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Preface

Proceedings contains reports of the Third International Scientific Conference on
Socio-Technical Construction and Civil Engineering, STCCE-2022” (April 21-29,
2022, Kazan State University of Architecture and Engineering, Kazan, Russia).

Proceedings includes reports of scientists, representatives of the construction
industry and postgraduate students from different technical universities not only
from the Russian Federation. The conference aroused great interest among scientists,
postgraduate students and specialists from various fields of science.

Representatives from more than 20 countries of the world attended the confer-
ence (Australia, Armenia, the Great Britain, Vietnam, Germany, Greece, Egypt,
Israel, India, Iraq, Italy, Kazakhstan, Kirgizia, the USA, Taiwan, Uzbekistan, Check
Republic, Sweden, South Korea, Japan, etc.).

Such a wide geography of the conference participants is valuable for the exchange
of experience and knowledge on the issues of construction, building materials, as
well as their application in various fields of construction industry and confirms the
relevance of topics of the conference.

Within the framework of the conference, the following main branches were
discussed:

— Dbuilding constructions, buildings and structures

— bridges, roads and tunnels

— building materials and products

— construction technology and organization

— energy efficiency and thermal protection of buildings

— heat supply, ventilation, air conditioning, gas supply and lighting.

The reports of the conference touched upon the issues of research in the field of
3D concrete printing; calculating the roof trusses nodes, made of both from steel and
from composite materials; experimental studies in the field of the stress state of a
multilayer massif under slab foundations and field tests of pile foundations for cyclic
loading; developments in the field of the stress state of hinged thin-walled structures;
research in the field of the geometric modeling of coil heat exchanger based on spring-
twisted channel; development of effective materials for the construction of structural
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elements of the coatings of bridge structures, asphaltene, as the main element of oil
dispersion systems, influence on the structure formation of asphaltenes, etc. Thus,
the choice of the declared directions of the conference is quite logical and justified,
since the topics discussed touch upon the main problems in the construction industry.

All articles included in the collection have been reviewed by highly qualified
scientists in the relevant scientific fields. The forty best scientific manuscripts corre-
sponding to the profile of the conference and reflecting the results of theoretical and
experimental studies of the authors are recommended for publication.

Annual conference is to be organized on the main topics of the construction
industry.

Saint-Petersburg, Russia Nikolai Vatin
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Assessment of the Endurance )
of the Normal Sections of Reinforced T
Concrete Bending Elements

by the Method of Maximum Stresses

Ilizar Mirsayapov

Abstract The aim of the work is theoretical study of the fatigue strength of the
normal sections of the reinforced concrete bending elements in stationary and non-
stationary modes of cyclic loading, taking into account the continuous change in the
state and limits of the endurance of materials. It is currently not enough to develop
methods for calculating research results in such formulation.

Theoretical studies of changes in the stress—strain state of normal sections of
reinforced concrete bending elements under stationary and non-stationary modes of
repetitive cyclic loading have been carried out. It has been established that, regardless
of the loading mode, there is a change in stresses and asymmetry coefficients of the
stress cycle in concrete of the compressed zone and longitudinal tensile reinforce-
ment. Based on the results of the studies performed, a methodology for evaluating
the endurance of the normal sections of reinforced concrete bending elements was
developed, as well as analytical equations for describing the change in stresses and
asymmetry of the stress cycle in concrete of the compressed zone and in stretched
reinforcement.

The significance of the results for the construction industry lies in the fact that
the developed technique makes it possible to adequately and accurately evaluate
the stress-deformed state and endurance of normal sections, which is a significant
contribution to the theory of design of structures under the action of cyclic loads
and ensures up to 15% saving of concrete and reinforcement compared existing
calculation methods.

Keywords Reinforced concrete bending element - Normal section - Concrete of
compressed zone + Maximum stress * Cyclic loading - Asymmetry of the stress
cycle + Non-stationary and stationary loading
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1 Introduction

When designing buildings and structures made of reinforced concrete, during the
operation of which cyclic loads occur, the endurance calculation is necessary.
However, currently there is no generally accepted methodology for calculating the
endurance of reinforced concrete structures taking into account the features of struc-
tural behavior under such loads [1-5]. In this regard, numerous experimental studies
have been completed. On their basis, various calculation methods are proposed,
which differ in the types of diagrams and limit values of stresses in concrete and
reinforcement according to endurance requirements. Therefore, on the basis of previ-
ously performed studies, firstly it is necessary to establish the provisions of fatigue
phenomena in reinforced concrete structures and develop more modern calculation
methods taking into account these results [6—10]. Repeated cyclic loading is accom-
panied by the redistribution of the efforts between concrete of the compressed zone
and the longitudinal stretched reinforcement [11], which leads to an increase in the
stresses and coefficients of the asymmetry of the stress cycle in the reinforcement
and a decrease in stress and coefficients of the asymmetry of the stress cycle in
concrete. Therefore, both the stress and asymmetry coefficients of the stress cycle do
not coincide with the initial values accepted in the design standards for calculation
[12-16]. The design concepts are reduced to the stress value that correspond to the
achievement of the limit state as a whole and determining the diagram along which
the stresses will be distributed in the compressed zone [17-20]. However, the overall
safety factor remains unknown. In connection with the above, the development of a
new methodology for calculating the endurance of the normal sections of reinforced
concrete bending elements is an urgent and timely task.

The purpose of the study is to develop a methodology for calculating the endurance
of the normal sections of reinforced concrete bending elements in stationary and non-
stationary cyclic loads. To do this, it is necessary to establish the basic patterns of
changes in the efforts in the concrete of the compressed zone and stretched reinforce-
ment in stationary and non-stationary modes of cyclic loading; develop analytical
equations of changes in stresses in concrete of compressed zone and longitudinal
stretched reinforcement in normal section in stationary and non-stationary modes of
cyclic loading; develop analytical equations of changes in the asymmetry of the stress
cycle in concrete of the compressed zone and in longitudinal stretched reinforcement
in stationary and non-stationary modes of cyclic loading.

2 Materials and Methods

To solve these tasks, theoretical methods of limit equilibrium of reinforced concrete
structures were used as well as methods of theory of fatigue strength of concrete, rein-
forcement and reinforced concrete and methods of the theory of creep and vibrational
creep of concrete and reinforced concrete.
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3 Results

Stresses and coefficients of the stress cycle in concrete of the compressed zone and
stretched reinforcement, taking into account their changes in the process of cyclic
loading, can be represented in the following form:

o, (t, tg) = 0, (to) - (1 — Hyp), (D
o' (t, t0) = 0" (to) - (1 + Hoy), (2)
M .
= Hab
7) — MWIUX , 3
= o 3)
M .
ST + Hos
P,y = Mmar 4
‘ | H,, 4

where 0, (ty), 0" (to)—The initial stress values in the concrete of the compressed
zone and stretched reinforcement, respectively;

M.,.;,—The bending moment with a minimum cycle load;

M ,.x—The bending moment at the maximum load of the cycle;

H,j, and H ;,—the functions of accumulation of stresses during cyclic loading in
concrete of the compressed zone and stretched reinforcement.

Based on the equilibrium conditions, the system of equations for calculating
stresses has the form:

0,514 1) - 0" (t) - b-x — o™ (t) - A, = 0, (5)
0,50, (1) b-x-[(1+A) - hg—0,33-x- (1+A+2)] = Mysr =0, (6)

o -0y (1) (ho — x)

o) = LA (7
_ o)
=l g ®)

Due to the manifestation of vibrational creep deformations, in coherent conditions,
additional stresses occur in concrete of the compressed zone and stretched longitu-
dinal reinforcement (Fig. 1), formulas (9) and (10). In this case, the deformations are
calculated by a simplified way.
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Fig. 1 Diagrams of stresses in the cross section of the reinforced concrete beam when calculating
endurance in stationary mode (illustrations of the authors): a diagram of the initial stresses; b cross
section; ¢ diagram of additional stresses; d current stress diagrams

Then the expressions for calculating additional stresses in the concrete of the
compressed zone take the form:

Coo(t, DPp[1 — 70 ]+
o (1) = 0" (t, 1) { +Coo (1, T)[1 = (1 =)V ](1 — P)

2
+0, 56622 . 1073 )
.h() —xE A [ 1 _ (krea — ag)(h _kred):l
X o Ared x7red '

where k,oq = Sreqa | Aved.
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Expressions for calculating additional stresses in the longitudinal stretched
reinforcement take the form:

Coo(t, T)Pb[l — e_y(t’t())]

ho —
o8 (1) = 0" (1, 1)} +Cos(t, D[1 = (1 —a)¥](1 = Pp) } - =2 “EA,.
(1,10 -
+0, 566% -1073
(10)
Substituting in Eqs. (1) and (2) expressions for o (¢), and o (1), calculated

by formulas (9) and (10), after some transformations we get:

o (t, t) = " (t,) - Hep an
oI (t,tg) = oI (t,) - Hgs 12
{'PM + A, 1— §H|: - (kred*té}z(:l*kred)]}nga)c(to)
Py = = s )(hefk : , (13)
[1 + A H |: Y red ‘%‘m red :“O_}:nax(to)
where o = g—b, Ey, Es—The elasticity modules of concrete and reinforcement,
respectively.

