysis
of many related issues is still far from completion.
Despite this, the idea has already won
recognition. In 2019, the EU presented a hydrogen
strategy as part of the European Green Deal
(European Commission, 2019). It is planned that
hydrogen will be able to replace carbon energy
sources, and by 2050 it will transform Europe into
the first climate-neutral continent where greenhouse
gas emissions into the atmosphere will not exceed
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the volume consumed by the ecosystem. The EU
states are willing to invest 180 to 470 bn EUR into
this project by 2050. Within the framework of this
strategy, there is a project to provide the EU with
hydrogen with a hydrogen production capacity of
80 GW.

Decisions concerning hydrogen economy
development, including in the Russian Federation,
are made at the governmental level (Government of
the Russian Federation, 2020). The largest energy
providers negotiate the use of entire territories for
the construction of hydrogen production enterprises
(RBC, 2021c). This trend is also observed in
cooperation at the international level (RBC, 2021a).

However, the issues of hydrogen use are not
limited to the matters of its production, storage,
and transportation. The thing is that hydrogen
and hydrocarbon fuels, such as natural gas, are
combustible gases disparate in terms of their
main indicators. Calorific value and density, air
consumption and volume of combustion products,
flame speed and flammability limits — all these
most important characteristics differ several times
(Staskevich et al., 1990). Therefore, full replacement
of gas burners rather than their adjustment is
required. New devices can be developed for dozens
and hundreds of units, as is the case with power
turbines (RBC, 2021b). However, for hundreds of
thousands and even millions of low-power devices,
such replacement in one go is impossible. In this
situation, the idea to use hydrogen in mixtures with
natural gas seems most reasonable (European
Commission, 2020). It is not a case of zero CO,
emissions, but each 10% of hydrogen in such a
mixture make it possible to proportionately reduce
carbon dioxide emissions into the atmosphere
(Szkarowski, 2020).

Analysis of the current state of the issue

When studying if it is possible to use such
mixtures in practice, the issue of permissible
hydrogen content is the key factor. The solution to
this problem is a typical trade-off. On the one hand,
there is a wish to increase the share of hydrogen
and its environmental effect. On the other hand, it is
required to ensure compliance with the fuel utilization
efficiency and safety principles and minimize the
volume of investments necessary for the transition
of gas burner and furnace units from pure natural
gas they were designed for to natural gas/hydrogen
mixtures (Flérez-Orrego, 2011).

The matters of interchangeability of combustible
gases are not new for the theory and practice of fuel
consumption (Knoy, 1941, 1953). In many countries,
the issue of transition from synthetic gases to natural
gas was handled at different times (Gilbert and Prigg,
1956). Nowadays, it can be biogas, generator gas,
refinery gas, propane-butane gas, liquefied natural
gas (LNG), or their mixtures with each other and air
(Jones, 2005).

34

Hydrogen or its mixtures with other gases may be
a similar alternative. For example, refinery gas with
high hydrogen content in a mixture with natural gas
is used at refineries as a fuel for oil refinery furnaces
and oil refinery units (Kolienko and Kolienko, 2011).

For the majority of EU countries that receive
natural gas via gas trunk lines from the Russian
Federation, it is the main type of fuel. However,
it does not rule out the possibility of using other
types of gas fuel. Therefore, the standardization of
interchangeability of various gases in such countries
is reflected at the appropriate level (Delbourg and
Lafon, 1971).

Subject, tasks, and methods

Interchangeability can be defined as the ability
of combustible gas to be substituted by another
without the need to adjust gas burner units (GBUs)
or other equipment of gas devices, change the
operation mode or settings of such equipment. The
units will continue to operate safely and satisfactorily
(International Organization for Standardization, 2013;
Honus et al., 2016)

Therefore, the possibility of a seamless transition
from one type of gas fuel to another while preserving
(or with permissible changes to) equipment
characteristics exists only for interchangeable gases.
These characteristics are as follows:

— heat rate N, kW,

— energy conversion efficiency #, %;

— steady operation of GBUs without light back or
flame lift;

— complete combustion (permissible
concentration of incomplete chemical combustion
products in combustion products), mg/m? or vol.%;

— absence of yellow tipping indicating pyrolytic
processes and sooting related to the insufficient air
intake for combustion (total or primary air).

Therefore, the subject of the study is the
effective and safe utilization of various gases
in commercial and domestic sectors in terms
of the increasingly widespread use of hydrogen
and its mixtures.

It is known from the practice of combustible gas
combustion that steady and efficient gas combustion
in the flow significantly depends on the operating
parameters of this process. Such parameters include
the following: air and gas consumption, including
primary air (for burners with two-stage air supply);
ratio between actual and theoretical air consumption
(air excess factor a); gas and air velocity, etc.
(Halchuk-Harrington and Wilson, 2006).

The stable position of the flame front in space and
absence of light back and flame lift are ensured by the
equality of the flame speed and the gas-air mixture
speed at each point of the front. In turn, this equality
depends on the properties of the fuel, efficiency
of mixing processes, flame holding methods, and
burner heat output. That is why the composition as
well as physical and chemical properties of the gas
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are crucial for the interchangeability of combustible
gases and fuel utilization efficiency.

The region of efficient and steady combustion is
limited to the regions of loss of flame stability (light
back and flame lift) and incomplete combustion with
preceding yellow tipping indicating sooting. The
diagram in Fig. 1 (Halchuk-Harrington and Wilson,
2006) shows these regions in the “burner heat
output” — “primary air excess factor” coordinates.

The diagram is somewhat conditional since it
uses only concepts, without any numerical values.
From this perspective, the diagram given in Fig. 2
(Staskevich et al., 1990) is more conclusive. It
presents a steady and efficient combustion region
in the “gas/air mixture velocity” — “primary air excess
factor a,” coordinates. Please note that the gas/air
mixture velocity is associated with the gas flow rate
and burner heat rate.

Therefore, when resolving the issue of gas
interchangeability, it is required to ensure steady and
efficient operation not only without changes to the
GBU design while complying with the rated capacity
but also within the whole range of the output control.

According to the effective standards (Euro-
Asian Council for Standardization, Metrology
and Certification, 2012; European Committee for
Standardization, 2021), all types of combustible
gases are classified first by gas family and then by
group and subgroup. For example, natural gases
are in Family 2 where high-methane gases are in
Group E. Gases of the same group have the same
combustion characteristics and are clustered by the
value of one of the interchangeability indicators —
the (superior) Wobbe index W,, MJ/m3:

H H
Ws=__s=_s’
D

P.

™

Primary air excess factor, as

Q@

Burner heat output

Fig. 1. Gas combustion diagram of the American Gas
Association (AGA): 1 — the light back region, 2 — the
flame lift region; 3 — the yellow tipping region, 4 —
the incomplete combustion products region, 5 — the
steady and efficient gas combustion region

Gas-air mixture velocity, m/s

where H_— the superior calorific value, MJ/m?; p
— the relative gas density; p, p, — the gas density
and air density, respectively, all other factors being
equal, kg/m3.

For the matter at hand, the following is important:
the fact that the Wobbe index of other gases differs
by not more than 5% means that the design and
operating parameters of GBUs used for burning
gases of this group do not require any changes and
the unit heat rate will be preserved.

Natural gas of groups L and E is mainly supplied
to Europe from Russia via gas trunk lines. According
to the above requirements, the superior Wobbe
index for group L gases shall be 39.1-44.8 MJ/m?
(the volume is given for a temperature of 15°C and
a pressure of 1013.25 mbar). Based on Eq. (1), the
calorific value of such gas shall be 29.3—-34.5 MJ/m?.
For group E, these limits are as follows: W_ = 40.9-
54.7 MJ/m?®, H_ = 31.3—44.4 MJ/m3.

However, according to the same standard
(European Committee for Standardization, 2021),
to ensure safe and efficient GBU operation, the unit
shall be tested by burning not the gas of this group
but so-called test gases, each of which, in terms
of composition, is critical for certain equipment
performance characteristics. Table 1 provides
characteristics of test gases for group L and E gases.

Therefore, the Wobbe index is no longer the
only interchangeability criterion. The equality of the
Wobbe index for different gases is a necessary but
not sufficient condition of their full interchangeability.
The purpose of this study was to determine
principles for the reliable standardization of
combustible gas interchangeability parameters.

As for the methods, we chose a comparative
critical analysis of regulatory documents and
available experimental data as well as performed
theoretical and experimental studies in this field.

0 0.2 0.4

0.6
Primary air excess factor, oy

0.8 1.0 12 1.4 1.6 1.8

Fig. 2. Diagram of steady and efficient operation
of an injection gas burner. The designations of
the regions are the same as in Fig. 1
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Table 1. Test gas characteristics

Combustible gas

Test No., test gas composition and characteristics for the following critical equipment

operation modes:

Incomplete combustion and

W,_=47.87 MJ/m?
H =31.86 MJ/m?

W_=40.90 MJ/m?
H_=32.11 MJ/m?

s

Light back Flame lift R
yellow tipping
G25 G27 G26
CH, =80 vol.%
Family 2, CH, =86 vol.% CH, =82 vol.% C,Hy =7 vol.%
Group L N, =14 vol.% N, =18 vol.% N, =13 vol.%
W, = 41.52 MJ/m® W, = 39.06 MJ/m? W, = 44.83 MJ/m?
H_ =32.49 MJ/m* H_=30.98 MJ/m? H_=36.91 MJ/m*
G222 G231 G21
) CH, =77 vol.% CH, =85vol% CHa =87 vol.%
Family 2, H, =23 vol.% N, = 15 vol.% CsHs = 13 vol.%
Group E W, = 54.76 MJ/m?

H_=45.28 MJ/m?

Results and discussion

1. Preliminary analysis

As follows from Table 1, to check equipment for
light back, test gas with a hydrogen content of up to
23% is used (G222 test gas). Such hydrogen content
in a mixture with natural gas is already critical in
terms of loss of flame stability. It is very important for
the subsequent analysis.

It should be noted that State Standard GOST EN
437:2012 (Euro-Asian Council for Standardization,
Metrology and Certification, 2012) did not become in
Russia (as a natural gas exporter) the main document
to determine gas quality and gas interchangeability
criteria. When formulating gas quality requirements,
the exporter uses State Standard GOST 5542-2014
(Interstate Council for Standardization, Metrology
and Certification, 2015).

According to this document, the (superior) Wobbe
index is the only indicator of gas interchangeability.
Its value for natural gas shall be 41.2—-54.5 MJ/m?

(at a temperature of 20°C) and permissible deviation
from the nominal value shall not exceed +5%.
This ensures the constant heat rate of the unit upon
combustible gas substitution. There are no other gas
interchangeability requirements in this document.
Besides, the concept of the “nominal value” is
not explained in any way. In practice, it is usually
the value established in a gas supply agreement.
However, the range of possible Wobbe index values
according to the GOST (41.2-54.5 MJ/m?®) is no
less than 32% relative to the lower limit for group
E gases.

When the issue of interchangeability of natural
gas and its mixture with hydrogen is analyzed more
deeply, it should be noted that hydrogen and natural
gas have drastically different characteristics. Table 2
compares the physical and chemical properties of
methane (as the primary combustible component of
natural gas) and hydrogen (Staskevich et al., 1990;
Szkarowski, 2020).

Table 2. Some characteristics of methane and hydrogen (¢ = 20°C)

Combustion characteristic Unit of measurement CH, H,

Superior calorific value H, MJ/ms3 39.82 12.75
Superior Wobbe index W, MJ/m?3 53.55 48.47
Inferior calorific value H, MJ/m3 35.88 10.79
Inferior Wobbe index W, MJ/m? 48.22 41.02
Flammability limits in a mixture with air:

lower limit ¢, vol.% 5.0 4.0

upper limit ¢, 15.0 75
Stoichiometric air volume for complete combustion m®m3(gas) 9.52 2.38
Maximum combustion temperature °C 2043 2235
Stoichiometric volume of combustion products m3/m?3(gas) 10.52 2.88
Maximum flame speed m/s 0.37 2.67
Air excess factor at the flammability limits:

at the lower limit - 1.8 9.8

at the upper limit 0.65 0.15
Gas density kg/m?® 0.71 0.089
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Evidently, the differences in the combustion
characteristics of methane and hydrogen are drastic.
The stoichiometric air volume for complete combustion,
the volume of combustion products, and the upper
flammability limit that guarantees combustion without
light back differ by 4 times, and the flame speed — by 7
times. It is extremely important to compare the Wobbe
index for methane and hydrogen. It differs almost by
10%, which means that it is impossible to convert
burners to hydrogen use without changing their design.

This confirms the relevance of the matter
related to the use of not pure hydrogen but its
mixture with natural gas, which has already
been noted in the introduction. Here, the issue
of permissible hydrogen content in such a
mixture, ensuring a seamless transition to a new
type of gas fuel, is pivotal. We calculated the
main characteristics of the mixture with various
hydrogen content. The calculation data are given
in Table 3 and Figs. 3-5.

Table 3. Some characteristics of the natural gas/hydrogen mixture (t = 20°C)

H: content
Characteristic Unit in the mixture, vol.%
of measurement
10 30 50
Density kg/m3 0.65 0.53 0.40
Superior calorific value HS MJ/m? 3710 28.36 23.33
Superior Wobbe index PK MJ/m? 52.18 49.58 47.08
Difference in the superior Wobbe index for the mixture and natural
% 2.6 7.5 12.2
gas (W, =53.6 MJ/m?)
Inferior calorific value }II MJ/m3 33.38 28.36 23.33
Inferior Wobbe index Wl MJ/m?3 46.95 44.37 41.81
Difference in the inferior Wobbe index for the mixture and natural
% 2.6 8.0 13.2
gas (W, = 48.22 MJ/m?)
Flammability limits in the mixture with air: ower limit ol 4.9 46 4.4
. e 16.3 19.7 25.0
upper limit
Air excess factor at the flammability limits:
at the lower limit 2.2 2.70 3.62
at the upper limit 0.58 0.55 0.5
Maximum mixture velocity at light back m/s 0.19 0.26 0.37
Primary air excess factor at the boundary of yellow tipping - 0.21 0.19 017
Stoichiometric air volume required for complete combustion m3/m3(gas) 8.8 7.4 5.9
Volume of combustion products (& = 1.15) m?3/m3(gas) 11.1 9.3 7.6
Stoichiometric composition of combustion products:
] oxyg%n 0" e 723 | 718 71.2
2 2.5 2.4 2.4
- carbon dioxide CO, 81 75 6.6
4 x40
K
g
3 S5
S @ N
S 3 2
S §
S
N g
w Z S22
S S|
5 7 510
< N
® 5 [0
<
0 10 20 30 40 50 g ¢ - 20 2 o =0
Q Hydrogen content in the mixture, vol %

Hydrogen content in the mixture, vol %

Fig. 3. Air excess factor at the lower (2)
and upper (1) flammability limits

Fig. 4. Gas concentration at the lower (1)
and upper (2) flammability limits
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Comparison by the Wobbe index has a principal
meaning for the analysis. It is not accidental that
the comparison was also made by the inferior index
value. The superior index value uses the concept of
the superior calorific value that can be achieved only
at the condensation of water vapors forming during
combustion, which is achievable in a limited group of
condensing equipment. Moreover, it is fundamentally
impossible in household gas stoves.

The comparison shows that the permissible
Wobbe index variation (5%) for the natural gas/
hydrogen mixture is not met already at a hydrogen
content of 20%. Therefore, it is impossible to ensure
a transition from natural gas to a combustible
mixture with a hydrogen content of more than 20%
without changing the burner design and operating
parameters when trying to preserve the burner heat
rate. As for forced-draught gas burners, changes in
the design and operating parameters of the draught
equipment would also be needed.

In a gas mixture, hydrogen expands the

range between the lower and upper flammability
limits. This increases the danger of light back.
In terms of operation, a mixture with hydrogen
becomes explosion hazardous in a wider range of
concentrations.

The comparison indicates strongly that the
conclusion about the possibility of using natural gas/
hydrogen mixtures based on the Wobbe index alone
is not sufficient. The issues of gas fuel utilization
efficiency, environmental performance, and safety
require analysis of a wider range of interchangeability
indicators.

2. Analysis of interchangeability criteria

The issue of interchangeability of natural gas and
its mixture with hydrogen was additionally studied
with account for the requirements adopted in the
international standard ISO 13686:2013 (International
Organization for Standardization, 2013). A list of
interchangeability indicators is given in Table 4. Each
of them enables analysis of certain adverse effects
that may occur at fuel substitution.

Table 4. Interchangeability methods and criteria according to ISO 13686:2013

Method or index Country

Controlled parameters

Knoy factor EU

Unit heat rate

Dutton’s criteria Great Britain, Australia

Flame lift
Yellow tipping
(sooting)
Complete combustion

Weaver method USA Complete combustion
Flame lift
Light back
Yellow tipping
Unit heat rate
Required air excess factor (blasting air consumption)
AGA method USA Flame lift
Light back
Yellow tipping
Delbourg method France Yellow tipping. Sooting
2.1. Knoy factor
0.4 The J, factor is one of the early interchangeability
indices and a variation of the Wobbe index (Briggs,
2014; Knoy, 1953):
nw 03 7
S H_ —0.65-10
= Iw=——F% 2
»
N where H — the superior calorific value, J/m*; p —the
o . i .
] relative gas density.
s 01 If the Knoy factor for the substitute gas differs by
= more than 5%, the gases are not interchangeable.
The calculation data show that, in case of natural
7 7 7 =5 pr pr gas/hydrogen mixtures, it happens with a hydrogen

Hydrogen content in the mixture, vol %

Fig. 5. Maximum gas/air mixture speed at the
burner exit when light back is possible
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content of more than 20%. With the hydrogen
share in the mixture increasing, the unit heat rate
will decrease. Therefore, in terms of the Knoy
factor, gases with higher hydrogen content are not
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interchangeable with natural gas.

2.2. Dutton’s criteria

Dutton’s criteria include the following (Dutton,
1984; Dutton and Wood, 1984; Lander, 2002):
Jicrpy — the incomplete combustion factor, J, ,, —
the lift index, Isioy— the soot index.

The incomplete combustion factor determines
the probability of incomplete combustion products
formation when the base gas is replaced with a
substitute gas:

_W,=50.73+0.03E,, Qy @)
IcF(p) — 1.56 100

W, — the Wobbe index, MJ/m?;

E, — the volume fraction of nitrogen and propane
in the stoichiometric mixture, vol.%;

2  — the volume fraction of hydrogen in the
stoichiometric mixture, vol.%.

The Gas Safety Regulations effective in Great
Britain require that the value of Jicro) be less than
0.48 to prevent incomplete gas combustion. The
extreme value of this factor for a substitute gas shall
not exceed 1.48. When gases with a higher factor are
burned, incomplete combustion products will form
and the unit efficiency factor will decrease.

Fig. 6 shows the results of calculations under
Eq. (3) for natural gas mixtures with different H,
content.

According to the calculation data, an increase in
hydrogen content does not deteriorate the incomplete
combustion factor and is not critical for the mixture, as
it is accompanied by a decrease in the hydrocarbon
concentration in the mixture. Therefore, in terms of
the incomplete combustion factor, natural gas and its
mixtures with hydrogen are interchangeable at any
hydrogen content.

The lift index assesses the possibility of
combustible gases interchangeability by the
combustion stability criterion — the danger of flame

J

2

-

S

1
-

1
W

1
~

Outton's incomplete combustion factor, Jigyp,
U
N

10 20 30 40 50
Hydrogen content in the mixture, vol %

S

Fig. 6. Dutton’s incomplete combustion factor for a natural gas/
hydrogen mixture (1 — the normalized value

of Jp.0) = 0.48)

ICF|

lift and light back phenomena (International Gas
Union, BP Gas Marketing Ltd., GL Industrial Services
UK Ltd., 2011):

(0.122+0.0009Q,, )-

.I“(D)=3.25—2.41arctan (W"_36'8_0'0019EPN)+ @
1(0.755-0.118E,") @,
when J,, = 0, there is no visible detachment of

LI(D)
the flame base from the burner ports in multi-flame

burners. When o = 6, this means the complete
detachment of 50-100% of the flames.

We also analyzed the shift of the index to the
region of negative values, not referred to in the
publication (International Gas, BP Gas Marketing
Ltd., GL Industrial Services UK Ltd., 2011). This
would mean the possibility of another critical
phenomenon — flame lift with a range of adverse
and hazardous consequences.

Fig. 7 shows the results of index calculations
for natural gas/hydrogen mixtures under Eq. (4).
Evidently, this indicator is not critical for natural
gas/hydrogen mixtures within the whole range of
hydrogen content under consideration. The deviation
of the index value from zero is insignificant.

Dutton’s soot index assesses the risk of
transition from one type of gas to another in terms of
danger related to pyrolytic processes of hydrocarbon
degradation and formation of soot particles that
color the flame yellow (International Gas, BP Gas
Marketing Ltd., GL Industrial Services UK Ltd., 2011):

J = (0.896arctan

si(p)

0.0255E,,
0.009Q, +0.617) )

The limit value of this index is 0.6. A higher value

of Jg,,, for a substitute gas means the danger of

sooting and limited interchangeability.

Jigpy
=
~

<>

|
=
N

Outton's lift Index,

|
o
~

0 10 20 30 40 50
Hydrogen content in the mixture, vol %

Fig. 7. Dutton’s lift index for natural gas/hydrogen
mixtures (1 — the limit value; 2 — the flame
lift region; 3 — the light back region)
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Fig. 8 shows the results of Dutton’s soot index
calculation for natural gas/hydrogen mixtures. They
indicate that the introduction of hydrogen into the
mixture does not lead to sooting. Therefore, in terms
of this index, natural gas/hydrogen mixtures are
interchangeable.

Therefore, according to Dutton’s criteria, the
substitution of natural gas with its mixture with
hydrogen is impossible already at a hydrogen
concentration of 20—-25 vol.% due to light back and
flame out.

2.3. Weaver method

This multi-index method was first published
in 1946 and has been continuously revised and
updated (American Gas Association, 2002; Weaver,
1951). The method assesses the possibility of gas
interchangeability in a wider and complex context.
It is based on dozens of thousands of experiments
with 500 different gases (Ortiz, 2014). During these
experiments, the possibility of low-pressure burners
transition to another gas without loss of combustion
stability and efficiency was studied.

The method aims to determine a set of gas and
combustion process characteristics for the base gas
and substitute gas as well as compare indicators
with the required values. If the requirement is met,
the gases are considered interchangeable by this
criterion.

The first three indices have a limit of 1.0.

The heat rate ratio is the ratio between the
Wobbe index for the substitute gas W_ and the
Wobbe index for the adjustment gas W :

W
I ow) =W— (6)

The condition Tyw = 1.0 (£5%) is a condition

of interchangeability of two gases (Ortiz, 2014). A

0.8

@
e s e ORI

0.5

0.4

0.3

0.2

Outton's soof Index, Jsp,

0.1

0 10 20 30 40 50

Hydrogen content in the mixture, vol %

Fig. 8. Dutton’s soot index for natural gas/hydrogen
mixtures (1 — the limit value; 2 — the sooting region)
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higher deviation is considered impermissible by the
conditions of changes in the heat rate. Besides, this
makes for incomplete combustion, increase in heat
losses, efficiency reduction, and loss of combustion
stability. Evidently, this condition has been preserved
in the majority of the effective standards.

The primary air ratio includes theoretical
required air for combustion of the adjustment gas V,,
and substitute gas ¥, and their relative density, p_
and p_, respectively:

ViAlPa
"A(W)=Vt \/\/ﬁ: (7)

The value of 0.95 < J, < 1.05 is a condition
of seamless transition of burners to another gas
(Ferguson, 2007). An increase in the upper limit
means air shortage, which leads to incomplete
combustion, increased emissions of harmful
substances, and reduced efficiency of the unit. When
the value is less than 0.95, air excess is too high and
danger of flame lift occurs, heat losses with exhaust
gases increase, the efficiency of the unit decreases,
and emissions of toxic nitrogen oxides grow.

The lifting index includes the flame speed for the
adjustment gas S and substitute gas S, as well as
the volume fraction of oxygen in them, 2 and 902S ,
respectively (Ferguson, 2007):

s, 100-Q,
Trow) =T aw) S_am

(8)

more than 1

Substitute gases with a value of JL(W)

are prone to flame lift.

The next three indices are compared by the zero
value.

The flash back index is calculated by the
equation below using the characteristics described

above:

S
Ty === 1.4J 4 + 0.4,

S ©)

be acgonpanied by light (flash) back, which causes

the danger of an emergency (Lander, 2002).

The yellow tipping index is calculated using
the total content of hydrogen atoms in a molecule of
the adjustment gas and substitute gas, N, and N,
respectively (Halchuk-Harrington and Wilson, 2006):

If.J,, ) > 0 for the substitute gas, unit operation can

N S _N a
J,,(W)=JA(W)+—C110 Ce 1. (10)
If J,,, > 0 for the substitute gas, it means the

possibility of local air shortage, yellow tipping and
subsequent sooting.

The incomplete combustion index is calculated
using the ratio of the number of hydrogen and carbon
atoms in molecules of the compared gases, R, and
R, .. respectively (Halchuk-Harrington and Wilson,

2006):
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RH/Cs
Ty = aqy — 0,366 ———0.634. (11)

H/Ca
If the calculated data for the substitute gas show
that o) > 0, it means that gas combustion will
be accompanied by incomplete combustion and,
therefore, reduced unit efficiency and increased

emissions of harmful substances. Evidently, this
phenomenon can occur both due to a shortage of
air for combustion and an increase in the hydrogen
content in the substitute gas.

Table 5 shows the results of indices calculations
for a natural gas/hydrogen mixture.

Table 5. Comparison of interchangeability indices for natural gas and its mixtures with hydrogen
according to the Weaver method

. . Hydrogen concentration in a mixture with
Interchangeability Designation Nomn:lal value natural gas, vol.%
index (requirement)

0 10 30 50
Heat rate ratio L) 1 (5%) 1.0 0.95 0.92 0.87
Primary air ratio Iy 1 (x5%) 1.0 0.96 0.90 0.83
Lifting index I 1 (£5%) 1.0 112 1.44 1.83
Flash back index S, <0.0 0.0 0.22 0.73 1.46
Yellow tipping index o) <0.0 0.0 -0.04 -0.01 -0.18
Incomplete combustion J,(W) <00 0.0 192 15 19
index - ' ’ ' ’

The analysis using the Weaver interchangeability
method makes it possible to draw the following
conclusions concerning the transition from
natural gas to natural gas/hydrogen mixtures
in commercial and domestic gas units. The first four
indices give a negative result:

— in terms of the heat rate ratio,
interchangeability is not achieved when the hydrogen
content in the mixture is more than 10 vol.%;

— in terms of the primary air ratio, combustion
of mixtures, in any case, occurs with increased
air excess factors, which will be accompanied by
the reduced unit efficiency and danger of flame lift
(especially when the hydrogen content in the mixture
is more than 20 vol.%);

— in terms of the lifting index, any hydrogen
content increases the probability of this adverse effect;

—in terms of the flash back index, any hydrogen
content is also accompanied by the danger of an
adverse effect on burners.

It should be noted that the lifting and flash back
indices, which are the most negative, were obtained
for burners with partial preliminary mixing of gas
with air, i.e., for injection burners. Therefore, e.g.,
for household gas stoves, the result of the analysis
using the Weaver method is actually critical. It means
that the transition of gas burners from natural gas to
natural gas/hydrogen mixtures shall be accompanied
by changes in the design of burners, forced-draught
equipment, and combustion stabilization devices, as
well as changes in burner operation.

As for forced-draught gas burners, flame lift and
light back phenomena are not typical for them. The
same goes for modern low-power gas boilers with
additional flame stabilization, e.g., grid stabilization.

The last two Weaver interchangeability criteria,
i.e., the incomplete combustion index and the

yellow tipping index, show that any hydrogen
content in a mixture with natural gas does not
lead to any phenomena that would deteriorate the
combustion process or unit safety.

3. Analysis of interchangeability by heat
transfer conditions

All existing interchangeability criteria are related
directly to gas burners. However, there is another
interchangeability issue that has not been studied
yet. It is changes in the nature of heat transfer in
boiler furnaces and industrial furnaces during the
transition to substitute gases with hydrogen content.

The volume and composition of combustion
products change if there is hydrogen in the mixture
(Table 3). When the hydrogen content is 30%, the
combustion products volume decreases from 11.95
to 7.59 m®*m? with a simultaneous decrease in the
content of CO, in their composition. Both these
factors deteriorate heat transfer in the furnaces of
thermal generating units. The first one — due to
the reduced rate of combustion products, and the
second one — due to the reduced intensity of the
radiation heat transfer component.

We studied the combustion of refinery gas with
hydrogen content, and the results of the studies
indicate that the combustion of gases with a
hydrogen content of more than 20% significantly
reduces flame radiation and the intensity of
convection heat transfer on heating surfaces.

Fig. 9 presents changes in the relative amount
of heat received by the water walls of a boiler
depending on the hydrogen content in the mixture.
Reduction of the radiation heat transfer component
in the furnace transfers its significant amount to a
less efficient convective section of the boiler. This
inevitably increases the temperature of exhaust
gases and reduces boiler efficiency.
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Fig. 9. Impact of the gas composition
on heat emission in a furnace

The reason for such a situation is changes in the
above ratio of the carbon and hydrogen content in
the elemental gas composition, C/H (Mochan et al.,
1998). A shift in the C/H ratio to a higher hydrogen
fraction reduces the so-called flame “luminosity”, i.e.,
reduces the yellow (carbon) spectrum component
and, therefore, the furnace emissivity.