After a series of transformations from Egs. (10) and (13), we determine the initial
stresses in compressed fibers of the section:

ZMmax

oy (t . 14
1) = A+ —033%(1 +7+22)]b - h (1
In the working reinforcement of the stretched area:
E ho —
o' 1) = ol () - T (15)

Where

A—concrete plasticity, taking into account the increase in the area of the
compressed concrete zone;

g—relative height of the compressed zone;

x—The height of the compressed zone of normal section;

V—The coefficient of elasticity.
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The function of accumulation of deformations in concrete and reinforcement is
determined by the formula:

20-8

H,=1 .
S T

H, (16)

In the formula (16) H, is determined as follows:

H, = Coo(t,7) - Py[1 = e 700 4 Coo(r, D[1 = (1 =)V ](1 = P)
12(1, to)

b

+0, 566 1073,

After a series of transformations of expression (13) and (18), we lead to a form
convenient for practical calculations:

Hpy=1+pAb-b-h-H; (17)

Heo =14 uAS - Hy; (18)
Ynie - A;AD - H,

P = A ar i, 19

b g FEAS - Heg 0

L+ 4 AS-Hy

where Ab = 'é;‘g t — W T AS = 2;’1211‘;})’0, As—The cross-
T,
sectional area of the longitudinal stretched reinforcement.
The endurance of reinforced concrete structures is evaluated based on the
conditions:

oMmax () < ‘R 21
b ( 0) kaGb b,rep

aMax(¢0) < ‘R (22)
S 0 ka) H6S S,rep

where Ry, ey, Rs rep—the endurance limits of concrete and reinforcement are calcu-
lated accordingly, depending on the physical values Py and Psg;;

at pn < 0,035 k, = 1;
at ;1 > 0,035 k, = 1,4 15.
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With sequentially increasing and sequentially decreasing modes of block non-
stationary loading of the stress in concrete and reinforcement, it is possible to
represent in the form:

0, (1, 10) = 0" (10) - (1 — Hop) & Aoyyi (1, 7), (23)

O,Xmax (t, 1) = O'Xmax (t9) - (1 + Hyy) £ Aoy (2, T), (24)

Where

0" (t, t))—The initial stress in the concrete of the compressed zone at the
maximum load of the cycle at the first block of non-stationary loading;

o' (t, ty)—The initial stress in the stretched reinforcement at the maximum load
of the cycle at the first block of non-stationary loading;

Ao p;(t, T)—increasing initial stresses in concrete when the loading mode changes;
Ao (t, T)—increment of initial stresses in reinforcement when changing the
loading mode;

H ,;,—The function of accumulation of stresses in the concrete of the compressed
zone during cyclic loading within the first (initial) loading unit;

H ,—The function of accumulation of stresses in stretched reinforcement during
cyclic loading within the first (initial) loading unit.

In Egs. (23) and (24), the “+” sign is accepted with a sequentially increasing mode
of non-stationary loading, “—"" with a sequential decreasing regime. The calculation
process is conditionally divided into two stages. In the first stage, the initial stresses
are determined, and at the second stage additional and current stresses are determined
(Fig. 2).

4 Discussion

Let the bending moment act in the section of the bending element, the value of which
is equal to the maximum value of the cyclically applied moment on the first loading
block with the characteristics M j,,4c, & 11, in accordance with the calculated scheme
of the presented normal section (Fig. 3). Stresses in the concrete of compressed
zone and working reinforcement of the stretched zone within the first block of non-
stationary loading are determined for stationary cyclic loading according to formulas
(14) and (15).

Changing stresses in concrete of compressed zone when changing the non-
stationary cyclic loading mode:

Aoy (t, T) = 0" (10) - Hopi — 02 (1, 7o), (25)
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Fig. 2 Diagrams of stress in the cross section of the reinforced concrete beam, when calculating
endurance with non-stationary modes of block cyclic loading a diagram of the initial stresses; b
cross section; ¢ diagram of additional stresses due to the manifestation of vibrational creep; d
diagram of additional stresses when changing the regime; e current stress diagrams

where 0,/ (¢, 1), 0, (¢, to)—The maximum stresses of the cycle in the considered
and previous loading blocks.
Changing stresses in longitudinal stretched reinforcement when changing the
non-stationary cyclic loading mode:
AUSi (t7 T) =0, (tv tO) : Hasi — o (tv tO)’ (26)

si si—1

where 0/ (¢, 1y), 0,14
previous loading blocks.

In the second stage, additional stresses are determined on the basis of the same
prerequisites as under the action of stationary cyclic loads. Within each load block,
they can be represented by:

in longitudinal stretched reinforcement:

(, to)—The maximum cycle stress in the considered and

gon _ 1 _S .
o (t,1) = sz(N)TEsAs, 27

St
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Fig. 3 Comparison of the experimental and calculated values of the endurance of reinforced
concrete beams when calculating by the method of maximum stresses

in concrete of compressed zone:

on"(t, 10) = o5 (¢, to)[ Al _ e a})(h — k”d)}
red red (28)
_ 1-¢ 1 (krea — as)(h — kyea)
_8P1(N)TESAS A - J )
red red

where ¢,; (N)—vibrational creep deformation with regime cyclic loading.
Equations for additional stresses in concrete of compressed zone and longitudinal
stretched reinforcement can be written in the following form:

a) in concrete of a compressed zone with a sequentially increasing regime:

gon

Coot, )" (1, 10)[1 — 7] 4 Coo (1, T)0f" ™ (1, 10) (1 = Ppi)

1= =)+ Caolt, D) Ay (1 = Pyl — (1 = )]
2
+og"“x(t, to)
b
1 _ (kred - as)(h - kred)i|
Ared \7}’ed

.10, 566 - I*(z, tp) - 1073]

1-§
3

E A [ ; (29)



10 I. Mirsayapov

b) in the longitudinal stretched reinforcement in a sequentially increasing mode:
a1, 10)
Coo(t, "™ (1, 10)[1 — eV ©10)] + Coo (2, T (1, 10) (1 — P;)

1
1= =N+ ) Coolt, DAY (1 = Pl = (1 = )]
2

ol (2, 19)
+ bi
b

! . 5By (30)

10,566 - 12(t, 19) - 10731+

¢) in concrete of a compressed zone with a sequential mode:

af" (t.10) = Coolt, Do (1, 19)[1 — €77 (1:10)]

+Coolt, TP (2, 10) (1 = Ppi) - [1 = (1 = )]

+ ) Coolt, D) AT (1 = Pyl — (1 —a)V']

2
+ %Ei(b”()) .10, 566 - 12(t, 1) - 1073]
i bill — e—Blt10)
— Z Aopi i 1l ‘ ] }
2 +by[1 — e PG
1-& 1 (krea — as)(h — kyeq)
EsAs - N
& [Ared Tred :|
(31)
d) in the longitudinal stretched reinforcement in a sequential mode:
08" (1, 10) = Coo(t, T)o,"" (1, 19)[1 — 77 7]
+Coo(t, D)™ (1, 10) (1 = Pp1). - [1 = (1 —a)"]
ot (L, 1
_{_M . [0’ 566 - 12(t, to) - 10*3] (32)

E,
bi[ l—e ﬁl(”“)] } 1-¢&

_ Z Aob,{ _plc, m)] — 2 EA,.