It should also be noted that the reduction in
the stability of injection gas burners operation was
confirmed during the studies. With a significant
hydrogen content, uncontrolled light back was often
observed. It requires immediate intervention of
equipment operators in order to avoid an emergency.

Therefore, the use of substitute gases in the
form of natural gas/hydrogen mixtures requires an
adjustment of the existing method of thermal and
aerodynamic analysis of boilers and other heat
recovery equipment.

Conclusions

1. The use of natural gas/hydrogen mixtures,
including in the domestic sector, is an effective
intermediate step in the decarbonization of human
activities. This decision makes it possible to ensure
the proportionate reduction of CO, emissions
without changes in the design of gas burners and
gas equipment. The main issue in such a transition
is permissible hydrogen content in the mixture that
would not change the parameters of gas fuel utilization
efficiency, environmental performance, and safety.

2. Numerous gas interchangeability criteria are
used in different countries. It should be noted that all
of them were derived for specific test conditions that
are not necessarily applicable to current conditions.
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For example, the well-known Weaver criteria were
derived for the test gas with a superior calorific value
of 800 BTU/ft® (approx. 29.8 MJ/m?). Suffice it to
say that group E natural gas is characterized by a
value of this parameter of more than 1000 BTU/ft®.
Besides, tests are always conducted using certain
burners. However, burners of the same type (e.g.,
injection burners) can have a variety of differences,
which leads to different light back and flame lift
indicators. The same can be observed in seemingly
identical devices. The design accuracy of nozzles
and burner ports, their depth and angle, differences
in the distance between them — all of this matters.
Even slight differences in the material of the device
can result in a catalytic or, on the contrary, inhibiting
effect on the combustion process.

3. The above requires very careful and responsible
application of the interchangeability criteria on a
case-by-case basis. Based on the analysis and
studies performed, it is safe to say that the use of
a natural gas/hydrogen mixture with a hydrogen
content of 10 vol.% is permissible for injection burners
of household gas stoves and low-power equipment
without changes in their design and operation. In a
number of cases, a higher hydrogen content (up to
15-20 vol.%) is possible, which, however, requires
additional testing.

4. The forced-draught burners of industrial and
heating boilers are not prone to light back and flame
lift due to the nature of combustion organization.
In this case, it is possible to recommend the safe
operation of devices using a mixture with a hydrogen
content of up to 20—25 vol.%. The same goes for low-
power boilers with modern methods of combustion
stabilization. However, we should consider
accompanying heat rate reduction (up to 15-20%)
and assess in advance the technical capability of this
phenomenon compensation, e.g., by increasing fuel
consumption.

5. The studies performed also allowed us
to establish a significant negative impact of
adding hydrogen to the mixture on the radiation
characteristics of the flame. This should be taken
into account (along with heat rate reduction) in
heating equipment where radiation heat transfer in
the furnace is an important technological component.
They, first of all, include boiler units with water-walled
furnaces.
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AHHOTauunA

B cTaTbe npeactaBneHbl pe3ynbTaTthl UCCNEA0BaHUN, Lerbio KOTOPbIX ABNsAeTcsa 060CHOBaHME BO3MOXHOCTM
NMOCTENEHHOro Nepexofa Ha CXuraHne Bogopoaa B ra3ocHabXeHuM KOMMYHarnbHO-ObITOBLIX Y MPOMbILLITEHHbIX
notpebutenen 6e3 Heo6XoAUMOCTN N3MEHEHUSA KOHCTPYKLMW FOPEnoK 1 pexnma ux pabotsl. [1na 3Toro KoMnnekcHo
paccMoTpeHbl 3a4a4u onpeaeneHns nokasarenen B3anmMo3amMmeHsseMoCT/ NPUPOLHOro ra3a u ero cMecen ¢ BO4OPOAOM.
VMiccnepoBaHbl OCHOBHbIE XapakTEPUCTUKM FOPKOYEro ra3a npv pasnnuyHoM cogepxaHuv sogopoaa B cmecu. OnpegeneHo
BNUsSIHWE copepXaHusi BOAOPOAa Ha nokasaTenn TensoBol MOLLHOCTU, BbIXOA BPEAHbIX BELLECTB, a TakXe SBMeHus
npockoka 1 oTpbiBa NnaMeHu. [NpoaHanmanpoBaHbl U3BECTHbIE KPUTEPUUN B3ANMO3aMEHSAEMOCTU Y UX MPUMEHUMOCTb B
paccmaTpuBaeMol 3ajave MCnonb3oBaHNA CMeceln NpupoaHOro rasa ¢ Bogopoaom. Bnepebie paccMoTpeHo BnnsiHue
cofepXaHus BooopoAa Ha nokasaTenu nyvymctoro tennoobmeHa B Tonkax rasoucnonbaytouero obopygosaHus. B
OCHOBY MeTOAO0JIOrMU PaboTbl NOMOXEH KPUTUYECKUA aHaNM3 UMEIOLMXCS NMTepaTypHbIX AaHHbIX MO BONpOCY
B3aMMO3aMeHAEMOCTN FOPYMX ra3oB, a Takxe COOCTBEHHbIE TEOPETUYECKNE N IKCNEPUMEHTarnbHbIe UCCEeA0BaHNS.
MonyyeHbl 3aBUCMMOCTM, KOTOPbIE Aal0T BO3MOXHOCTb ONpeAennTb BO3MOXHOCTb NepeBOAa MMELLIErocs ra3oBoro
obopyaoBaHusi Ha CxXUraHme cMecen NpMpoAHOro rasa ¢ sogopoaom. PaspaboTaHbl pekomeHpaumMm no 4onycTuMomy
cogepkaHuio BoOopoAa B CMeCcH ¢ NpupoaHbIM razom, obecneunsaroimm apdekTmBHoe, 6esonacHoe 1 3KONormMyHoe
UCMosb30BaHMe Takoro Tonnnea B GbITOBbIX M MPOMbILLIIEHHO-OTOMMUTENBHbLIX YCTpocTBax. HayyHble n npakTuyeckue
pe3ynbTaTthl paboTbl 4alOT BO3MOXHOCTb OCYLLECTBUTbL Mano3aTpaTHYH YaCcTUYHYIO U NOCTENEHHY AekapboHnsauumio
B 06r1acTn MCnonb30BaHWA ra3oBOro TOMNMMBA B Ka4eCTBE MPOMEXYTOYHOro aTana npu nepexoge k 6onee LWnMpokomy
CXXUraHuio Bogoponaa.

KnioueBble cnosa
la3ocHabxeHue, nekapboHnsaums, NnpupoaHbIv ras, BOAOPO4, CMeCH, B3aMMO3aMeHSeMOCTb, A0MYCTUMOE COAepXKaHNE.
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Abstract

Introduction: In recent years, houses out of vertical squared timber have become widespread. Vertical bars make it
possible to use the effective wood behavior in compression and ensure maximum strength of the material along the
fibers. Vertical bars are subject to compression with bending, which can result in loss of strength and buckling in building
structures. In the available research papers and technical literature, the issue of the stress-strain state of such walls has
not been analyzed. The purpose of this study was to formulate a calculation method for walls out of vertical squared
timber, based on the available traditional approaches to wooden structures. We propose a calculation method for walls
out of vertical squared timber as a set of elements resisting compression with bending, including a check for limiting
slenderness. Results: Permissible heights of walls for buildings with bays of 10 and 12 m were obtained. The results
can be used in the design of low-rise residential and public buildings, mansard superstructures of multi-story buildings.

Keywords

Vertical squared timber, stress-strain state, compression, bending.

Introduction

Wood is becoming increasingly widespread in
construction due to its positive mechanical and
physical properties (Mayo, 2015; Zmijewki and
Wojtowicz-Jankowska, 2017). They include low
density, low thermal conductivity, low coefficient
of linear expansion, and biological compatibility
with humans. In addition, wooden structures are
characterized by high acoustic performance and
architectural expression. Nowadays, much attention
is paid to resource-saving and environmentally
friendly materials that have a minimal environmental
impact. Whole-section timber meets these
requirements in full (Mdller et al., 2021; Skullestad
et al., 2016). According to the results of studies on
wood materials, solid wood has the least impact on
the human habitat (Cabral and Blanchet, 2021; Dias
et al., 2020). It is no doubt that wooden houses are
energy-efficient. Wood, as a structural material, has
been scrutinized by researchers, housebuilders, and
building users.

Design concepts of wooden buildings and
structures come in a great variety. Recent studies
show that a significant share of wooden houses is built
out of solid, whole-section timber (Cohen and Gaston,
2003; Janakieska et al., 2021). Comprehensive
design systems for such houses are being developed
(Chaggaris et al., 2021). They include tests for
strength, serviceability, fire safety, and cost.
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Modern researchers and practitioners discuss
various options of wall structures made out of solid
wood. The method of connection plays a significant
role in the operation of wooden walls.

Resch (1999) as well as Piao and Shupe (2016)
suggested using composite vertical elements out of
small-diameter timber (3.6-12.8 cm). Each element
consists of several bars joined with tenons and glue.

Tsai and Wonodihardjo (2018) described a
method of house construction out of waste wood
using nails and screws as connectors. Bedon and
Fragiacomo (2019) conducted a numerical analysis
of timber-to-timber joints with inclined self-tapping
screws. The studies showed that the strength
properties of walls made out of composite members
with metal fittings are lower than those of walls made
out of whole-section members.

Sandhaas (2016) developed wooden walls out of
laminated elements consisting of lamellae arranged
side-by-side and connected with dowels. The wall
structure is built without the use of glue. Miyata
(2020) noted sufficient stiffness characteristics of
such walls. However, walls made out of laminated
elements have shear strains exceeding those in walls
made out of whole-section timber.

Schiro et al. (2018) conducted experimental
studies on timber-to-timber screw-connections. Iraola
et al. showed that, in connections of timber elements,
made with metal fittings, the geometry of the contact
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area has a substantial significance.

The elements of wooden walls are connected
not only with metal but also with wooden fasteners.
Thermo-mechanically compressed wood dowels
were suggested as a joint element as an alternative
to glue and metal fasteners (El Houjeyri et al., 2021).

Structures out of solid wood with contact joints
are of interest. Wooden wall elements with dovetail
contact joints are manufactured by means of digital
milling (Cokcan et al., 2016). Squared and round
timber processed using CNC machines (Bucklin et
al., 2021; Colella, 2020) are used for walls of arbitrary
curvilinear shapes. Digitally produced mortise
and tenon joints are currently under investigation
(Gamerro et al., 2020). Such inventions are not yet
widely used in wooden buildings due to the complexity
of the manufacturing process and the low number of
wooden buildings of curvilinear configurations.

The efficiency of mortise and tenon joints largely
depends on the quality of squared timber milling.
Violations of the manufacturing procedure lead to
gaps and the weakening of structures (He et al.,
2021). Theoretical and experimental studies on such
joints were conducted (Feio et al., 2014; Yu et al.,,
2021). New timber processing techniques (Pinkowski
et al., 2019) and milling methods (Starikov et al.,
2020) were implemented.

The tenon joint performance also depends on
the wood species and strength. Lara-Bocanegra et
al. (2020) pointed out that by choosing the material
properly, it is possible to ensure the high strength of
items with tenon joints.

Therefore, the subject of this paper, addressing
walls out of solid wood, is highly relevant and under
debate.

Based on the cited studies, it should be noted
that shear strains of walls out of laminated and
composite members with metal fittings exceed those
of walls out of whole-section timber. Therefore, in a
number of cases, composite timber members with
metal fittings are characterized by lower strength
than whole-section timber elements with timber-to-
timber contact joints. Joints with metal fittings are
less practical to manufacture than timber mortise
and tenon joints. Therefore, based on the performed
studies, it is possible to consider contact tenon
joints of wooden members to be the most efficient.
Besides, contact joints are less sensitive to changes
in temperature and humidity in the room since
they allow for some freedom of strains in wooden
members. To be used in practice, items shall be easy
to manufacture. Pavlenin and Shutova (2020) as well
as other researchers noted that the Naturi technology
meets the above parameters in many respects.

This paper addresses wall structures for low-rise
houses, made out of vertical squared timber using
the Naturi technology.

Houses built out of vertical squared timber using
the Naturi technology are gaining popularity in

modern low-rise construction since the technology
provides positive structural and operational
performance of walls. Such a solution makes it
possible to use the type of wood compression along
fibers advantageous for wood, and reduce settlement
of walls while they are in use as compared to walls
made out of horizontal squared timber. Walls are
made out of whole-section timber without the
use of metal fittings and glue. This simplifies the
manufacturing process and makes it possible to
avoid the influence of the ductility of joints. Besides,
the use of whole-section timber rules out the
delamination of items along the glue lines.

The history of construction out of vertical squared
timber started as early as in the 20th century. We are
aware of historic buildings where walls were made
of squared and round timber installed vertically.
However, such a structure has a disadvantage, which
was noted by Russian architect Krasovsky (2002):
gaps between the bars, occurring during operation.

Austrian researcher Georg Ganaus (2009)
patented the Naturi technology for the construction
of houses out of vertical squared timber. Based on
this technology, squared timber is milled and drilled
to make cutouts to connect the bars with each other.
Thus, it is possible to avoid open gaps between the
bars in the wall structure. Afterward, this technology
was improved by Ganaus together with Russian
experts Lazarev, Stepanishchev, and Yelchugin
(Ganaus et al., 2018).

The growing interest in structures out of vertical
squared timber results in the design of not only
residential but also public buildings, including for
rural infrastructure. Public buildings have increased
bays and floor height in comparison to residential
buildings. As a result, the load on the walls and
their effective length increase. For practical design,
data on strength and stability of walls out of vertical
squared timber for various building bays as well as
thermal characteristics are required.

To this date, a number of studies on such walls
have been performed. Hockner (2019) specified their
positive thermal properties.

Among studies on the stress-strain state of
wooden walls and methods of their analysis, papers
addressing wall panels out of solid wood can be
distinguished. Researchers studied the static
structural behavior of CLT (cross laminated timber)
(Meloni et al., 2018) and DLT (dowel laminated
timber) panels (Miyata, 2020). Meloni et al. (2018)
used the finite element method to analyze the shear
strains of CLT wall panels (Meloni et al., 2018).
Thiel and Schickhofer (2010) described software to
determine the bending stresses and deformations
of CLT panels for two limit states and a number of
design situations.

Miyata et al. (2018) considered a numerical
analysis model of walls with pillars stacked with nails
or screws. The strength of the walls was estimated by
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the performance of nail or screw joints.

Inayama et al. (2011) proposed a calculation
method for rigidity and ultimate strength of inserted
wooden siding walls.

Despite many studies, the issues of the
stress-strain state of walls out of vertical squared
timber with contact joints have not been covered
in contemporary technical and academic
literature.