§

The redistribution of the efforts between concrete of the compressed zone and the
stretched working reinforcement leads to a change in the coefficients of the asym-
metry of the stress cycle in the concrete of the compressed zone and the working longi-
tudinal reinforcement, which does not correspond to the coefficient of asymmetry of
the load cycle Py = Myin | M ax.
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The asymmetry coefficients of the stress cycle with non-stationary loading modes
are determined by the formulas:

o1 (10) Pyt £ Y h_y Aoy (t, 10)Pasi + Yoh_, 0572, 10)
ol (o) £ Y5, Aoyt 10)Pui + Yk, 057 (1, 1)

O (10) Pt £ Yh_y Aayi (¢, 10)Pasi + Y5, 087 (1. 10)
TN (10) £ Yok, Ay (, 10)Pyi + Yk 057 (1. 10)

Pui(t) = (33)

Pui(t) =

; (34)

where &y, & yi—The asymmetry coefficient of the external load cycle.

Substituting in (33) and (34) numerical value s o'bgion (t, to) and asgion (t, tg), we deter-
mine the coefficients of asymmetry of the stress cycle in concrete of the compressed
zone and longitudinal stretched reinforcement. Then, taking into account (29)—
(32), the current (total) stresses in the concrete of the compressed zone and the
stretched reinforcement are calculated with the sequentially increasing and consistent
decreasing modes of block non-stationary loading (Fig. 3).

The endurance of reinforced concrete structures is evaluated based on the
conditions:

1
ngax(t, tO) < Rbi,repk_; (35)

O,Smax(t’ t()) = Rsi,repa (36)

where Ry; e, and Ry; ro,—transformed limits of the endurance of concrete and rein-
forcement, respectively, depending on the loading regime and actual values &2,
ysb

5 Conclusion

1. Theoretical studies of the fatigue strength of the normal sections of reinforced
concrete structures in stationary and non-stationary modes of cyclic loading were
carried out using maximum balance methods, the theory of fatigue strength, the
theory of creep and vibrational creep of concrete and reinforced concrete, taking
into account the redistribution of the efforts between concrete of the compressed
zone and the longitudinal reinforcement. The stresses and coefficients of the
asymmetry of the stress cycle in the concrete of the compressed zone and stretched
reinforcement are determined taking into account their changes in the process of
cyclic loading. The functions of changes in stresses and coefficients of asymmetry
of the stress cycle were obtained, which allowed developing a new method for
calculating the endurance of normal sections.

2. The proposed method makes it possible to evaluate endurance quite accurately
(the deviation between theoretical and experimental data does not exceed 15%)
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in simplified production, and thereby reduce the time and complexity of design
of structures subject to cyclic effects.
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Study of Physical and Mechanical )
Properties of Asphalt Concrete T
with the Addition of Artificial Asphaltite

Anatoly Novik @, Aleksei Ismailov (), and Igor Sentsov

Abstract The article is devoted to the study of the physical and mechanical proper-
ties of asphalt concrete mixtures with the addition of asphaltite into the binder and
into the asphalt mixing plant. The process of prepar ing materials for research has
been described, the selection and design of the composition of the asphalt concrete
mixture has been made. A step- by-step technology for the production of an asphalt
concrete mixture with artificial asphaltite has been presented. Results of the experi-
ment have shown a significant increase in the physical, mechanical and operational
properties of asphalt concrete pavements modified with artificial asphaltite of the
asphalt concrete mixture. It leads to the increase in the service life of roads. On the
basis of the experiment and analysis the optimal formulation of the asphalt concrete
mixture using artificial asphaltite has been proposed and the optimal method of
introducing the additive at the asphalt concrete plant has been determined.

Keywords Road pavement - Artificial asphaltite + Asphalt concrete - Oil bitumen -
Modification - Bituminous astringent

1 Introduction

Currently, there is a difficult situation with the construction, operation and main-
tenance of roads with asphalt concrete pavement in a safe condition. Due to the
increase in the number of vehicles, the load on the road has increased. The quality
and durability of the pavement depends on natural and climatic factors [1-3], the
quality of the materials used [4—6], correct and reliable calculation, and the tech-
nology used. Therefore, to improve these parameters, it is necessary to expand the
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range of applications of various additives, use new materials, and update existing
regulations and standards.

When building a road surface, it is important to achieve and expand the range
of performance characteristics of asphalt by increasing its stability without compro-
mising other properties. To address the issue of quality and durability of road pave-
ment in the Russian Federation, various additives have been used for the preparation
of asphalt concrete mix. Additives are divided according to the method of their intro-
duction: introduced into bitumen and introduced into the asphalt mixture. The most
expensive component of asphalt concrete is bitumen, so it is more popular to use
additives that improve the physical and mechanical properties of bitumen.

The use of asphaltite as a part of hot asphalt mixes is widespread all over the world.
Asphaltite is successfully used in the construction of coatings in difficult areas that
combine heavy loads and traffic with frequent stops. Indicators of water fastness and
prolonged water fastness with the introduction of asphaltite increase [18], when it
is introduced into bitumen, the properties of adhesion and cohesion increase. The
speed of track formation is reduced by half, and also increases the shear stability of
the clutch when shifting by 25%. The introduction of this additive does not worsen
the low temperature properties according to State Standard 9128-2013.

Research shows that the introduction of an asphaltite additive can have a signif-
icant impact not only on the properties of asphalt concrete, but also directly on
bitumen, increasing its viscosity [7, 8]. It is necessary to study the complex effect of
asphaltite on asphalt concrete in order to understand how the physical and mechanical
characteristics of the finished product change. Despite the fact that artificial asphalt
is more expensive than natural, it is necessary to use it. The characteristics of natural
asphaltite change from batch to batch and it is impossible to guarantee physical and
mechanical properties in the future. Artificial asphaltite has a lower risk of getting a
low-quality product, since it is a product, not a raw material.

2 Materials and Methods

2.1 Experiment Program

The test program includes:

Experiment Planning. The design of the experiment is based on the hypothesis
that it is possible to introduce artificial asphaltite addition directly into the asphalt
mixing plant and into the bitumen. The artificial asphaltite additive is introduced into
the asphalt mixing plant using the screw method or in hot melt bags. The asphaltite
is added to bitumen directly at the refinery.

Before carrying out a full-scale experiment, mathematical modeling was
performed and a matrix was compiled taking into account the interaction of factors.
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Selected optimization parameters:

y1—shear stability, shear adhesion index, MPa. y,—rut depth after 20,000 wheel
passes, mm.

Variation factors:

x;—adding artificial asphaltite to an asphalt mixing plant. x,—adding artificial
asphaltite into bituminous binder.

The equation that links the factors:

y = f(x1,x) (D

Optimization parameters refer to the physical and mechanical characteristics of
the product. The boundaries of the area for determining the factors x;, X, in this
experiment, are considered from 2 to 10% of the mass of bitumen. The coding is
presented in Table 1. The information on the range of variation was taken from the
study of the effect of the addition of artificial asphaltite on the bituminous binder [9—
11], since in the previous study, when artificial asphaltite was added to the bitumen
binder, the Fraas brittle temperature increased, °C and went beyond the limits spec-
ified in State Standard 33143-2014 [12—14]. The choice of the main level of 6%
is based on the subregion in which the physical and mechanical characteristics of
bitumen with the addition of artificial asphalt meet State Standard 33143-2014 [15,
16].

In accordance with the theory of experiment planning, all possible non-repeating
combinations of the levels of independent factors, which are presented in Table 2,
were implemented, as a result, a response function was obtained.

Table 1 Coding of factors x; and x3

Factors x1 (%) X1 X2 (%) X2
Variation interval 4 1 4 1
Top level 10 +1 10 +1
Lower level 2 —1 2 -1
Main level 6 0 6 0

Table 2 Matrix for planning a multifactorial experiment 22 taking into account the interaction of
factors

Experiment number X X7 XX, Y, Y,
1 - - + yi J|
2 + - - 2 2
3 - + - y3 ¥3
4 + + + Ya Ya
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2.2 Selection of the Composition of the Asphalt Concrete
Mixture

For a comparative analysis of the effect of asphaltite in the composition of asphalt
concrete within the framework of this study, type A asphalt concrete grade I was
selected. This asphalt concrete was selected on the basis of previously conducted
tests at the ABZ-1 plant, Pushkin, st. Gusarskaya, 30. It is necessary to determine
the convergence of test results. State Standard 12801-98 “Materials based on organic
binders for road and airfield construction. Test methods.” [17] was adopted as the
normative base for making samples in laboratory conditions. The composition of the
asphalt concrete mixture is presented in Table 3.

Mineral powder meets the requirements of State Standard 16557-78 “Min-
eral powder for asphalt concrete mixtures”. Crushed stone and gravel corre-
spond to State Standard 8267-93 “Crushed stone and gravel from dense rocks
for construction work”. The sand meets the requirements of State Standard 8736-
93 “Sand for construction work”. Oil road bitumen complies with State Stan-
dard 11955-82 “Oil road liquid bitumen”. Bitumen for the experiment was taken
from the company “Kinef”. Crushed stone and sand were taken from the company
“CAREER-SCHELEIKI”.