The given finite-element models are a convenient
tool for the analysis of wooden wall structures since
they make it possible to determine a number of
options with minimal labor input. It is needless to
say that numerical methods are needed for practical
calculations. However, there were cases when the
elastic response of wood was overestimated in
numerical calculations (Iraola et al., 2021). It is a
good practice to compare a numerical method with
an analytical model.

The purpose of this paper was to formulate an
analytical calculation method for walls out of vertical
squared timber, made using the Naturi technology
based on the available traditional common methods
for the analysis of wooden structures. To achieve
the purpose, we needed to address the following
tasks: to study the wall behavior in compression with
bending under the action of the wind load along and
across the building; to study the wall buckling strain.

Methods

According to the Naturi technology, a wall of a
building is made out of vertical milled bars. Such
connections do not ensure a monolithic structure
but develop composite action due to contact
tenon joints. This paper proposes a calculation
method for a wall made out of vertical squared
timber as a set of conventional posts with wooden
joints (hereinafter — conventional posts). Each
conventional post consists of two bars connected
with mortise and tenon joints and using wooden
dowels. A diagram of the post section is given in
Fig. 1.

In a general case, vertical and horizontal loads
act on a building. Horizontal loads include the action
of wind. We evaluated the static structural behavior

of conventional posts for two design cases: under
the action of wind along and across the building.
In terms of the stress-strain state, we analyzed the
behavior of conventional posts in compression with
bending and buckling strain.

Calculation for compression with bending

Design case: under the action of the wind load
across the building

We considered a wooden wall of a building, made
out of vertical squared timber and represented as
a set of conventional posts consisting of two bars
(Fig. 1). It is accepted that the wind load across the
building is distributed between individual conventional
posts of the longitudinal wall, as shown in Fig. 2a. The
calculation for a wall under the action of the wind load
across the building comes down to the calculation for
a conventional post in compression with bending.

The calculation was based on a deformation
scheme for the combined action of three factors:
the longitudinal force of vertical loads, the bending
moment from the wind load, and the additional
moment from the longitudinal force applied to the
deformed post bent due to the moment.

The edge compressive stresses were checked
and compared to the design compressive strength
of wood along the fibers by Eq. (1).

N M,
F—+W <RC, (1)

cale cale

where N — the longitudinal force;

M, — the bending moment determined using the
deformation scheme;

R, — the design compressive strength of wood

along the fibers. M
M, =?, )

where & — the coefficient that takes into account
the action of the longitudinal force applied to the
deformed element.

N

=R E ©)

gross

where ¢ — the buckling coefficient.

113
200

A

Fig. 1. A diagram of the conventional post section in a wall fragment
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b)

Fig. 2. A diagram of the wind load across the building: a) acting on a conventional post in a row;
b) acting on a conventional post in a corner

3000
v
where A — the element slenderness.

The plane strain buckling, if necessary, can be
checked using Eq. (5).
+[ ] <1,

where ¢, — the buckling stability coefficient;

n — the power exponent characterizing the
restraint of the strained edge of the element out of
the strain plane;

R, — the design bending strength.

As an example, we performed calculations
for a wall out of vertical squared timber. The
wall thickness was 20.0 cm with account for the

4)

B

N
¢RF

c” gross

Md
9 RV,

2ross

()

finishing layer of wood. The calculations were
performed for a wall element — a conventional
post with a design section of 20.0 x 11.3 cm (h)
shown in Fig. 1. Weakening in the design section
was taken into account approximately with the 0.8
coefficient to the sectional area and the section
modulus. In the calculations, we used permanent
and temporary loads from two stories and roofing
as well as the wind load across the building for the
first wind area, as shown in Fig. 2a. The section
slenderness of the post out of the longitudinal
wall plane was adopted equal to the slenderness
of an individual branch, i.e., an individual bar.
Table 1 shows the obtained indicators for the
behavior of a conventional post. The plane strain
buckling was not checked due to low values of
normal stresses.

Table 1. Geometric parameters, forces, and stresses in conventional posts under
the action of wind across the building

. Normal
Slenderness of . Bending I
. - . Buckling Longitudinal stresses
Wall height, m Building bay, m a conventional fici moment §
ost (branch) coefficient (Eq. (2)), KN-m orce, kN check, (Eq. (1)),
P T kN/cm?
10 91.55 < 120* 0.358 0.37 11.59 0.18 < 1.38**
3
12 91.55 < 120* 0.358 0.38 13.85 0.19 < 1.38**
10 106.8 < 120* 0.26 0.53 11.65 0.22 < 1.38*
3.5
12 106.8 < 120* 0.26 0.56 13.91 0.24 < 1.38**
10 122 > 120* 0.2 0.72 11.72 0.26 < 1.38*
4
12 122 > 120* 0.2 0.8 13.98 0.31 < 1.38**

120* — limiting slenderness (Regulations SP 64 13330.2017 “Timber structures”)

1.38** — the design compressive strength of second-grade wood along the fibers (Regulations SP 64 13330.2017 “Timber structures”)
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Therefore, based on Table 1, we obtain
satisfactory results concerning the strength and
limiting slenderness of a conventional post at a floor
height of up to 3.5 m and building bays of 10 and
12 m. The slenderness of a conventional post with a
height of 4 m with the same bays exceeds the limiting
one.

Calculation for compression with bending

Design case: under the action of the wind load
along the building

In case of the wind load along the building, there
are two options. As for the first option, the wind load
is distributed among individual conventional posts
of a side wall. This option is similar to the case of
the wind load across the building described above.
As for the second option, the wind load along the
building can be taken up by the entire side wall and
distributed equally between the longitudinal walls
(Fig. 3a).

Since a longitudinal wall is not monolithic, this load
will mostly be received by the outermost conventional
posts of the longitudinal walls. The posts will undergo
compression with bending in the wall plane according
to the same scheme as in the case of the action of
the wind load across the building. If the outermost
posts cannot take up vertical loads and the wind

action from the building side wall, they will affect the
neighboring ones. This may cause a deflection in the
wall, instability of its geometrical shape. The second
option of load distribution is described in the following
example.

We performed calculations for a wall out of
vertical squared timber with a thickness of 20.0 cm
with the finishing layer of wood. The calculations
were carried out using Egs. (1)—(5) for a wall
element — a conventional post with a design section
of 11.3 x 20.0 cm (h) described above (Fig. 1). Fig. 3a
shows a diagram for the distribution of the wind load
along the building. To take into account the ductility
of the post joints in the wall plane, the section
slenderness was adopted equal to the slenderness
of an individual branch, i.e., an individual bar. Table 2
shows the specified geometric parameters of the
conventional posts as well as the obtained forces and
stresses in the posts.

In addition, it should be noted that the wall, floor
slabs, and roofing form the longitudinal frame of the
building and develop composite action to take up
the loads along the building. Due to pivot joints and
possible shrinkage of wood during operation, the
behavior of the floor slabs and roofing is not included
in the calculations as some strength margin.

Table 2. Geometric parameters, forces, and stresses in conventional posts under
the action of the wind along the building

Slenderness Bending DY
Wall - . Longitudinal stresses .
. Building of a Buckling moment Buckling check
height, . .. force, check,
bay, m conventional coefficient (Eq. (2)), (Eqg. (5))
m post (branch) kN-m L (Eq. (1)),
kN/cm?
5 10 91.6 < 120* 0.358 7.83 11.59 1.36 < 1.38** 0.41<1
12 91.6 < 120* 0.358 9.74 13.85 1.69 > 1.38** 0.5<1
a5 10 106.8 < 120* 0.26 11.56 11.65 1.98 > 1.38** 0.65<1
' 12 106.8 < 120* 0.26 14.76 13.91 2.52>1.38* 0.83<1
4 10 122 > 120* 0.2 16.7 11.72 2.64 > 1.38** 1.03~1
12 122 > 120* 0.2 22.0 13.98 3.7 >1.48** 1.32>1

120* — limiting slenderness (Regulations SP 64 13330.2017 “Timber structures”)

1.38** — the design compressive strength of second-grade wood along the fibers (Regulations SP 64 13330.2017 “Timber structures”)

a)

Fig. 3. A diagram of the wind load along the building: a) redistribution of the wind load from the side wall to the
conventional posts in the corners; b) positive and negative wind pressure on the post in the corner
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Thus, we considered two options for the
distribution of the wind load along the building.
The first option implies the uniform distribution of
the wind load among the conventional posts of the
side wall similar to the case of the wind load across
the building described above. The second option
implies the transfer of the wind load by the side wall
to the longitudinal walls through the conventional
posts in the corners. Table 2 shows the calculated
data for the second case. As shown in the table, the
conventional post with a height of 3 m and a building
bay of 10 m demonstrates satisfactory performance
in terms of strength, plane strain buckling, and
limiting slenderness. The conventional post with a
height of 3 m and a building bay of 12 m, the posts
with a height of 3.5 m and bays of 10 and 12 m
demonstrate satisfactory performance in terms of
limiting slenderness and plane strain buckling but
have high normal stresses exceeding the design
wood resistance. The conventional post with a
height of 4 m does not demonstrate satisfactory
performance in terms of strength, plane strain
buckling, and limiting slenderness.

Calculation for buckling

If in Eq. (1), the bending stress component is less
than 10% of the compression stress component,
the design section of the wall (conventional post) is
calculated for buckling.

According to the proposed method, a check
of wall stability comes down to a check of a
conventional post in the plane and out of the plane of
the wall depending on the direction of the horizontal
wind load causing the bending moment.

The stability of a conventional post is checked
based on the following condition:

N <R.
¢ F

calc

(6)

The slenderness of a conventional post is
adopted equal to the slenderness of an individual

bar. The buckling coefficient is calculated in the same
manner as for axially loaded elements depending on
the value of the post slenderness. The design length
of a post is adopted equal to the floor height.

Results and discussion

A wall out of vertical squared timber is
represented by a set of conventional posts, each
consisting of two bars. A check of a wall for strength
and limiting slenderness comes down to a check of
a conventional post. Table 3 summarizes the results
of calculations for conventional posts. The following
conclusions can be drawn:

At wind loads across the building, a conventional
post resists compression with bending out of the
longitudinal wall plane. The calculations for the
action of specified vertical loads and horizontal wind
loads across the building show that the conventional
post under consideration has sufficient strength and
slenderness not exceeding the limiting one, at a
height of up to 3.5 m and bays of 10 and 12 m.

At wind loads along the building, an outermost
conventional post resists compression with bending
in the longitudinal wall plane. The calculations for the
action of specified vertical loads and horizontal wind
loads along the building show that, when the wind loads
are transferred from the side wall to the longitudinal
walls, the outermost conventional posts of the section
under consideration can take up wind pressure at a
height of max. 3.5 m and bay of max. 10 m.

The buckling strain of conventional posts is taken
into account if stresses from the moment are less
than 10% of the compression stresses.

The outermost conventional posts are actually
corner posts. The corner posts are characterized
by a combined stress state under the action of the
wind load both along and across the building. In
both cases, the posts are exposed to positive and
negative wind pressure, as shown in Figs. 2b and
3b. This leads to the bending and torsional buckling
mode.

Table 3. Results of the calculations for a conventional post under the action
of the wind load along and across the building

Condition of

Wind load strength at normal Condition Condition of
Wall height, m Building bay, m . . compression and of limiting stability
direction .
bending stresses slenderness (Eq. (5))
(Eq. (1)), kN/m?
Across the building 0.18 <1.48*
10
Along the building 1.36 < 1.48** 0.41<1
3 91.55 < 120*
Across the building 0.19 < 1.48**
12
Along the building 1.69 > 1.48** 0.5<1
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Across the building 0.22<1.48"
25 0 Along the building 1.98 > 1.48** 106.8 < 120* 0.65<1
Across the building 0.24 <1.48™
2 Along the building 2.52 > 1.48** 0.83<1
Across the building 0.26 < 1.48™*
10 Along the building 2.64 > 1.48** 122 > 120* 1.03~1
! Across the building 0.31 < 1.48**
2 Along the building 3.7 >1.48** 1.32>1

120* — limiting slenderness (Regulations SP 64 13330.2017 “Timber structures”)

1.48** — the design compressive strength of second-grade wood along the fibers (Regulations SP 64 13330.2017 “Timber structures”)

Based on the above, the following
recommendations can be formulated. The
conventional posts to be placed in the corners shall
be manufactured out of whole-section rectangular
timber in order to rule out the impact of ductility from
the contact joints of the bars. Besides, options with
a laminated section or a section made by means of
a special welding technique are possible (Zupg&ié et
al., 2021). To improve the strength characteristics of
corner conventional posts, laminated veneer lumber
(LVL) can be used with account for the relevant
restrictions on the size of sections according to State
Standard GOST 33124 “Laminated veneer lumber.
Specifications”. Compressed wood is distinguished
by its good mechanical properties and the possibility
to obtain any size of section (Namari et al., 2021).
Such type of wood can be used to manufacture
corner conventional posts. The strength of walls out
of vertical squared timber depends on the quality
of bar joints. Their high quality can be achieved
by improving milling methods. Automatic robotic
assembly of wooden members is also promising
(Leung et al., 2021).
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Conclusion

We formulated an analytical calculation method for
walls out of vertical squared timber, made using the
Naturi technology. According to the proposed method,
a wall is considered a set of conventional posts with
contact joints. The stress-strain state of conventional
posts is considered under the action of vertical
and horizontal loads directed along and across the
building. Each conventional post is checked for
strength and stability in compression with bending
or buckling as well as for limiting slenderness. The
method is based on the existing traditional provisions
for calculations concerning wooden structures.

Several examples of wall element calculations
were provided. Permissible heights of walls for
buildings with bays of 10 and 12 m were obtained.

Recommendations on the structure of corner wall
sections were provided based on the calculation
esults.

These results can be used in the construction
of residential and public buildings given the
corresponding justification of structure fire
resistance.
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AHHOTauunA

B nocnegHue roabl nonyyYnnmn pacnpocTpaHeHne AoMa U3 4epeBaHHOro npodmnMpoBaHHoro 6pyca, ycTaHOBNEHHOrO
BepTuUKanbHo. Takoe pacrnorioxXeHne CTEeHOBOro 6pyca no3BonseT Ucnonb3oBatb 3PPEKTUBHBIA BUA paboTbl
OPEeBECHHbI Ha CxXaTue 1 peanu3oBaTb MakCMManbHYO NPOYHOCTbL Matepuana BAOMb BONOKOH. BmecTe ¢ Tem 6pyc,
YCT@HOBIEHHbIN B BEPTUKANBHOM MOMOXeHNU, paboTaeT B yCNOBUAX CXaTus € M3rnbom, 4To MOXET NPUBECTYU K
notepe NPOYHOCTU M YCTONYMBOCTU KOHCTPYKUNIA 34aHuns. B cylwecTByOWNX HayYHbIX Ny6nukaumsax n TeXHM4YecKom
nuTepaType He aHanu3npoBarncs BOMPOC HAaNPs»XXeHHO-Ae(OPMUPOBAHHOIO COCTOAHMSA Takux cTeH. Llenbto gaHHoro
uccnenoBaHusa sBnseTca GopMynuMpoBka MeToda pacyeta CTeH U3 BepTukanbHoro 6pyca Ha OCHOBE M3BECTHbIX
TPaAVLMOHHBIX NOAXOA0B K AePEBAHHLIM KOHCTPYKUMAM. [TpeanoxeH MeTon pacyeTta CTeHbl U3 BepTuKanbHoro bpyca
Kak COBOKYMHOCTM 3NieMeHTOB, paboTaloLwux Ha cxaTne ¢ nsarnbom, BKNoYaoLLmMin NpoBEPKY No npeaensHOn rmbKocTu.
Pe3ynbTatbl: [lonyyeHbl fonyckaeMble BbICOTbI CTEHbI Npu nponeTtax 3aaHusa 10m n 12m. Pedynstatbl MoryT ObiTh
NCNONb30BaHbl NPY NPOEKTUPOBAHUN Mano3aTaXHbIX 34aHWUIA XMUMOro 1 obLEeCTBEHHOrO Ha3Ha4YeHns, MaHcapaHbIX
HaOCTPOEK MHOTrO3TaXHbIX 30aHWUN.

KnioueBble cnoBa
[epeBAHHbIN NPOPUNNPOBaHHbLIN BEPTUKaNbHbIN BPyC, HanpsXeHHO-4edOpPMNPOBaAHHOE COCTOsIHUE, CxXaTtue, narubd.
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Abstract

Introduction: Building Information Modeling (BIM) is characterized by potential benefits at many phases of the
construction project life cycle. However, no comprehensive study has been conducted to evaluate the benefits of BIM
adoption and implementation for project stakeholders in the Vietnamese construction industry context. Methods: This
study aimed to identify and evaluate the benefits of BIM adoption and implementation in construction projects based on
the perception of project stakeholders through data collection from 159 valid construction practitioners. The reliability
and validity tests were performed to analyze collected data by SPSS 22 software. Results: The results demonstrated
that four primary clusters of the project stakeholders received benefits when BIM was adopted in construction projects:
architectural and structural design units (10 benefits), facility management units (8 benefits), contractors (6 benefits), and
owners (6 benefits). These clusters accounted for 58.954%, 5.975%, 4.682%, and 3.736%, respectively, of the variance
that characterized the benefits of BIM adoption. The findings indicated that ‘improve the quality of design drawings’, and
‘minimize conflicts/changes’ were the most significant BIM benefits for architectural and structural design units, whereas
‘convenient for managing project data’ and ‘easy planning and resource mobilization’ were the top benefits for facility
management units. For contractors, ‘minimize construction errors’ and ‘construction cost saving’ were the most prominent
benefits. Besides, BIM brought owners such striking benefits as ‘maximize project performance’ and ‘easier to choose

investment options’.

Keywords

BIM, benefits, project stakeholders, construction industry, life cycle.

Introduction

Building Information Modeling (BIM) has been
recognized as one of the most efficient technological
initiatives in response to the challenges within the
construction industry (Azhar, 2011). BIM technology
makes it possible to create a digitally constructed
accurate virtual model of a building. This
technology can be used for facility planning, design,
construction, and operation. BIM assists architects,
engineers, and builders in visualizing what will be
built in a simulated environment so that they could
identify potential design, construction, or operational
issues. BIM represents a new paradigm within
the architecture, engineering, and construction
(AEC) industry, one that encourages integration of
the roles of all stakeholders on a project (Azhar,
2011). A BIM model characterizes the geometry,
spatial relationships, geographic information,
quantities and properties of building elements,
cost estimates, material inventories, and project
schedule (Azhar, 2011; Chan et al., 2018). This
allows project stakeholders to efficiently collaborate
throughout the project lifecycle (Oesterreich and
Teuteberg, 2019; Saka and Chan, 2019). BIM can
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be viewed as a virtual process that encompasses all
aspects, disciplines, and systems of a facility within
a single, virtual model; it enables all construction
project stakeholders to collaborate more precisely
and efficiently than using traditional processes
(Azhar, 2011). Team members are constantly
refining and adjusting their portions in response
to project specifications and design changes
to ensure the model is as accurate as possible
before the project physically begins (Carmona and
Irwin, 2007). One of the primary reasons for BIM
adoption is to achieve a proper balance between
the project management triangle of scope (features
& quality), cost and time (Olawumi and Chan,
2019a; Olawumi et al., 2018), which is one of the
most important concerns in the (AEC) industry
(Chan et al., 2019b).

Stakeholders can maximize benefits in terms
of time, cost, and quality by implementing BIM in
construction projects (Wong et al., 2009). However,
it is not easy to achieve a right balance between
these three factors for the construction projects,
since so many strategies and solutions are needed
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to accomplish it, and innovation can be one of the
possible solutions to strike a balance between these
three factors (Chan et al., 2019b). Hence, BIM is a
new technology in the construction industry, which is
expected to deliver numerous benefits to the industry,
such as initial conflict control in the designing (Azhar,
2011), project performance and quality enhancement
(Succar, 2009), enhance collaboration among
construction stakeholders (Kerosuo et al., 2015;
Succar, 2009), effective construction process (Abd
Hamid et al., 2018), operation and maintenance of
buildings (Hoang et al., 2020), improve visualization
of project execution (Haron et al., 2015), decision-
making process enhancement (Azhar, 2011),
effective construction cost (Abbasnejad and Moud,
2013).

Even though BIM has been used in the
construction industry in Vietnam since the early
2000s, it is still not widely applied (Van Tam et
al.,, 2021a). This is especially true for construction
projects funded with state-managed capital, which
makes up the majority of Viethamese construction
projects (Dao et al., 2020). Being aware of BIM
benefits, Vietnam has set 2021 as the target year
for adopting BIM for all governmental and large
construction projects (Dao et al., 2021). Investors
and construction firms initially recognized the
benefits of adopting BIM after observing the trends
of BIM technology adoption. Numerous design
firms and contractors have gradually integrated
BIM tools into practical projects ranging from
concept design to construction management.
However, in the Viethamese construction industry,
BIM implementation is very slow. Its slow adoption
and implementation are caused by numerous
barriers, of which lack of perceived benefits of BIM
adoption is considered to have a key role in this
regard (Van Tam et al., 2021b). Moreover, there
has been no in-depth research in Vietham to
assess the benefits gained by construction project
stakeholders when adopting and implementing BIM.
Therefore, this study aims to identify and evaluate
BIM implementation benefits in construction
projects through data collection from construction
practitioners who implemented BIM in Vietnam.
Benefits have always been achieved through
effective implementation, and vice versa. Hence,
BIM benefits should influence construction industry
practitioners to foster BIM implementation (Al-
Ashmori et al., 2020).

Literature review

BIM has great potential for useful adoption at
all stages of the project life cycle. This technology
can be used by the owners to understand project
needs, by the design team to analyze, design, and
develop the project, by the contractors to manage
the construction of the project and by the facility
managers during operation and decommissioning
phases (Bryde et al., 2013; Grilo and Jardim-

Goncalves, 2010). BIM has been proved as a
very beneficial approach in reducing uncertainties
and improving the efficiency of the construction
process (Van Tam et al., 2021b). BIM will provide
potential beneficial project outcomes by enabling
the rapid analysis of different scenarios related to
the life cycle performance of a building (Schade
et al.,, 2011). The study of Fallon and Palmer
(Fallon and Palmer, 2007) explained that BIM is
very useful in increasing the speed and utility of
activities by enhancing the quality of scheduling and
cost information throughout the project lifecycle;
one of the most frequently observed benefits is
increased utility and speed (Memon et al., 2014).
Several significant BIM benefits were identified by
Al-Ashmori et al. (2020) in Malaysia such as (1)
increasing productivity and efficiency; (2) assessing
time and cost associated with design change; (3)
eliminating clashes in design; (4) improving multi-
party communication and maintain synchronized
communication; (5) integrating construction
scheduling and planning, (6) identifying time-
based clashes; and (7) tracking progress during
construction. In Hong Kong, Chan et al. (2019b)
identified 12 benefits of BIM implementation.
They found that the most significant benefits are
(1) better cost estimates and control; (2) a better
understanding of design; (3) reduce construction
cost; (4) better construction planning and
monitoring; (5) improve project quality. In Vietham,
the study of (Hoang et al., 2020) assessed 12
BIM benefits; the top five significant benefits
were determined as follows: (1) collaboration
improvement; (2) more accurate information from a
data-rich asset; (3) automatically updated model; (4)
improved interoperability; (5) increased employees’
productivity and efficiency. In Turkey, 41 benefits
of BIM adoption were identified by Seyis (2019).
The top benefits include (1) planning the tasks and
responsibilities in a timely manner; (2) promoting
collaboration and coordination in the early design
phase; (3) automatic implementation of design
changes into 3D CAD model; (4) decreasing
uncertainties in the processes by clarifying risks;
(5) reducing time variances in the processes.

The introduction and adoption of any new
technological advancement, such as BIM, usually
necessitates identifying and addressing the factors
that may affect the adoption by project stakeholders
in order for the innovations to be successfully
implemented and the benefits to be derived from
them (Abubakar et al., 2014). In order to foster BIM
adoption, identifying its benefits in construction
projects is necessary. Therefore, various BIM
implementation benefits in construction projects
have been identified and classified by numerous
researchers from various countries. Table 1
provides the most significant benefits of BIM
adoption in construction projects from prior studies.
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Table 1. Summary on benefits of BIM adoption from prior studies

Country

Study

Total benefits
identified

Benefits of BIM adoption

Australia

(Hong et al., 2019)

(1) cost saving; (2) time saving; (3) improved team work; (4) improved data
management; (5) improved understanding of project.

(Newton and Chileshe,
2012a)

(1) improved constructability; (2) improved visualization; (3) improved
productivity; (4) reduced clashes; (5) improved quality and accuracy.

Malaysia

(Enegbuma and Ali,
2011b)

(1) faster and more effective processes; (2) better design; (3) controlled
whole-life costs and environmental data; (4) better production quality; (5)
automated assembly.

(Mohd Noor et al.,
2018)

12

(1) more realistic start and finish dates of project activities; (2) rapid
consideration of many alternatives schedule; (3) helps managing the
schedule changes when and as they occur; (4) helps evaluating overall
project performance; (5) helps to ensure that the quality-related activities
are being performed effectively.

(Ibrahim et al., 2019)
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(1) concepts become clearer and project conceptualization easier; (2)
earlier and more accurate visualizations of a design to the owner; (3)
support decision making regarding the design; (4) improve feasibility
studies; (5) improve simulations and coordination

(Memon et al., 2014)

(1) improved scheduling; (2) improved drawing coordinates; (3) improved
work quality; (4) single detailed model; (5) control time and cost.

(Al-Ashmori et al.,
2020)

(1) increase productivity and efficiency; (2) assess time and cost
associated with design change; (3) eliminate clashes in design;
(4) improve multi-party communication and maintain synchronized
communication; (5) integrate construction scheduling & planning.

Indonesia

(Sholeh et al., 2020)

(1) BIM makes flexibility in design and construction; (2) BIM facilitates
supply chain integration between stakeholders; (3) BIM facilitates supply
chain integration between project phases; (4) flexible work; (5) better
risk-sharing between stakeholders.

Korea

(Ashcraft, 2008)

12

(1) single data entry, multiple uses; (2) design efficiency; (3) consistent
design bases; (4) 3D modeling and conflict resolution; (5) conflict
identification and resolution.

Hong Kong

(Chan et al., 2019b)

12

(1) better cost estimates and control; (2) a better understanding of
design; (3) reduce construction cost; (4) better construction planning
and monitoring; (5) improve project quality.

(Tse et al., 2005)

(1) creating views and schedules dynamically and automatically; (2)
reflecting changes instantly in all drawings and schedules; (3) single
project file; (4) toolbars oriented; (5) compatibility with data exchange
standards.

Jordan

(Matarneh and Hamed,
2017)

13

(1) reduce rework during construction; (2) maximizing productivity; (3)
reduce conflict/changes; (4) clash detection; (5) enhance collaboration
& communication.

Nigeria

(Saka et al., 2019)

15

(1) facilities management; (2) health and safety; (3) energy management;
(4) time saving; (5) better coordination.

Vietnam

(Hoang et al., 2020)

14

(1) collaboration improvement; (2) more accurate information from a data-
rich asset; (3) automatically updated model; (4) improved interoperability;
(5) increased employees’ productivity and efficiency.

New Zealand

(Diaz, 2016)

(1) better performance and quality of the project; (2) improved
productivity; (3) reduction of wastages; (4) faster delivery; (5) new
opportunities for revenue and business.

(Stanley and Thurnell,
2014)

(1) the visualization of projects is increased; (2) collaboration on projects
is enhanced; (3) the quality level of the finished projects is improved; (4)
project conceptualization is made easier; (5) increased ability to print
out design details from 5D software enables greater analysis capability.

Singapore

(Qian, 2012)
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(1) improved forecasting; (2) less project risks; (3) better company image;
(4) less mistakes and errors; (5) better project control.
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Benefits of BIM adoption

(1) early identification of long completion time; (2) shortening the
procurement schedule; (3) exploring design constraints for fabricators;
(4) reduce differences between design and manufacturing models; (5)
reduce the fabrication cycle time.

(1) reduced construction cost; (2) reduced construction time; (3) improve
quality; (4) reduced human resources; (5) reduce contingencies.

(1) cost reduction or control; (2) time reduction or control; (3)
communication improvement; (4) coordination improvement; (5) quality
increase or control.

(1) planning the tasks and responsibilities in a timely manner; (2)
promoting collaboration and coordination in early design phase; (3)
automatic implementation of design changes into 3D CAD model; (4)
decreasing uncertainties in the processes by clarifying risks; (5) reducing
time variances in the processes.

Total benefits

ST ST identified

(Mostafa et al., 2020) 6
Pakistan

(Masood et al., 2014) 7
UK (Bryde et al., 2013) 9
Turkey (Seyis, 2019) 41
India (Diaz, 2016) 10

(1) enhancing the project performance; (2) efficient planning and
scheduling; (3) detailing the project stages; (4) generating multiple
planned scenarios; (5) being used for project bidding purposes.

Underlying rationale

BIM has been acknowledged as one of the
most appropriate platforms for the AEC industry,
which is considered to be multi-organizational and
multi-disciplinary, helping resolve construction
performance challenges during the planning,
designing, construction, operation, and maintenance
stages of the entire project life cycle (Li et al.,
2017). In the literature review, relevant studies
were explored to identify BIM adoption and
implementation in construction projects. Although
many studies discussed BIM benefits, there is a gap
in the literature regarding specific benefits for project
stakeholders. Besides, although the developed
countries are harvesting the fruits of the benefits
of adopting BIM for the construction industry, the
adoption and implementation of BIM for construction
projects in Vietham are very much limited. Therefore,
the goal of this study was to determine and evaluate
the benefits of BIM adoption for each project
stakeholder. To achieve the goal, two main objectives
were set:

+ To identify the most significant benefits of

BIM adoption for project stakeholders.
+ To evaluate the most significant benefits of
BIM adoption for project stakeholders.