The selection of the composition of the asphalt concrete mixture was carried
out after washing, drying in a drying chamber at a temperature of 110 °C, sifting
and weighing the raw materials on sieves. After sifting, the design and selection of
the composition of mineral materials for the production of samples and subsequent
testing was carried out.

Tables 3 and 4 were compiled for the selection of grain size composition. The
resulting granulo metric curve is shown in Fig. 1. This curve corresponds the require-
ments of State Standard 9128-2013 for the selection of uninterrupted mineral compo-
sition. After analyzing Fig. 1, we can conclude that the resulting curve after design
corresponds the limiting values of State Standard 9128-2013. Since the granulometric
curve does not go beyond the limiting values, it can be assumed that the selection
and design of the composition of the mineral part of the asphalt concrete mixture
was made correctly [18, 19].

Table 3 Composition of asphalt concrete mixture type A grade I

Name Percentage (%)
Crushed stone gabbro-diabase 55.7

Sand and screenings of gabbro-diabase 374

Bitumen BND 70/100 + 0.3% “AMDOR-10” 5

Smaller than 0.071 mm, % by weight 6.9

incl. Mineral powder 4.9
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Table 4 Grain composition of the mineral part of the asphalt concrete mixture

Grain composition Content of grains finer than a given size, (mm), in% by weight

20 15 10 5 25 |1.25 [0.63 [0.315 |0.16 |0.071
Actual 98.3 |839 |709 [443 309 |20.0 |163 |13.8 |11.1 |69
State Min 90 75 62 40 28 20 14 10 6 4

Standard — Fnpay o Ti00 (100 (100 |50 [38 (28 |20 |16 12 |10
9128-2013

Grain composition of the mineral part of hot, dense, fine-
grained type A asphalt concrete
100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0
20 15 10 5 25 125 063 0315 0.16 0.071

Grain size, mm

The content of grains is less than a given size,%

—actuall ——min —— max

Fig. 1 Granulometric curve of the selected grain composition

2.3 Preparation of Laboratory Modified Sample

Artificial Asphaltite Preparation. Asphaltite from production comes in the form of
an amorphous body. Before use, this body must be cleaned of dust and dirt (Fig. 2).
After thorough cleaning, artificial asphaltite is crushed to the state of a fine powder
for the best dissolution in a bitumen binder (Fig. 3). This powder sinters during
long-term storage, therefore, after grinding, it must be immediately used for the
preparation of an asphalt concrete mixture.

Technology of Production of Asphalt Concrete Mixture with Asphaltite
Modifier
The asphaltite is introduced into the asphalt mixer by an auger loader.

1. Procurement of materials (crushed stone, sand, mineral powder, bitumen) of the
required quality and their proper storage;

2. Preparation (heating) of bitumen up to 160 °C;

3. Preliminary dosing of sand of crushing screenings and crushed stone in the feed
unit;
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Fig. 2 Artificial asphaltite from production

*®

10.

Drying and heating of sand from crushing screenings and crushed stone to a
given temperature;

Screening of hot sand from crushing screenings and crushed stone of gabbro-
diabase into fractions of 0-2, 2-5, 5-10, 10-15, 15-20 mm and sorting them
into sections of the hot bunker;

Weight dosing of each fraction of mineral materials and mineral powder in a
given proportion into an asphalt mixer (8 s), dry mixing of components (3 s);
Dosing of asphaltite into an asphalt mixer;

Dosing and injection of prepared bitumen, (3 s);

Stirring a mixture of mineral materials with bitumen (24 s); The total mixing
time is 38 s.

Unloading of ready-made asphalt concrete mixture into a storage hopper or
vehicle.
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A 3 8L
"_1"“?’ oy -'

Fig. 3 Aurtificial asphaltite after grinding

3 Results

This table shows the average values of the data from three samples obtained as a
result of the experiment described above (Table 5).

For this study, bitumen BND 70/100 was used, with an adhesive additive
“Amdor—10” in an amount of 0.3 of the mass of bitumen.

Adding 10% artificial asphaltite to bituminous binder on Figs. 4, 5, 6,7, 8, 9, 10,
11, 12 and 13:

1. Reduces the average rut depth by 76% from 10 to 2.4 mm.

2. Doesn’t significantly affect water saturation, and it is in the range from 2.0 to
2.5.

3. Ultimate compression resistance at a temperature of 0 °C increases by 16% from
8.01 to 9.51 MPa, not more than 11 MPa.

4. Ultimate compression resistance at a temperature of 20 °C increases by 28%
from 3.54 to 4.55 MPa, at a temperature of 50 °C increases by 46% from 1.01 to
1.48 MPa.

5. Water fastness increases from 0.9 to 0.99 units with the required 0.9 units.

6. Water fastness with prolonged water saturation increases from 0.84 to 0.87, units
at the required 0.85.
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Table 5 Test results
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Amount of added asphaltite/PMB-60 0% 2% 4% 6% 8% 10% | 6%* | PMB-60
Average density of asphalt concrete, g/cm3 2.645 | 2.656 |2.662 |2.653 |2.653 |2.635 |2.647 |2.676
Water saturation in% by volume 272 1212 |190 |235 |219 |268 |234 |25
Compressive strength, | RO 8.01 |7.60 693 |819 |937 |9.51 8.95 11.0
MPa R20 354 386 (326 |3.68 [399 |455 |3.66 |5.1
R50 1.01 1.07 1.11 1.17 1.47 1.48 1.07 1.5
R, water saturation | 3.14 | 340 |3.30 |3.61 454 |452 401 |4.69
R, long-term water | 2.99 |3.33 |291 |3.03 |4.18 |397 343 |4.59
saturation
Water resistance 0.89 |0.88 1.01 0.98 1.14 | 0.99 1.10 | 0.92
Water resistance with long-term water 084 |08 |08 082 |1.05 |087 094 |0.90
saturation
Shear resistance by coefficient internal 092 089 |088 |08 |0.82 |09 091 |0.956
friction
Shear resistance of adhesion at shear at a 030 037 |031 |033 |044 |045 031 0.46
temperature of 50 °C, MPa
Average rut depth after 20000 wheel passes, | 10.00 | 7.3 6.0 42 2.7 2.4 43 2.5
mm according to preliminary national
standard 181-2016
Tensile split at 0 °C, MPa 348 | 456 469 |388 |471 |496 |423 475
*asphallite added to an asphalt mixing plant in b
Average rut depth after 20,000
wheel passes, mm according to
- l O
-
A
2"
< 5
E
0% 2% 4% 6% 8% 10%

%, artificial asphaltite

Fig. 4 Average rut depth after 20,000 wheel passes, mm according to PNST 181-2016
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3 Water saturation as a percentage in volume

2.5

, %
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1.5

‘Water saturation

0.5

0
0% 2% 4% 6% 8% 10%

%, artificial asphaltite
=== requirement

Fig. 5 Water saturation as a percentage in volume, State Standard 9128-2013

Compression resistance at 0 °C, MPa

12

10

RO, MPa

(= - ]

0% 2% 4% 6% 8% 10%
%, artificial asphaltite

= requirement

Fig. 6 Compression resistance at 0 °C, MPa, State Standard 9128-2013 (no more than 11.0, MPa)

7. The shear resistance coefficient of internal friction decreases by 3% from 0.92
to 0.9°.

8. The shear resistance of the coupling under shear at a temperature of 50 °C, MPa
increases by 33% from 0.3 to 0.45 MPa at the required 0.25 MPa.