The results of this study are expected to be
useful for policymakers, governments, construction
enterprises, and other stakeholders in their quest
to boost the current uptake of BIM in various
construction projects not only in Vietnam but also
in other countries with the same socio-economic or
cultural circumstances.

The literature review was conducted by collecting
and studying relevant research papers considering
the various benefits of BIM adoption in the
construction industry. These papers reported the top
significant BIM benefits. In the course of the study,

we revised all benefits by eliminating the replicates,
refining the statements, and sharing the updated
list with professionals in the construction industry
to evaluate the presented benefits and finalize the
list. Thus, a long list of benefits was shortened to
include the 30 substantial benefits of BIM adoption
in construction projects for four main project
stakeholders: owners, designers, facility managers,
and contractors. The benefits of BIM adoption in
construction projects and their related sources are
shown in Table 2.

Methodology

1.1. Questionnaire survey and respondents

The literature review was carried out to articulate
issues regarding the benefits of BIM adoption and
implementation in the construction industry with a
particular emphasis on the Vietnamese construction
sector. The review also aimed at identifying the
potential BIM benefits in construction projects. As a
result, a total of 30 significant benefits of BIM adoption
for construction project stakeholders were identified
in the study. These BIM benefits were tabulated in
the form of a questionnaire. The questionnaire was
composed of two main parts. The first part contained
demographics of the respondents and project
characteristics. Its main purpose was to describe the
respondents in order to effectively ensure reliability
and strengthen research findings. The second part
included the list of the identified benefits.

Respondents were selected for the survey
based on their previous participation in or direct
implementation of construction projects adopting
BIM tools in Vietnam. Based on their experience,
they evaluated the degree of BIM adoption benefits
importance in construction projects following a
5-point Likert scale (i.e.,21 — not important, 2 —
somewhat important, 3 — neutral, 4 — important,
5 — very important).
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Table 2. Benefits of BIM for construction project stakeholders

Code Benefits of BIM adoption References
OB Benefits for Owners
OB1 Easier to choose investment options (Eastman et al., 2011; Mesaro$ and Mandicak, 2017)
OB2 Improve operation and construction manage- (Ashcraft, 2008; Hoang et al., 2020; Olawumi and
ment Chan, 2019a; Seyis, 2019)
0B3 Early design assessment to ensure project (Azhar, 2011; Mesaro$ & Mandi&ak, 2017)
requirements are met
. . (Bryde et al., 2013; Diaz, 2016; Enegbuma and Alj,
OB4 Maximize project performance 2011; Olawumi and Chan, 2019a)
Better marketing of project by making effec-
OB5 tive use of 3D renderings and walk-through (Azhar, 2011; Eastman et al., 2011)
animations
OB6 Low financial risk because of reliable cost esti- (Azhar, 2011; Eastman et al., 2011)
mates and reduced number of change orders
DB Benefits for Designers
(Ashcraft, 2008; Enegbuma and Ali, 2011; Hong et al.,
DB1 Improve efficiency of design options 2019; Ibrahim et al., 2019; Olawumi and Chan, 2019;
Saka et al., 2019; Seyis, 2019)
. . . (Ibrahim et al., 2019; Memon et al., 2014; Olawumi
DB2 Improve the quality of design drawings and Chan, 2019; Saka et al., 2019)
(Diaz, 2016; lbrahim et al., 2019; Matarneh and
DB3 Easy conflict detection Hamed, 2017; Saka et al., 2019; Stanley and Thur-
nell, 2014)
(Al-Ashmori et al., 2020; Ashcraft, 2008; Hong et al.,
DB4 Minimize conflicts/changes 2019; Ibrahim et al., 2019; Matarneh and Hamed,
9 2017; Newton and Chileshe, 2012b; Olawumi and
Chan, 2019)
. . (Al-Ashmori et al., 2020; Ibrahim et al., 2019; Seyis,
DB5 Easy to adjust design changes 2019; Sholeh et al., 2020)
(Bryde et al., 2013; Chan et al., 2019b; Hong Duyen
DB6 Easy quantity take-off and cost estimation et al., 2018; Newton and Chileshe, 2012b; Seyis,
2019)
DB7 Reduce design time and costs (Ibrahim et al., 2019; Seyis, 2019; Stanley and Thur-
nell, 2014)
- . . (Ashcraft, 2008; Hoang et al., 2020; Olawumi and
DB8 Easy energy efficiency evaluation of options Chan, 2019; Saka et al., 2019; Seyis, 2019)
DB9 bcgé’iz‘;ratm“ and commitment of professional | ) o4 a1 2019b; Ibrahim et al., 2019; Qian, 2012)
DB10 Easy product transfer (Azhar, 2011; Mesaro$ and Mandi¢ak, 2017; Qian,
2012)
FB Benefits for Facility Managers
(Al-Ashmori et al., 2020; Chan et al., 2019a; Diaz,
FB1 Easy planning and resource mobilization 2016; Ibrahim et al., 2019; Olawumi and Chan, 2019;
Seyis, 2019)
FB2 E]::ﬁd management and execution improve- (Azhar, 2011; Eastman et al., 2011)
FB3 S;asser to coordinate contractors and stakehold- (Chan et al., 2019b; Eastman et al., 2011)
Easier to track and supervise design, construc- . ) .
FB4 . . (Al-Ashmori et al., 2020; Ibrahim et al., 2019)
tion, and operation
FB5 Predicting potential hazards and solving them | (Ibrahim et al., 2019; Stanley and Thurnell, 2014)
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Code Benefits of BIM adoption References
(Enegbuma and Ali, 2011; Hong et al., 2019; Ibrahim et
FB6 Convenient for managing project data al., 2019; Olawumi and Chan, 2019; Qian, 2012; Saka
et al., 2019; Seyis, 2019)
FB7 Better management and operation of facilities (2/'(\)21%6)" 2011; Eastman et al., 2011; Meadati et al,
. . . L (Azhar, 2011; Eastman et al., 2011; Meadati et al.,
FB8 Operational simulation for maintainability 2010: Mesaro$ and Mandicak, 2017)
CB Benefits for Contractors
(Diaz, 2016; Ibrahim et al., 2019; Matarneh and
CB1 Easy clash detection Hamed, 2017; A. Saka et al., 2019; Stanley & Thurnell,
2014)
CB2 Minimize construction errors (Ashcraft, 2008; Ibrahim et al., 2019; Mostafa et al.,
2020; Qian, 2012; Saka et al., 2019; Seyis, 2019)
CB3 Convenient for handing over works (Azhar, 2011)

CB4

Convenient for planning and resource provi-

(Al-Ashmori et al., 2020; Chan et al., 2019a; Diaz,
2016; Ibrahim et al., 2019; Olawumi and Chan, 2019;

sioning Seyis, 2019)
(Bryde et al., 2013; Chan et al., 2019a; Hong et al.,
CB5 Construction time savin 2019; Ibrahim et al., 2019; Masood et al., 2014; Mo-
9 stafa et al., 2020; Qian, 2012; Saka et al., 2019; Seyis,
2019)
(Ashcraft, 2008; Bryde et al., 2013; Chan et al., 2019a;
CB6 Construction cost saving Diaz, 2016; Hoang et al., 2020; Hong et al., 2019; lbra-

him et al., 2019; Masood et al., 2014; Olawumi and
Chan, 2019; Qian, 2012; Saka et al., 2019)

Out of 250 questionnaires distributed among
construction practitioners, only 168 were filled in.
Answers with incomplete data or missing values
were removed. Finally, 159 valid questionnaires
were collected (age average — 32.5, SD = 4.528),
this represented an approximately 63.6% usable
response rate.

1.2. Survey results

Among 159 valid answers, 78.62% respondents
were male and 21.37% were female. Most of the
them — 151 respondents (94.97%) — had bachelor’s
degrees. Only seven respondents (4.40%) had
master’s degrees, and only one respondent had a
PhD (0.63%). This is relevant to the years of their
experience in the construction industry. More than a
half — 93 respondents (58.49%) — had 1-5 years
of experience. Other groups had experience of 6-10
(22.01%), 11-15 (10.06%), and 16—20 years (2.52%).
Besides, 11 respondents (6.92%) had more than 20
years of experience.

In terms of organizations involved in construction
projects, the majority — 81 respondents — worked at
contractor companies, accounting for 50.84% of the
total. Those organizations were followed by design
enterprises, with 66 respondents (41.51%), and 12
owners (7.55%). In terms of job position, the majority
were designers (64 respondents, accounting for
40.25% of the total). The share of project managers/
facility managers was 22.01% (35 respondents);

while estimators (35 respondents) and site engineers
(24 respondents) accounted for 22.01% and 15.09%,
respectively.

In terms of construction characteristics, most of
the projects were related to building (106 projects,
66.67%), followed by industrial ones (28 projects,
17.61%). Infrastructure projects accounted for 10.06%
(16 projects) while the figure for transportation was
only 5.66% (9 projects). Among these projects, 90
(56.60%) were private-financed, 57 (31.45%) were
public-financed, and the rest 12 projects (7.55%)
were financed using offshore funds. More than a half
of the projects (102 projects, 64.15%) were medium
to big scale (= 15 VND billions), and 50 projects
(31.45%) were small scale (£ 15 VND billions), while
only 7 projects (4.40%) were nationally important.

Data analysis

1. Internal consistency of the questionnaire

Cronbach’s alpha is a measure the reliability
of internal consistency that assumes the same
thresholds but yields lower values than the composite
reliability. We aimed to determine Cronbach’s alpha
so as to confirm that the criteria associated with
the Likert’s scale measure each variable that was
intended to be measured (which is the importance of
each benefit of BIM adoption in construction projects
for stakeholders). The study of (Vaske et al., 2017)
explained that Cronbach’s alpha measures the extent
to which answers to survey questions correlate with
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each other, which means a estimates the proportion
of variance that is systematic or consistent in a set
of survey responses. The standard for evaluating
the level of relevance of the model is a value
where Cronbach’s alpha is higher than 0.7. Then
questionnaires are generally accepted as accurate
(Fang et al., 2004; Hai et al., 2022; Hair et al., 1998).
The ‘Cronbach’s Alpha if item deleted’ option makes
it possible to examine whether the removal of any
items would enhance the reliability of a specific
variable scale that showed an unsatisfactory

Cronbach’s alpha value (i.e., the score less than 0.3).
Cronbach’s alpha coefficient can be determined by
Eqg. (1) as follows:

N.C
ve(N-1)c” D

where N represents the number of item indicators;
C the coefficient of correlation of the average non-
redundant indicator (i.e., the mean of the lower
or upper triangular matrix); and v is the average
variance.

Cronbach’s alpha o =

Table 3. Results of Cronbach’s alpha test of internal consistency

Code Cronbach’s Alpha if Item Deleted Cronbach’s Alpha
0OB1 0.895

0OB2 0.886

OB3 0.880

OB4 0.896 0913
OB5 0.928

OB6 0.898

DB1 0.939

DB2 0.940

DB3 0.940

DB4 0.941

DB5 0.941

DB6 0.942 0947
DB7 0.940

DB8 0.942

DB9 0.943

DB10 0.941

FB1 0.945

FB2 0.938

FB3 0.940

FB4 0.939

FB5 0.941 0948
FB6 0.939

FB7 0.940

FB8 0.946

CB1 0.899

CB2 0.880

CB3 0.898

CB4 0.880 0904
CB5 0.885

CB6 0.878

As demonstrated in Table 3, the results of
Cronbach’s alpha for the components are 0.913,
0.947, 0.948, and 0.904, respectively. These values
are higher than 0.7, thereby reliability is acceptable.
The observed variables have Cronbach’s alpha if
item is deleted > 0.3, thus they are closely related to
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other variables; these variables are all measuring the
same construct and therefore there will be no basis
for removing any item.

2. Kaiser—-Meyer—Olkin test and Bartlett’s test
of sphericity

The Kaiser—Meyer—Olkin Measure of Sampling
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Adequacy and Bartlett’'s Test of Sphericity were
adopted to assess if exploratory factor analysis
is reasonable. Bartlett’s test for testing the null
hypothesis assumed that the extracted principal
components or factors did not make unique
contributions to the outcome being investigated
or are significantly correlated with each other.
The following is recommended: 0.5 < KMO < and
Sig < 0.05 (Bryman and Cramer, 2011; Hair et al.,
1998). As shown in Table 4, the result of the KMO
test indicated a coefficient value of 0.937 > 0.5,

which is a strong measure of sampling adequacy.
This demonstrated that the partial correlations or
multicollinearity structures between the factors
were sufficient to justify aggregating the variables
into related sets for extraction of the principal
components. Bartlett’s Test of Sphericity with
Sig = 0.00 < 0.05 proves that the observed variables
have an overall correlation with each other. Hence,
the result reinforced the four principal components’
reliability and validity extracted from the 30
observed variables.

Table 4. Results of KMO and Bartlett’s tests

Kaiser—Meyer—Olkin Measure of Sampling Adequacy 0.937
Approx. Chi-Square 4952.620
Bartlett’s Test of Sphericity df 435
Sig 0.000

3. Factor loadings

Variables with eigenvalue less than 1 do not
have better function in summarizing information than
original factors. Hence, variables are only extracted
if eigenvalue is more than 1 and are accepted if
variance extracted is more than 50%. In other words,
the software statistically defined a group of factors as
highly intercorrelated when the group had eigenvalue

of at least 1. The other components, with eigenvalue
less than 1, were considered as “scree” and
assumed not to represent any real traits underlying
the 30 variables. Factor loadings describe how much
correlation exists between observed variables and
underlying factors. These values should be more
than 0.3 (Bryman and Cramer, 2011; Hair et al.,
1998).

Table 5. Factor loadings on the four components

Component
Code
DB FB CB oB

DB2 0.754

DB4 0.746

DB1 0.743

DB7 0.692
DB10 0.667

DB3 0.664

DB9 0.634

DB6 0.618

DB5 0.555 0.504
DB8 0.524

FB6 0.736
FB1 0.708
FB7 0.691
FB4 0.688
FB3 0.686
FB2 0.685
FB8 0.518 0.565
FB5 0.516
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Component
Code
DB CB OB
CB2 0.754
CB6 0.713
CB4 0.675
CB1 0.653
CB5 0.556
OB5 0.518 0.547
CB3
OB4 0.815
OB1 0.799
OB3 0.741
OB2 0.723
OB6 0.618
Initial eigenvalues 17.686 1.405 1.121
% of variance 58.954 4.682 3.736
Cumulative % 58.954 64.929 69.611 73.347

Table 5 provides the results for three extracted
components and principal variables loaded on the
four components (i.e., DB — Benefits for Designers,
FB — Benefits for Facility Managers, CB — Benefits
for Contractors, and OB — Benefits for Owners). The
four underlying categories of variables accounted
for 73.347 % of the total cumulative variance. It is
more than 50%, which proves that the variation of
the observed variables is considered acceptable.
Table 5 shows that all observed variable correlations
are more than 0.3, indicating a robust inter-item
correlation within each principal component. It also
demonstrates a strong representation of the variables
by the extracted elements. Exploratory factor analysis
was conducted to analyze the relationships among
the correlated variables and reduce the data, which
helped to confirm the structure of the model. Factors
with loading below 0.50 (cut-off for significance) or
incidence of cross-loading were found to be weak
indicators of the constructs and therefore were not
included in the components (Cho et al., 2009; Field,
2013). On that basis, several problematic factors
were omitted from all items, including DB5 — easy
to adjust design changes, CB3 — convenient for
handing over works, FB8 — operational simulation
for maintainability, and OB5 — reduce time solving
conflicts.