9. The Splitting stretch at 0 °C, MPa increases by 17% from 3.48 to 4.23 MPa with
the required 3.5 MPa and not more than 6.0 MPa.
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s requirement

Fig. 7 Compression resistance at 20 °C, MPa, State Standard 9128-2013 (no more than 2.5, MPa)

Compression resistance at 50°C, MPa

0% 2% 4% 6% 8% 10%
%, artificial asphaltite
= requirement

Fig. 8 Compression resistance at 50 °C, MPa, State Standard 9128-2013 (no more than 1,0, MPa)
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Water fastness
12

Water fastness, %
=]
o)

0% 2% 4% 6% 8% 10%
%, artificial asphaltite
=== requirement

Fig. 9 Water fastness, State Standard 9128-2013 (not less than 0,9)

Water fastness with prolonged water
saturation
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Fig. 10 Water fastness with prolonged water saturation, State Standard 9128-2013 (not less than
0,85)
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The shear resistance coefficient of internal
friction
0.94

0.92
0.9
0.88
s 0.86
.84
0.82
0.8
0.78
0.76

0% 2% 4% 6% 8% 10%
%, artificial asphaltite
s requirement

Fig. 11 The shear resistance coefficient of internal friction, State Standard 9128-2013 (not less
than 0,87)

The shear resistance of the coupling under
shear at a temperature of 50 °C, MPa

0.5
0.4
[~}
(=
=049 |
202
7]
0.1
0

0% 2% 4% 6% 8% 10%
%, artificial asphaltite
s e qUirement

Fig. 12 The shear resistance of the coupling under shear at a temperature of 50 °C, MPa, State
Standard 9128-2013 (not less than 0,25)
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Splitting stretch at 0 °C, MPa

0% 2% 4% 6% 8% 10%

%, artificial asphaltite
s rEqUIrement

Fig. 13 Splitting stretch at 0 °C, MPa, State Standard 9128-2013 (not less than 3,5, no more than
6,0)

The homogeneity of the variance of parallel experiments is confirmed on the basis
of the obtained the Cochrane criterion after processing the experimental results in
Tables 6 and 7, and it is less than the tabular value. Therefore, we can assume that
this experiment is reproducible in laboratory conditions.

Table 6 Grain composition of the mineral part of the asphalt concrete mixture

Asphaltite | Experiment number Experiment number Average value S172, S272,
amount, % 1 2 3 1 2 3 The Cohesion dispersion | dispersion

rate of | shear
rut for | stability at
mation | 50 °C

0 10.0 |98 10.1 031 |03 0.3 10.0 0.30 0.0233 0.00003
3

2 73 |72 75 1037 1035 |0.39 7.3 0.37 0.0233 0.00040
3

4 6.0 |59 6.0 (032 030 |0.30 6.0 0.31 0.0033 0.00013
3

6 43 |41 42 1034 1033 |0.33 4.2 0.33 0.0100 0.00003
0

8 27 |26 27 042 045 |0.44 2.7 0.44 0.0033 0.00023

10 24 |23 24 1044 044 |0.46 2.4 0.45 0.0033 0.00013
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Table 7 Grain composition of the mineral part of the asphalt concrete mixture

For S172 For S2/2

The Cochrane | G = 0.35 G= 0.41
criterion

Number of dflc—1) |2 df2(N)= |5 dflr—1) |2 df2(N)= |5
degrees of = =

freedom

Significance |q= 0.05 q= 0.05
level

Critical Gt = 0.6161 Gt= 0.41
deviation

Comparison |G <Gt True G<Gt True

4 Discussion

Based on the analysis, it can be concluded that artificial asphaltite, when added
to a bituminous binder, has a greater effect on rutting speed, shear resistance, and
compressive strength. Therefore, this additive improves the performance character-
istics of asphalt concrete mixture and extends its service life. This means that the
turnaround time will increase to 14 years from the existing 4-8 years with the addi-
tion of 10% artificial asphaltite and the standard traffic intensity, taking into account
the speed of rutting.

On the basis of the research in accordance with State Standard 33143-2014 “Auto-
mobile roads of general use. Viscous road petroleum bitumens. Method for deter-
mination of Fraas brittleness temperature”, after adding artificial asphaltite over 6%
bitumen does not pass in terms of cracking resistance when exposed to negative
temperatures and comparison with indicators according to State Standard 22245-90
“Viscous petroleum road bitumens. Specifications” [20, 21]. As a result, the most
optimal amount of artificial asphaltite is 6%. To save money, and to avoid additional
heating time, artificial asphaltite must be added using a screw method, or in hot melt
bags. Before being added to the automated control system, artificial asphaltite must
be cleaned from dust and dirt, then, it must be ground to a fine structure for better
dissolution in bitumen. After grinding, artificial asphaltite must be immediately used
for the production of asphalt concrete mixture, otherwise, when reused after long-
term storage due to adhesion of particles, additional grinding is necessary, which
will lead to unjustified labor costs. It is advisable to use this additive in the upper
layers of pavement surfacing.

As a recommendation for further research of artificial asphaltite, it is necessary
to study the freeze—thaw resistance of asphalt concrete mixture with asphaltite in
order to confirm or deny the negative low-temperature effect of artificial asphaltite
on bitumen in the composition of asphalt concrete mixture on asphalt concrete as
an integral object, since the existing research on the Fraas brittle point does not
accurately say how the low temperature will affect the asphalt concrete in general.
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5 Conclusions

As a consequence of the experiment, the results of changes in the physical and
mechanical characteristics of the asphalt concrete mixture were obtained depending
on the amount of the added modifier asphaltite.

The experiment showed that with the addition of 6% artificial asphaltite, the rut
formation rate decreases by 58% from 10 to 4.2 mm, the shear resistance increases
by 10%, and the strength increases by 15% with compression at 50 °C.

Since the rate of rut formation decreases, and with the current turnaround time of
4-8 years, artificial asphaltite, with the addition of 6% to the asphalt mixing plant,
will make it possible to achieve a turnaround time of 10 years at a standard traffic
intensity and, if we assume that the dependence of the rut formation rate from time
to time will be linear.

The disadvantage of this additive is the need to purchase additional equipment for
dosing artificial asphaltite, adhesion during long-term storage at the open air, which
subsequently requires repeated grinding and labor costs.
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Experimental Studies of the Endurance )
of Reinforced Concrete Beams i

Ilizar Mirsayapov

Abstract The object of research is reinforced concrete structures, under the action
of cyclic loads; one of the types of destruction is the fatigue destruction of the
working fittings. The mode of operation of steel reinforcement as a part of a rein-
forced concrete structure is non-stationary, regardless of the loading mode in these
cases, determining the fatigue strength of the reinforcement requires a large number
of experiments, which requires more financial and labor resources, developing an
equation for changing the specific energy of steel destruction in the zones of formation
and development of cracks; developing a methodology for calculating the durability
of steel reinforcement with cracks.

Theoretical studies of fatigue strength of steel reinforcement were carried out. It
is established that the fatigue destruction of steel reinforcement is characterized by
the formation and development of micro and macro cracks in the structure of the
metal to critical sizes, two main stages are derived: before the formation of micro
and macro cracks of fatigue; development of macro cracks of fatigue to critical sizes.
To simulate the operation of steel reinforcement during regime cyclic deformation,
methods of mechanics of destruction of elastic plastic materials were used; equations
for changing the mechanical characteristics of reinforcement under various cyclic
loading modes were obtained.

The significance of the results obtained for the construction industry lies in the
fact that the proposed calculation models can reduce the cost of conducting studies
of fatigue strength of reinforcement up to two times, labor intensity up to three times
compared to generally accepted traditional experimental studies.

Keywords Steel reinforcement - Stress structure profile - Fatigue crack -
Damage - Plastic resource - Specific energy + Creep stress of concrete - Elastic
operation of reinforcement
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1 Introduction

The process of multi cycle fatigue of metals is conditionally divided into two main
stages: before the appearance of the main crack (the stage of the emergence of the
fatigue main crack); the period of development of the main crack before destruction.
If durability in the 1% stage is designated Nt, and durability in the 2"¢ stage of Nzh,
then the full durability from the first loading cycle to fatigue destruction will be: N
= Nt + Nzh [1-5]. At the stage of the emergence of a main fatigue crack, intensive
plastic deformation of the metal in local volumes occurs, which leads to significant
closed hysteresis loops, the area of which is equal to energy scattered over one cycle
of loading. The total width of these hysteresis loops is equal to nonelastic deformation
per cycle. After the exhaustion of the plastic resource, microscopic cracks are formed
in local plastically deformed volumes, one of which can develop into a main crack
[6-10]. Therefore, the first stage can be called the stage of scattered fatigue damage.
The second stage characterizes the development of the main crack in critical sizes.
The first main crack implies a crack, which, under a given loading mode, develops
at a higher speed than all other cracks, and is a source of final fatigue destruction.
Based on numerous numerical experimental data, it has been established that the
velocity dependence of ¢ = dp/dt on the accumulation of fatigue damage to the
number of loading cycles is significantly different in the 1* and 2™ stages of fatigue
destruction. Therefore, it can be assumed that the mechanisms of accumulation of
damage at these stages are different. This requires various representations to assess
the durability of Ny and Ny,. Studies carried out at the Central Research Institute
of the MTS NIIZHB, NIS; the hydraulic project showed [11-15] that fatigue cracks
originate mainly in one of the two stress concentration centers:

1) At the obtuse angles of the connection of longitudinal ribs with inclined with
transverse protrusions (ribs).