Discussion

This section will discuss the benefits of BIM
implementation in construction projects for
stakeholders based on data analysis results. The
analysis is divided into four primary parts as follows:
benefits of BIM adoption for architectural and
structural design units, benefits of BIM adoption for
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facility management units, benefits of BIM adoption
for contractors, and benefits of BIM adoption for
project owners, which are discussed in this section.

1. Benefits of BIM adoption for architectural
and structural design units

As demonstrated in Table 5, 10 variables loaded
strongly and positively on the DB component,
of which there was only one item cross-loading
on another component, accounting for 33.3%
of the total number of variables. This component
explains 58.954% of the total variance among 30
variables. This means that analysis of the underlying
benefits of BIM adoption in the order of their relative
loading coefficients could confirm the valuable BIM
implementation in construction projects. The most
prominent benefit within the cluster of benefits for
architectural and structural design units is ‘improve
the quality of design drawings’. This finding was
further supported by studies of (Al-Ashmori et al.,
2020; Ashcraft, 2008; Chan et al., 2019b; Enegbuma
and Ali, 2011; Ibrahim et al., 2019; Mostafa et al.,
2020), which revealed that one of the primary
advantages of BIM adoption was improved drawing
quality. This may be because building proposals
can be rigorously analyzed, simulations performed
quickly, and performance benchmarked, enabling
improved and innovative solutions; documentation
output is flexible and exploits automation (Azhar,
2011).

The surveyed respondents evaluated ‘minimize
conflicts/changes’ as the second influential benefit
for designers. This result is in the line with the
findings of several previous studies (Diaz, 2016;
Ibrahim et al., 2019; Matarneh and Hamed, 2017;
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Saka et al., 2019; Stanley and Thurnell, 2014),
which demonstrated that BIM is capable of detecting
potential conflicts and minimizing drawing changes
during the design phase. Clash avoidance is a key
part of the design and construction process. During
the design process, every BIM module or user shall
assess design decisions and clashes to see if there
is any problem early in the design stage (Ibrahim et
al., 2019). Detecting clashes and minimizing conflicts
and changes during construction are two of the top
ways engineers say BIM adds value to a project
(Matarneh and Hamed, 2017).

Implementing BIM in construction projects also
brings several benefits for architectural and structural
design units such as ‘improve efficiency of design
options’, ‘reduce design time and costs’, ‘easy
product transfer’, ‘cooperation and commitment of
professional bodies’, and ‘easy quantity take-off and
cost estimation’. In fact, with an appropriate price
database, the construction costs will be significantly
saved. This utility is especially meaningful in the
design phase of a project when the designs often
change, and the investor urgently needs information
to choose the option in time (Ashcraft, 2008;
Chan et al., 2019b; Saka et al., 2019; Seyis, 2019;
Stanley and Thurnell, 2014). The study of (Ashcraft,
2008) indicated that the model contains necessary
information on quantity and estimated cost, avoiding
processing of material take-offs manually, thus
reducing error and misunderstanding.

The early design and pre-construction phases
are the most important stages in deciding on
the sustainability characteristics of a building
(Azhar et al., 2009). In the early stages of design
development, traditional Computer-Aided Design
(CAD) planning environments usually lack the
capacity to conduct sustainability analyses.
Usually, construction performance evaluations
are carried out after the architectural design
and construction documents have been created.
This failure to consistently evaluate sustainability
during the design process results in inefficient
retroactive design adjustment to meet a set of
performance criteria (Schlueter and Thesseling,
2009). Access to a comprehensive collection of
data regarding the shape, materials, context, and
systems of a building is needed to realistically
evaluate building performance in the early design
and pre-construction phases. Since BIM enables
multi-disciplinary data to be superimposed within a
single model, it provides an opportunity to integrate
sustainability measures into the design process
(Autodesk, 2008). Azhar (Azhar, 2011) found that
by conducting BIM-based sustainability analyses,
data for up to 17 LEED® (Leadership in Energy
and Environmental Design, a green building ranking
system used in the USA) credits can be obtained
in the design process. This implies that a building
knowledge model can be used for LEED® research

as a by-product, thereby saving considerable time
and energy.

2. Benefits of BIM adoption for facility
management units

As shown in Table 5, the FB component received
the second-highest factor loading with 8 of the
30 variables, accounting for 26.7% of the items.
This reveals that BIM adoption in construction
projects can bring eight primary benefits for facility
management units. This component accounts
for 5.975% of the variance among the 30 items.
The most prominent benefit within this cluster is
‘convenient for managing project data’. “With the
BIM database, any information about an equipment
is just one click away”, as Reddy (2011) stated. In
the past, buildings would be turned over to facility
managers with boxes and piles of manuals and
warranties from the owner. In order to obtain data
on product details, warranties, product life cycle,
maintenance controls, replacement costs, installation
and repair procedures, and even place an order for
a replacement online, facility managers can now
click on any equipment or fixture (Jordani, 2010).
Developments in mobile phones and tablets (such
as iPhone® and iPad®) and Virtual Reality (AR)
have made it possible to gain full information about
a building by simply pointing the device to it. An
AR-based program, InfoSPOT®, developed at the
Georgia Institute of Technology, Atlanta, Georgia,
was reported by Joyce (2012), which enables facility
managers to quickly obtain “on the spot” information
about equipment using their smartphones.

The second prominent benefit for facility
management units is ‘easy planning and resource
mobilization’. This is because BIM provides project
management with a visual model and integrated
elements such as construction progress, labor chart,
and construction cost development chart, helping
managers with easy tracking and supervision.
Moreover, monitoring and tracking progress during
the project life cycle significantly influenced the
practitioners’ decision to enhance mutual trust,
respect, and personal commitments to cooperation
(Al-Ashmori et al., 2020). Besides, implementing
BIM in construction projects can bring other benefits
for the facility management, such as ‘project
management and execution improvement’, ‘easier
to coordinate contractors and stakeholders’, ‘easier
to track and supervise design, construction, and
operation’, ‘predicting potential hazards and solving
them’, ‘better management and operation of facilities’,
and ‘operational simulation for maintainability’.
The challenge of managing a project is to ensure
project success, and the key to achieve it is risk
management at the earliest stages before it becomes
costlier (Abdullah et al., 2015). Facility management
departments can use BIM for renovations, space
planning, and maintenance operations (Azhar, 2011).
Thanks to BIM models, potential hazards are not
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only anticipated at the early stage, but they are also
solved automatically by the software.

3. Benefits of BIM adoption for contractors

The constructor is the third principal component
receiving benefits of BIM implementation in
construction projects. This cluster includes six
variables (20.00% of the total) and explains
14.682% of the total variance among 30 variables.
Contractors and subcontractors can use BIM for
many tasks such as quantity take-off and cost
estimation (Duyen et al., 2018); early identification of
design errors through clash detections; construction
planning and constructability analysis; onsite
verification, guidance, and tracking of construction
activities; offsite prefabrication and modularization;
site safety planning; value engineering and
implementation of lean construction concepts; and
communication with the project owner, designer,
subcontractors and workers on site (Hardin and
McCool, 2015; Nguyen et al., 2021; Nguyen Van
et al., 2021; Van Tam et al., 2018). According
to the analysis results, ‘minimize construction
errors’ and ‘construction cost saving’ are the
most prominent benefits for contractors when
adopting BIM in construction projects. These
findings were supported by (lbrahim et al., 2019)
who explained that construction errors, besides
causing cost-related waste, strongly affects the
project’s sustainability. Implementation of BIM
in the construction phase will be able to reduce
error, rework and waste for better sustainability for
construction since it is connected to the database.

Implementing BIM in construction projects also
can bring several other benefits for constructors,
such as ‘easy clash detection’, ‘convenient for
handing over work’, ‘convenient for planning and
resource provisioning’, and ‘construction time
saving’. The study of (Azhar et al., 2012) presented a
case study illustrating the use of BIM by the general
contractor (GC) to minimize design errors via clash
detections. The project was a $35 million academic
building at the campus of Emory University, Atlanta,
Georgia, USA. The architect of the project designed
the architectural model. The GC received drawings
of 2D structural and MEP structures from project
engineers and turned them into 3D BIM models.
The GC was able to save approximately $259,000
by combining all ‘single’ BIM models and through
clash detections in the pre-construction phase.

4. Benefits of BIM adoption for project
owners

As provided in Table 5, only 5 variables were
loaded in this cluster, accounting for 16.67% of the
total; explaining 3.736 % of the total variance among
30 variables. In projects where BIM technologies
and processes are implemented, owners can
gain considerable benefits (Eastman et al., 2011;
Reddy, 2011). The most prominent benefit for
project owners is ‘maximize project performance’.
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This result is in line with some previous studies
such as (Chan et al., 2019b; Diaz, 2016; Mohd
Noor et al., 2018; Olawumi and Chan, 2019; Seyis,
2019), which affirmed that the main advantage of
BIM is an increase in building performance and
quality. Project performance was also considered
as an item giving most benefits towards the project
quality (Mohd Noor et al., 2018). The surveyed
respondents evaluated ‘easier to choose investment
options’ as the second prominent benefit for project
owners. Besides, several other benefits of BIM
adoption in this cluster include ‘improve operation
and construction management’, ‘early design
assessment to ensure project requirements are
met’, ‘better marketing of project by making effective
use of 3D renderings and walk-through animations’,
and ‘low financial risk because of reliable cost
estimates and reduced number of change orders’.
In fact, 3D renderings can be easily generated in
a house with little additional effort (Azhar, 2011).
The study of (Chan et al., 2019b) indicated that
BIM implementation improves project quality
variables by facilitating the ease of assessment
of construction materials and work processes. An
organization’s policy or strategy toward integrating
and implementing BIM in their work processes
aims to reduce financial risk and improve their
competitive advantages.

Conclusions, contributions, and limitations

BIM represents a new paradigm within the
architecture, engineering, and construction (AEC)
industry, one that encourages integration of the
roles of all stakeholders on a project. Implementing
BIM in the construction industry can bring valuable
benefits for project stakeholders. The survey
showed that construction practitioners belong
to four primary clusters of project stakeholders
receiving benefits of BIM adoption in construction
projects: architectural and structural design units
(10 benefits), facility management units (8 benefits),
contractors (6 benefits), and owners (6 benefits).
The reliability and validity of the research design
and findings were evaluated via prescribed quality
assurance tests, including Cronbach’s alpha test
of internal consistency, KMO measure of sampling
adequacy, Bartlett’s test of sphericity, and factor
loadings. The analysis of the test results confirmed
the reliability and validity of the research design
and findings.

According to the findings, ‘improve the quality
of design drawings’ and ‘minimize conflicts/
changes’ are the most significant BIM benefits for
architectural and structural design units. Meanwhile,
‘convenient for managing project data’ and ‘easy
planning and resource mobilization’ are benefits that
facility management units gained most from BIM. As
for contractors, ‘minimize construction errors’ and
‘construction cost saving’ were the most prominent
BIM benefits. For owners, BIM’s two most striking
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benefits are ‘maximize project performance’ and
‘easier to choose investment options’.

The main contribution of this study to the
existing body of knowledge is the investigation of
the benefits of BIM implementation and adoption
for project stakeholders. In the context of the
Vietnamese construction industry, this study
contributes to filling a crucial knowledge gap by
providing information on various manageable BIM
benefits to boost BIM in construction projects and
attain high performance in a typical developing
economy setting.

The main limitation of this study is that it was
conducted only in the Vietnamese construction
industry context. It seems rather modest compared
to many countries and construction projects

applying BIM technology around the world. This
was a snapshot view of BIM adoption benefits for
stakeholders aimed to foster BIM implementation in
the Vietnamese construction industry; hence, the
findings are not future proof. Rapid changes driven
by advanced technology would necessitate these
benefits to be re-investigated and up to date with
new and emerging critical benefits. In addition, this
study does not provide quantitative parameters
to help the readers understand the extent of the
benefits (e.g., cost-saving, time saving) for project
stakeholders in a specific project case. Therefore,
further studies should consider the benefits of BIM
implementation in construction projects at different
levels such as industry level, enterprise level, project
level, or activity level.
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Abstract

Introduction: Currently, mobile boom cranes equipped with telescopic boom equipment are widely used in construction,
loading and unloading, as well as installation. Purpose of the study: We aimed to develop a dynamic model for a railway
lifting crane, taking into account the interaction of its structural elements with each other and the bearing soil surface in
a three-dimensional formulation. Methods: In the course of the study, we used Simulation and Motion modules of the
SolidWorks software package, Klepikov’s non-linearly deformable soil model, and Lagrange’s equation of the second
kind. Results: As a result, we developed a numerical analytical 3D model describing dynamic loading and deformation
of the “mobile boom crane — foundation” system in a three-dimensional formulation. The model takes into account the
following: the internal bending deformation and the interaction of the mating structural elements of a crane (telescopic
sections, telescoping hydraulic cylinders, and outriggers), hoist rope rigidity, grillage (framework of sleepers) influence,
elastic and plastic properties of the base platform soil, and action of inertial loads on the structural elements of the

lifting crane.

Keywords

Railway lifting crane, crane model, numerical dynamic model.

Introduction

Currently, mobile boom cranes (MBCs) equipped
with telescopic boom equipment are widely used
in construction, loading and unloading, as well as
installation (Aleksandrov, 2000). They came into
common use due to their high mobility and lifting
capacity, the possibility of operation in confined
spaces, considerable lifting height and load/
attachment lifting and lowering speed, simplified
transportation, etc.

It is a known fact that most lifting crane failures
are related to dynamic loads causing heavy wear
of contacting elements, breakdown of load-bearing
metal structures and components of mechanisms,
critical deformations, etc. (Aleksandrov et al., 1986).
In MBC operation, crane elements experience
dynamic loading from the simultaneous action
of various loads caused by inertial forces during
the rotation of the rotary platform and load lifting/
lowering, a pliable foundation, bending stiffness of
boom equipment, clearances between the contacting
elements, load swinging on a flexible hoist rope,
meteorological factors, etc. It has been established
that the dynamics of the telescopic boom equipment
of a lifting crane significantly affect the dynamic loads
of outriggers (Qian et al., 2017; Shcherbakov et al.,
2009; Shelmich, 1996).
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The load-bearing capacity and gradient of the
foundation significantly affect the stability of a
lifting crane when loaded. Thus, MBC operating
instructions pay a lot of attention to the operating
site (MBC location in relation to the pit depending on
the type of soil; permissible specific soil loading at
the operating site, site preparation methods).

To determine the exact maximum loading of
individual lifting crane components, it is important
to consider a lifting machine as a system of inter-
related elements with the maximum possible number
of constituents, taking into account the maximum
possible number of loading factors.

To perform capital or emergency works
(emergency damage control on track; replacement,
loading, and unloading of structural railway track
elements, etc.), railway lifting cranes are used.

The operation of railway lifting cranes is
distinguished by the fact that such cranes rest
on special elements — a framework of sleepers
(grillage) (Petukhov et al., 1985; Muzhichkov et al.,
1978), which are installed on the subgrade shoulder
when cutting a niche in the subgrade area and part of
the ballast section, and reduce the average pressure
of the outriggers on the ground.

Dynamic loading from rolling stock as well as
exposure to atmospheric precipitation, alternating
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freezing and thawing, moistening and drying,
contamination with particles of goods transported
(coal, ore, salts, and other minerals), corrosion, etc.
result in layer motion and changes in the railway
track substructure and its characteristics.

Changes in the soil structure affect the load-
bearing capacity and stability of the soil mass
(Ishihara, 1996; Savinov, 1979). Ground motion
promotes the development of uneven settlements of
structures (Ishihara, 1996; Savinov, 1979) (including
railway tracks). As a result, the top layers of the soll
mass with the grillage may deform in the direction
from the longitudinal axis of the railway track to the
subgrade shoulder, thus leading to additional loads
on the outriggers, which affects the loading of the
lifting machine in general.

Thus, layer motion and changes in the base
(foundation) structure and characteristics can have
a negative impact on the operation of railway lifting
machines mounted on that foundation.

The pliability of the supporting elements,
clearances between the sections of the telescopic
boom (structural and those formed as a result of
wear of the supporting elements and outriggers),
bending deformation of the extended telescopic
sections and telescoping hydraulic cylinders
significantly affect the oscillatory processes with
regard to the MBC and load. Oscillations result
in the formation of dynamic loading and heavy
wear of mating surfaces, as well as increase load
swinging and the time of its stabilization, which
makes it difficult to ensure accurate load positioning.
As a result, the MBC output decreases. This
effect is most noticeable in railway cranes during
track works performed when taking possession
of the line.

We aimed to develop a dynamic model for
a railway lifting crane, taking into account the
interaction of its structural elements with each other
and the bearing soil surface in a three-dimensional
formulation.

Subject, tasks, and methods

It is rather difficult to conduct experimental studies
when trying to achieve the limiting state in actual
MBCs. This is due to significant economic losses,
a decrease in the operating life of crane equipment,
and high potential site hazards. In this regard, to
determine the parameters of dynamic loading on the
MBC elements, a numerical experiment seems the
most reasonable. Simulation makes it possible to
save considerable physical resources, significantly
reduce the development time during design, analyze
loading on the elements of a lifting machine with no
damage to the object of the study or changes in its
operating life, and avoid danger to life and health of
the machine maintenance personnel, designers, and
researchers.

The numerical simulation procedure has two
stages: developing a virtual model and conducting

a numerical experiment with regard to loading
modes. The analytical dynamic model of the MBC
system shall adequately reflect the basic physical
and mechanical characteristics of the actual boom
crane elements.

Simulation is carried out in SolidWorks Simulation
(module for structural analysis using the finite
element method) and SolidWorks Motion (module
for comprehensive dynamic and kinematic structural
analysis) (Alyamovsky, 2015; Kurowski, 2017).

The virtual 3D model of a lifting crane of the
“MBC - foundation” system is based on the structure
of the Sokol 80.01M railway boom crane (Fig. 1).
Bogies as well as elements not presented in the
model in terms of design (power unit engine, rotation
mechanism, hook assembly, automatic coupler,
winch hydraulic motor, winch, counterbalance,
operator’'s cab, etc.) are accounted for by
concentrated and distributed masses and forces.

The developed numerical dynamic model of the
“MBC - foundation” system in SolidWorks Motion
conventionally consists of three levels (Table 1) and
can be adjusted according to the following:

— the geometric and mass inertia characteristics
of lifting crane elements;

— the correspondence between the reactions of
the lifting crane model outriggers with the reactions
obtained using methods described by Gokhberg
(1988) and Vainson (1989);

— stiffness and strength characteristics of
elements, parts, and assemblies of the lifting
machine and framework of sleepers;

— the theory of soil mechanics;

— the system of differential equations for free and
forced oscillations of the telescopic boom section,
load, and frame, with account for foundation pliability.

Fig. 1. Numerical dynamic model of the
“MBC — foundation” system.
Lifting crane numerical model:
1 — a telescopic boom, 2 — a rotary platform,
3 — a crane platform, 4 — a bogie, 5 — a hoist rope.
Railway track section model: 6 — a ballast section,
7 — a subgrade, 8 — assembled rails and sleepers.
Other elements: 9 — a framework of sleepers, 10 — a load
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Due to the fact that, in SolidWorks Motion,
elements of mechanical systems are considered
rigid, structural deformations are not taken into
account. To simulate bending deformation in
structures, a “fictitious” joint (Hooke’s joint) is
used, which is equipped with viscoelastic elements
(springs and a damper) (Fig. 2). The location of the
joints is determined based on the results of lifting
crane frequency and modal analysis: the “fictitious”
joints are placed in the areas corresponding to
the instantaneous centers of rotation, speed, and
acceleration of the structure: two in the telescopic
boom, two in each telescoping hydraulic cylinder
(Fig. 2), and one in each outrigger. The parameters
of the “fictitious” joint are set in such a way so as to
ensure convergence of displacements (deformations)
and oscillation modes of the dynamic model in
the Motion module with the displacements in the
Simulation static strength analysis and oscillation
modes in the Simulation modal analysis.

The numerical model of the framework of sleepers
consists of two elements connected with a spherical
joint. One of the elements is in contact with soil, and
the other element has two Kelvin—Voigt models in
two planes where the parameters of these models
correspond to the pliability of the framework of sleepers.

A nonlinearly deformable model developed by
Klepikov (1996), taking into account purely elastic
and residual (plastic) deformations, is used as a
mathematical model of soil in the “MBC — foundation”

numerical system for foundation simulation.
Klepikov (1996) suggested an equation for general

determination of the case of non-homogeneous

foundation represented by any analytical model:

,_50=5/p,)p
p-plp,) "
where s — the foundation surface settlement
at pressure p under the foundation bottom, not
exceeding the design resistance R of subgrade soil;
p — the average pressure uniformly distributed on
the foundation surface; P, — the ultimate pressure
on the foundation, corresponding to the exhaustion
of its load-bearing capacity.

The settlement s is determined considering
the shape of the foundation bottom, availability
of heterogeneous soil layers, and depth of the
compressed foundation.

The rheological model of soil consists of vertical,
inclined, and special Kelvin—Voigt models. The
horizontal components of the Kelvin—Voigt models
simulate shear resistance. The vertical components
of the Kelvin—Voigt models simulate the elastic
properties of the soil foundation. The special Kelvin—
Voigt models were developed to simulate the plastic
properties of soil base since they do not feature
recovery of deformations after load removal. The
parameters of the given elements in the numerical
rheological model of soil are adjusted according to
Klepikov (1996).

Table 1. Levels of the numerical dynamic model

Level

Analytical model

A — “fictitious” joints: 1 — a spherical joint, 2 — a spring, 3 — a damper

Lifting crane
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During the analysis of dynamic processes,
multi-mass systems of a real-life object with a large
number of degrees of freedom are usually reduced
to simplified dynamic models (analytical models) that
consist of several concentrated reduced masses
interconnected by viscoelastic links (springs and a
damper) (Gokhberg, 1988; Vainson, 1989; Yablonsky
and Noreyko, 2003). The motion of dynamic
mathematical models is described by systems of
differential equations. Based on their solution,
conclusions are drawn about the loads acting on the
elements of the object under consideration, as well
as the motion of those elements.

Since the motion of the MBC elements is of a
spatial nature, the analytical mathematical model
of the “MBC — foundation” system is represented
in the form of a system of equations where the first
subsystem of equations describes the motion of
the object under consideration in the vertical plane
and the second subsystem of equations describes
the motion of the object under consideration in the
horizontal plane.

Two separate multi-mass dynamic models of
the MBC elements are formed: horizontal and
vertical models, including masses of the load,
middle and upper sections, piston and rod of the
upper telescoping hydraulic cylinder, piston and rod
of the lower telescoping hydraulic cylinder, frame,
outriggers, and frameworks of sleepers. The reduced
masses are connected by viscoelastic links (Kelvin—
Voigt models). The frameworks of sleepers and the

foundation are also connected with viscoelastic
elements. Two separate subsystems of differential
equations, based on Lagrange’s equation of the
second kind, are composed: the first one describes
the motion of the load and MBC elements in the
vertical plane, and the second one describes
the motion of the load and MBC elements in the
horizontal plane. The equations include the kinetic
and potential energies of the system as well as the
Rayleigh dissipation function.

The general solution of the system of differential
equations is based on the sum of the general integral
of the corresponding system of homogeneous
equations and the particular integral of the analyzed
non-homogeneous system. The first solution
describes free oscillations of the object under
consideration, and the second solution describes
forced oscillations of the object under consideration
(Yablonsky and Noreyko, 2003).

Results and discussion

As a result of the studies, we have developed
an analytical 3D model describing dynamic loading
and deformation of the “MBC — foundation” system
in a three-dimensional formulation. The model takes
into account the following: the internal bending
deformation and the interaction of the mating
structural elements of a crane (telescopic sections,
telescoping hydraulic cylinders, and outriggers),
hoist rope rigidity, grillage (framework of sleepers)
influence, elastic and plastic properties of the base
platform soil, and action of inertial loads on the
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Fig. 2. Vector representation of the acceleration of oscillatory processes in the telescopic boom in the horizontal plane:
1, 2, 3, 4 — areas of instantaneous centers of rotation, speed, and acceleration; a — the basis vector; b — the short-term vector

structural elements of the lifting crane.

Conclusions

Currently, mobile boom cranes equipped with
telescopic boom equipment are widely used in
construction, loading and unloading, as well as
installation. It is a known fact that most lifting machine
failures are related to dynamic loads. It is rather
difficult to conduct experimental studies when trying
to achieve the limiting state in actual lifting cranes.
This is due to significant economic losses, a decrease
in the operating life of crane equipment, and high
potential site hazards. In this regard, to determine
the parameters of dynamic loading on the MBC
elements, we have performed a numerical simulation
in SolidWorks Simulation and SolidWorks Motion.

As a result of the studies, we have developed a
numerical analytical 3D model describing dynamic
loading and deformation of the “MBC — foundation”
system in a three-dimensional formulation. The
model takes into account the following: the internal
bending deformation and the interaction of the
mating structural elements of a crane (telescopic
sections, telescoping hydraulic cylinders, and
outriggers), hoist rope rigidity, grillage (framework
of sleepers) influence, elastic and plastic properties
of the base platform soil, and action of inertial
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loads on the structural elements of the lifting crane.
The developed analytical spatial model makes it
possible to obtain temporal dependencies for the
kinematic and dynamic parameters of the lifting
crane elements, counter-forces (reaction forces) of
the mating components of the system in the dynamic
loading mode during lifting machine operation on a
pliable foundation. It seems possible to determine
the nature of loading in any arbitrary point (or a set
of points) of the analytical model, considering the
mutual influence of the bending deformation of the
crane elements and the rigidity of the platform.

The concept of analytical spatial model
development can be extrapolated to all types of lifting
machines with any type of foundation.

The results of the studies will improve the
accuracy of simulating lifting crane operation and
crane elements loading, which, in turn, will improve
lifting machines’ operational safety. Besides, it is
possible to upgrade the developed mathematical
model: by adding new or replacing existing structural
and “fictitious” elements (viscoelastic elements,
joints, sections, load, outriggers, etc.); by adding
various types of external loads; by changing the
position and motion modes of the elements; and by
applying control systems and optimization methods.
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AHHOTauuA

B HacTosiwee BpeMs ANSA BbINOMHEHUS Pa3fuyHbiX CTPOUTENBHbIX, MOrPy30-pasrpy304HbIX U MOHTaXHbIX paboT
LLIMPOKOE MCMNOSb3YHTCH CAMOXOAHbIE CTPENOBbIE KPaHbl, OCHALLEHHbIE TENECKONUYECKMM CTPEenoBbiM 060pyaOBaHMEM.
LUenb uccneposaHusa: PaspaboTka AMHaMn4eckon Moaenu xene3HogopOoXKHOro rpy30noAbEMHOrN0 KpaHa C y4eToMm
B3aMMOAENCTBUSA KOHCTPYKTUBHbBIX 3NIEMEHTOB KpaHa Mexzay cobom u C rpyHTOBOW OMOPHON MOBEPXHOCTHIO B
TpexmepHon noctaHoske. Metogbl: Mogynu Simulation n Motion nporpammHoro komnnekca SolidWorks, HenuHenHo-
aedopmupyemas mogens rpyHTa C.H. KnenukoBa, ypaBHeHue JlarpaHxa BToporo poaa. Pesynbratbl: PaspaboTaHa
yncneHHas pacyeTtHas 3D-mopenb, KoTopas oTpaXkaeT AMHaMUYEeCKOoe HarpyxeHue n geopmmnpoBaHne cucTemsl
«CTPErioBOW CaMOXOOHbIN KpaH — OCHOBaHMEe» B TPEXMEPHOW NOCTAHOBKE, Y4YNTbIBaA: COOCTBEHHYO N3rMbHYI0
AedopmMaunio n B3aMMOAENCTBME COMPAXKEHHbIX KOHCTPYKTUMBHbLIX 3NIEMEHTOB KpaHa (Teneckonnyeckne cekuuu,
rMOAPOUMNNHAPBLI TENECKONUPOBAHUSA, ayTpuUrepsbl), XeCTKOCTb rPy30BOr0 KaHaTta, BNMSHWE LWNanbHOW KNnetu,
nnactuyeckue u ynpyrme cBoMCTBa rpyHTa OnopHOW NnoLwanku, AeNCTBME MHEPLMOHHBIX Harpy3oK Ha SNeMeHThbl 1
y3nbl rPy30N04bLEMHOIO KpaHa.

KnioueBble cnoBa
)Keﬂe3HO,ELOpO)KHbIl7I rpy30l‘IO,D,beMHbII7I KpaH, MmoAenb KpaHa, YncneHHaa guHamuyeckasa moaernb.
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