2) At the base of the transverse protrusions (ribs) in the places of their interlinking
with the body of the bar.

Therefore, the aim of the work is to develop a theory of the development of fatigue
cracks of steel reinforcement to create design models of reinforcement with cracks.
The objectives of the work are to establish a scheme for the formation of fatigue
cracks in reinforcing bars for reinforced concrete structures; to develop an equation
for changing the specific energy of steel destruction in the zones of formation and
development of cracks; develop a methodology for calculating the durability of steel
reinforcement with cracks.
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2 Materials and Methods

To assess the local stresses in the main center of concentration, we determine the
effective coefficients of concentration of loads. Local stresses in the zone of the first
focus are determined by the equation:

t-h-
osv = 0,843 - g™ () b2 0 )
cos P

where f = E%;1(:1.45-E llb ;

cosp
f=>b-h;
h—The width of the transverse rib;
b—The height of the transverse ribs;
r = [0 h—The radius of curvature of concentration;
a= %; m = b.a/2.cosb,

The transition from local stresses to the concentration coefficient is made
according to the equation:

oy = TN @
Osh

The theoretical coefficient of concentration of stresses in the second focus is
calculated in the next sequence. The radius of curvature r is determined in the second-
end of the rib with the core of the bar and the conditional calculated width of the
protrusion, and equal to the distance between the points of the beginning of the
interfacing on both sides of the transverse rib. For a circular filler width @’ can be
accepted equal to the width of the protrusion plus a doubled radius of conjugation .
With the ratio a'/r, the theoretical concentration coefficient is calculated:

The condition of the marginal equilibrium in endurance is (Fig. 1).

For preparation of concrete mixtures, Portland cement was used with an activity of
50 MPa, sand with a module of size 1.45; granite crushed stone, 5-15 mm fractions.
The parameters of samples that differ within the series mechanical characteristics of
concrete and reinforcement and test modes in series are given in Tables 1, 2 and 3.
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Fig. 1 a the test circuit of the beams; b reinforcement of reinforced concrete beams

Table 1 Mechanical characteristics of concrete of experimental compositions

Ne On day 28 Average during the test period
compositions g~ [R, "~ [Ry, |Eb-104MPa |R, |Rp, |Res |Eb, MPa
MPa |MPa |MPa MPa |MPa |MPa
50,0 |33 2,0 33 55 36 2,2 34,800
2 50,0 |34 2,0 3.4 55 36 2,2 35,000

Table 2 Mechanical characteristics of reinforcing steels

Reinforcement diameter, | Ag, cm? oy, MPa oy, MPa 3p, %o Ep - 10 MPa
mm and class

1 18 AIIl 2,54 433,1 661,4 15,4 2,0
2 25 Alll 4,91 420 695,0 15,4 2,0
3 14 AIV 1,54 640 960 10,0 2,0
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Table 3 Characteristics of prototypes and test modes

Ne Loading mode Dimensions, Strength, Ry, A, Ey, No
Series mm MPa cm2 MPa
b h
Bl "'m 120 210 36 9.99 34800 6
L —
-
B2 o 120 210 36 9.99 34800 9
L ———
%
B3 MM 120 210 36 9.99 34800 9
0 —,‘\'
B41 M 120 210 38 799 35000 9
1] —l--N
B42 M 120 210 38 799 35000 6

B4-3 m 120 210 38 7.99 35000 6

3 Results

Reinforced concrete beams, tested as a model of the bending element of a static and
repeated load, reached the limit from the action of bending moments. The destruction
of the tested reinforced concrete beams occurred along the compressed part of the
concrete in the following sequence: horizontal cracks were formed on the side surface
of the beams at a distance of 1.0-2.5 cm from the extreme compressed part of the
section on the area between the attached forces with a further increase in the length
and width of the opening with the increase in the number of cycles of repeated loading.
In addition, with an increase in the number of cycles, these cracks were connected
to each other, forming a single plane of destruction. Then, after the length of the
crack reached the critical value of LCR = 25-30 cm, separate pieces of concrete
started to come off from the compressed part of the cross section. The maximum
state occurred when the compressed part of the cross section became insufficient to
perceive the load equal to the maximum value of the load of the cycle of the repeated
load. Consequently, the destruction of the beams of the compressed part of the cross
section occurred due to the layer-by-layer separation of concrete fibers due to the
development of micro- and macro cracks in the process of repeated loading.
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Analysis of the patterns of formation and development of fatigue cracks allows
noting the nature of the development of longitudinal fatigue cracks in the compressed
zone of beams under regime cyclic loads, which are confirmed by the results of theo-
retical studies. Under a block repeated loading, the development of cracks depends
on the sequence of changes in the maximum loads. Inside each block, longitudinal
cracks in the concrete of a compressed zone also develop as in constant cyclic loading
mode. Distinctive features are manifested at the time of change of loading mode.

Under block loading with a sequential increase in maximum load, they developed
at a higher speed than at the previous stage with a lower load value in the initial stage,
and then the rate of development of cracks slows down.

The sequence and pattern of the development of cracks in the concrete of the
compressed zone of the beams are shown in Fig. 2.

Under block cyclic loading with a decreasing level of maximum load of the cycle
after a decrease in the load during a certain number of cycles, the crack does not
develop; there is a slight decrease in the opening crack. After the “delay time”, the
further development of a crack with significantly lower speeds begins. The patterns
of the development of longitudinal cracks in the compressed zone coincide with

7 I e i I

34

Fig. 2 Picture of the formation and development of normal cracks in the stretched area and hori-
zontal cracks in the concrete of the compressed zone: a with stationary cyclic loading; b with a
regime non-stationary cyclic load
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the patterns of development of concrete deformations of the compressed zone, and
characterize a decrease in concrete strength under multiple repeated loading.

It is known that the formation and development of micro- and macro cracks leads
to a change in the shape of the power output of the compressed part of the cross-
section from the triangular to the curved (approaching rectangular) at the destruction
stage. The results of experimental studies confirm this provision that the development
of longitudinal cracks leads to the transformation of the stress of concrete stresses of
the compressed zone from the rectangular triangle. In the nature of the destruction of
the beams according to the concrete of the compressed zone at a static and repeated
load, there is a small difference, which consists in different values of the height
of the compressed zone during destruction, under cyclic loading; the height of the
compressed zone has a large value. Moreover, the lower the level of load during
destruction, the greater the height of the destruction zone [11-15].

Under repeated loading, there was an increase in the deformations of concrete
of the compressed zone throughout the tests. First, we consider the development of
concrete deformations with constant values of loading parameters.

With stable characteristics of cyclic loading, the deformation of the compressed
part of the cross-section developed during the tests. The main part of the deformations
of compressed concrete was manifested in the initial loading cycles. The patterns of
changes in the deformations of the compressed part of concrete with an increase in
the number of loading cycles are shown in Fig. 3. According to these graphs, you
can see an increase in deformations and the dependence of the development rate on
the level of the maximum load of the cycle.

The final deformations of the compressed part of the concrete when the limit
state is reached depend on the value of the maximum load of the cycle. In the case
of high values of the maximum load of the cycle of concrete deformation of the
compressed part of the cross-section and at the moment of reaching the fatigue limit
of the beams had the limit values. So, for beams tested at the levels of maximum load
vy = 0.735; 0.653; 0.71; 0.9; 0.85 final deformations reached 2.85 - 1073;2.78 - 1073;
2.75-1073:2.65-1073:3.1 - 1073, The results obtained show that under repeated loads,
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Fig. 3 The nature of the development of concrete deformations of the compressed zone on the
upper fibers with constant parameters of cyclic loading. 1—with Mmax; 2—with Mmin; 3—at m
=0
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the maximum condition of the beams along the compressed part of the cross section
reaches the limit values of deformations for the compressed concrete zone. This is
explained by a change in the shape of the stress diagram in the compressed zone due
to the development of longitudinal micro and macro cracks and turning off part of the
upper fibers from the work. After the formation of a continuous crack of separation,
there is a slight decrease in the deformations of the extreme compressed fibers.

With low values of the maximum load of the cycle in the concrete of the
compressed zone, the limit values of deformations are not achieved. For example, for
beams, where y = 0.52, y = 0.571 deformations during the destruction are 186 - 1075
and 202, 107, which is significantly less than the limiting deformation for beams
tested at high load values.

Under the action of repeated loads, the curves of deformations also change effi-
ciently. The patterns of changes in the deformations of the upper fiber of concrete
during load are shown in Fig. 4B. The specified dependencies are built on the basis
of data of static step loads to the maximum load of the cycle after a certain amount
of loading and unloading. So, for the deformation of the upper fiber of the beam at
the first loading cycle, the diagram M — ¢ convex, with n = 104 cycles—straightfor-
ward, and with n = 105 cycles it becomes concave. A change in convex dependence
into straightforward occurs due to the fact that under repeated loading, most of the
unprofitable deformations accumulate and concrete begins to deform elastically. The
second change is the transition of the rectangular diagram of M — ¢, into the concave
associated with the development of the non-linear part of the deformations of the
vibration creep of the compressed part of the cross-section.

These graphs show that an increase in the complete deformations of concrete of the
compressed zone occurs due to the development of their unnecessary (irrevocable)
component. Concrete deformations for one cycle from zero to the maximum load
value with an increase in the amount of loads change slightly. In this case, an increase
in nonelastic deformations occurs in the initial period of repeated loads. For example,
after 104 loading cycles, the increase in nonelastic deformations decreases, however,
an increase in these deformations with less intensity continues further.

The accumulation of non-linear deformations of concrete of the compressed part
of the cross section in the initial stress stage is caused by the development of linear
deformations of vibrational creep. An increase in nonlinear deformations of concrete
of compressed part of the cross-section depends on the development of micro- and
macro cracks in the compressed part of the cross section.

Based on the analysis of the dependencies of the development of concrete defor-
mations of the compressed zone, it can be concluded that the change in the form of
the graph M — ¢ allows predicting the nature of the destruction of reinforced concrete
beams.

With sequentially increasing and decreasing multiple-repeated cyclic loads, the
graphs of deformations change quantitatively and qualitatively. The schedules of
the deformations at the top of the compressed zone of the beam cross-section show
that under the first static loading the diagram M — € convex relative to the axis of
deformation, with n = 20,103 cycles—straightforward, and with 105 cycles becomes
concave.
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4 Discussion

These graphic dependencies are consistent with the patterns of development of defor-
mations in the coordinates ¢ — N. Within the limits of each block, an increase in
complete deformations of concrete of the compressed zone occurs due to an increase
in the nonelastic part. Elastic deformations within one cycle change little. An increase
in nonelastic deformations is most noticeably manifested in the initial stages of
loading within the first block, which is associated with the compression of the gel
component of concrete, at the next stages there is a stabilization of deformations.

The accumulation of complete deformations of concrete of the compressed part of
the cross section with a sequentially decreasing mode of block loading was observed
at all stages of the test. The patterns of manifestation of concrete deformations of
the compressed part of the cross section with an increase in the amount of loads are
shown in Fig. 4c. Figure 4 shows that in the first loading unit, the development of
concrete deformation of the compressed part of the cross section was similar to the
development of deformations when loading with stable characteristics. At the time
of reducing the load in subsequent blocks, relative stabilization of deformations is
observed within the loading unit. These processes are repeated during subsequent
blocks after the maximum load of the cycle is reduced.

The number of cycles during this period and the patterns of development of defor-
mations depend on the load of the load and the number of cycles in this block: the
larger the load difference, the greater the number of cycles without the development
of deformations and the degree of decrease in deformations. Under the action of
a multiple repeating load with decreased maximum load, a change in diagrams m
— &, associated with the nature of the deformation of concrete of the compressed
zone. High-quality transformations of the deformation diagram in coordinates M —
¢ on different loading blocks as the number of loading cycles increases, characterize
the degree of consumption of the plastic resource of the material and the degree of
development of micro- and macro cracks in the body of concrete of the compressed
zone.

5 Conclusion

1. The experimental studies of 48 reinforced concrete beams on the action of
repeated loads of the stationary and non-stationary modes made it possible to
establish the following basic patterns of behavior of these structures under load:

2. When the parameters adopted by repeated load, the destruction of reinforced
concrete beams using concrete of medium strength with high values of the rein-
forcement coefficient occurred along the concrete of the compressed zone due to
the formation and development of micro- and macro crack of fatigue.

3. Repeated loading led to an increase in the deformation of concrete of the
compressed zone during the tests regardless of the loading regime.
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4.

The loading mode affects the general development rate of complete concrete
deformations after changing the maximum stress values in the loading blocks.
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Bearing Capacity of a Glass Facade M)
Systems, Including Stiffness of Nodes o
and Work of Filling

Alexander Galyamichev

Abstract The paper presents a study made on the stress—strain state of mullion-
transom glass facade under the action of uniformly distributed load simulating wind
impact. Structural systems with various parameters were modeled and analyzed
in Finite Element software package. Obtained results were compared with exper-
imental investigation performed on full-size fragments of facade system. Dependen-
cies allowed to evaluate the influence of changing parameters on the results and select
the calculation scheme which reveals the operation of facade system in a more accu-
rate way. The filling’s contribution to overall stiffness was described. The methods
for determination of the joint stiffness of the connection between adjacent transoms
and for analytical calculation of inner efforts and deflections were developed.

Keywords Glass + Facade - Mullion-transom + Hinge + Multi-span beam

1 Introduction

The use of translucent enclosing structures in civil and industrial construction is
one of the most effective ways to create aesthetically attractive buildings. Nowa-
days glass facades have become indispensable part of contemporary architecture
[1]. Such facades have many advantages, e.g., ensuring the required level of natural
lighting, visual contact with the environment, ease of cleaning [2, 3]. Modern types
of glass offer energy efficient properties, significantly decreasing an overall energy
consumption of buildings [4].

Due to the aforementioned advantages, facade systems became extremely popular
in Russian construction practice. However, their development and application are
complicated by the discrepancy between existing regulatory documents and modern
requirements together with construction technologies. The lack of research made on
the calculation model’s interpretation complicates the designer’s task of providing
and justifying a solid and stable system. For example, no open access guidelines or
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sufficient data on calculation of complex structures with facade cladding made of
glass, such as translucent structures with a continuous scheme, are provided. The
choice of a calculation scheme remains one of the critical factors for the correct
calculations [5].

Structural issues of facade cladding are studied in [6]. Article [7] presents finite
element modeling and experimental verification of glass curtain wall system. Many
researches are dedicated to the studies on the influence of different types of fastening
on the behavior of the glass structure [8—11].

The study [12] investigates methods of effective lighting and minimization of
energy consumption through the use of facade glazing. The article provides an
overview of high-performance glazing, adaptive electric and artificial lighting that
can be used to reduce the energy demand of buildings. The potential of double-glazed
facades is analyzed in [13].

Issues related to the use of glass in engineering play a significant role in the design
process and therefore should be considered at all stages of a project [14]. Particular-
ities of the material (e.g. high compressive strength, chemical resistance, hardness)
make it preferential over more conventional options, however fragility, presence
of material flaws and other factors limit its application. Fatigue crack behavior in
tempered glass during microcrack growth is discussed in [15].

The review of numerous design documentation shows that existing methods
for assessing the stress—strain state of the mullion-transom facade systems do not
consider the stiffness of the joints. The relevance of this paper is justified by the need
of assessment of the actual operation of the multi-span design scheme of the glass
facade system, as well as comparative analysis with the design scheme commonly
used in construction practice nowadays.

The lateral wind load in absence of thermal loading represents the predomi-
nant exposure on the members of facade system. Numerous papers represent the
investigation of wind load effects on the building envelope [16-20].

This paper includes experimental and numerical investigations. The modeling of
structure was performed by means of Finite Element Method, commonly used for
the design of enclosing structures [21, 22].

The purpose of this research was a determination of the stress—strain state of the
glass facade system subjected to lateral wind loading.

Following tasks were carried out:

e Development of testing procedure and test bench for mullion-transom system
under the action of a uniformly distributed load;

Measurement of deflections at characteristic points of a structure;

Proposal of several numerical models for describing the behavior of a system;
Comparison and analysis of static calculation results;

Limit state analysis.

Development of analytical method for determination of inner efforts.

The subject of the research was the stress—strain state of the full-size fragment of
a mullion-transom facade under the action of a uniformly distributed load.
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2 Methods

2.1 Experimental Study

The experiments were performed in order to access the deflections of characteristic
points of structure. The test setup and experimental scheme were designed to simu-
late the most unfavorable type of impact corresponding to negative wind pressure.
Horizontal arrangement of the bench was justified by low influence of in-plane loads
on the stress—strain of the system.

Test samples with dimensions of 5730 x 1850 mm (two-span system) and 2730
x 1850 mm (one-span system) were subjected to testing. The distance between
mullions was 900 mm, and the step of installation of the brackets and mullion’s
fixators was 3000 mm (Figs. 1 and 2).

Brackets of the facade fragment were securely fastened to the supporting base in
order to eliminate the influence of the fastening features on the experimental results.
Supporting base consisted of load-bearing high-rigidity transverse frames.

Deflections in characteristic points of the system were measured at 6 points of the
structure by mechanical dial indicators 6-PAO with following characteristics:

Graduation: 0.01 mm,;

Maximum value of measurement: 100 & 0.5 mm;
Accuracy in the interval [0...1 mm]: +0.03;
Accuracy in the interval [0...10 mm]: £0.3.

Characteristic points are shown in Figs. 1 and 2. The location was chosen in order
to collect the data for the most unfavorable position of structural members.

Before the start of the test, an inspection control of the mounted structures was
carried out and the position and the number of mounted fasteners were checked

_|
3~
-
"
?g..
4

o3

1 : : i
11l 111
H 1 o
NN 1t g
K il 1
1l 1hED
| lil : : II-I |
DIt v D5 flow — Defid
H ® ' i 8
oo i
Wi S HE
924 DI3 i| 100
200 A7 1600 1500 |,/
3200

Fig. 1 Location of dial indicators installed on the one-span system
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Fig. 2 Location of dial indicators installed on the two-span system

using measuring tools. The frame elements of the system were checked for initial
deformations, defects, and dents.

A uniformly distributed load was applied by means of fine crushed stone packed
in marked containers of 7.5 kg. The initial load of 80 kg/m? was applied in order to
eliminate structural backlash, then the sample was unloaded, and subsequent stages
were recorded together with readings of dial indicators. The maximum load step was
assumed as 50 kg/m?. The tests continued until the start of yield (Figs. 3 and 4).

The results of laboratory tests were processed, and the relative deflection in the
central mullion was found as the difference between the deflection in the center of
mullion and half-sum of the deflection in the supports.
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Fig. 3 Distribution of unit loads over the fragment of facade system
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Fig. 4 Test set-up

2.2 Numerical Study

Fragments of the facade system were modeled in FEM-based SCAD Office 21.1
software package. Geometric characteristics of 1D finite elements were obtained in
a satellite software SCAD Consul 21.1.

The frame of a system was composed of aluminum alloy AIMg0.7Si 6063
T6, which had characteristics as follows from Russian Standard GOST 22233-
2018 «Extruded profiles from aluminum alloys for building envelopes. Technical
conditions»:

e Design resistance: 135 MPa;
e Modulus of elasticity: 70 GPa;
e Poisson’s ratio: 0.3.

According to Russian Standard GOST 30698-2014 «Tempered glass. Specifica-
tions», glass had the following properties:

e Design resistance: 120 MPa;
e Modulus of elasticity: 70 GPa;
e Poisson’s ratio: 0.2.

The thickness of the glass panel in the given fragment of facade system was 6 mm.

The wind load acting on a mullion-transom facade is perceived by the mullion,
which then transmits it to the load-bearing elements of a building. The wind load is
applied perpendicularly to the glass filling, and it is uniformly distributed over its
entire area.

The glass filling was simulated through 2D finite elements with thickness of 6 mm.
In this case in numerical model the wind load was applied directly to glass panels.
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Fig. 5 Cross-sections of a transom (left) and mullion (right) profiles

When no glass filling was accounted in the finite element model, the load was at
first recalculated in a form of linearly distributed and then applied to the aluminum
members of a frame. The load application was done in accordance with [23] (Fig. 6).

One-Span System
The general view of the design model, with introduced boundary conditions and
hinges, is shown in Figs. 7, 8 and 9.

Two-Span System

To assess the convergence of the results of laboratory tests and numerical modeling,
several variants of simplified design schemes were considered (Figs. 10, 11, 12, 13,
14, 15, 16, 17 and Fig. 18).

In the design scheme no. 4, the connection of the profiles in vertical direction
(at the expansion joint) was modeled by means of an embedded part, located at the
junction of two profiles and at the distance of 25 mm from the central axis of the
mullion. This embedded part was attached to the mullion using rigid bodies of two
types, connecting the corresponding nodes of the transom profile and the embedded
part. The bending stiffness of the embedded part was obtained as a result of several
iterations: a model with certain value of stiffness was calculated, then the deflection
of the central mullion was compared to the experimental study, and based on it the
stiffness was adjusted. The operation was repeated until the convergence appeared
(Fig. 19).

Limit State Requirements
According to Russian Set of Rules 128.13330.2012 «Aluminum Structures», ULS
condition in considered case can be read as follows:

N/Aef+ M/Wef,x =< R (1)
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where

N is longitudinal force in the element;

M is a bending moment in the element;

Ags 1s effective cross-section’s area;

Wes, x is effective cross-section’s moment of inertia;

R is a design resistance of aluminum to bending, compression, tension.

SLS condition was set in accordance with Russian Set of Rules 20.13330.2016
«Loads and actions»:

f < flimit ()

where f is an actual deflection of element;
flimit 18 @ maximum allowable deflection:

fiimit = L/150
where L is a distance between the nearest supports.

However, Russian Set of Rules 426.1325800.2018 «The translucent facade of
buildings and structures. Design rules» specifies maximum allowable deflection as:
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Fig. 7 Calculation scheme of a one-span scheme

flimic = L/200

3 Results and Discussion

3.1 Experimental Study

Based on the readings of dial indicators, the following graphs of the dependences
between deflection at characteristic points and corresponding value of uniformly
distributed load were obtained.

One-Span System
See Figs. 20 and 21.

Two-Span System
See Fig. 22.

3.2 Numerical Study

On the basis of an experimental study of expansion joint, the bending stiffness of the
embedded part for the scheme without glass was equal to:

El,; = 79.5 kg - m (3)

The bending stiffness of the embedded part for the scheme with glass was equal
to:
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As a result of the static calculation, the deflection values of the center of the
central mullion were obtained. The graphs showing the dependencies between deflec-
tion of the central mullion of system and value of uniformly distributed load were
processed for each type of considered structural schemes on the base of performed
static calculation and laboratory tests (Figs. 23, 24 and 25).

It can be concluded that the results of numerical calculation lay below the exper-
imental values for most of cases (except scheme no. 2), which makes it possible to
apply the proposed models for practical calculations and to evaluate the stress—strain
state of a given design solution using Finite Element Method.

It should be noted that the calculation results obtained when accounting the glass
filling demonstrate increase of the rigidity of the system, however they also lead to
higher labor costs. At the same time it allows to assess the stresses and deflections of
the translucent filling itself; it can be needed at the stage of detailed design (Figs. 26
and 27).

Under loads corresponding to the onset of SLS, fragments of structures did not
undergo the critical changes, also when the deflection reached the value of L/150.
When the design is performed under the requirements of Russian Sets of Rules and
Russian national building codes, for assessment of SLS assumption of a maximum
allowable deflection equal to L/200 of the distance between the nearest supports is
preferable. The value of L/150 of the distance between the nearest supports can be
used if necessary justification of design solution for a specific project is provided.

3.3 Methodology of Analytical Calculation

For the purpose of analytical calculation of the considered design solution and deter-
mination of the maximum inner efforts and deflections in one-span and multi-span
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(from 2 to 5 spans) design schemes, taking into account the previously given rigidity
of the expansion joint, specific coefficients for the classical formulas were obtained.
In Fig. 28 q refers to linearly distributed load.
The expansion joint of the mullions was located at a distance:

a = 0.053L = 0.158 m (5)
The final bending stiffness of the embedded part was taken equal to:
El, = 70 kg - m’ (6)

Thus, the deflections of the adjusted numerical model were equal to ones obtained
during tests. At the same time, the deflections of the mullion in each span can be
found by the formula:

f = x3- q"- L*EI (7
The bending moment can be calculated by the following expression:
M=y-q-L ®)
The transverse forces in the guide profile can be read as:
Q=1x-q-L ©))

Coefficients ¥ |, X2, X3 depend on the position of the section under consideration
and on the span in which the inner effort (moment or transverse force) is located.
The geometrical characteristics of cross-section of mullion and embedded part, the
introduction of glass filling into calculation also directly contribute to values of
coefficients, and, therefore, to the values of moments, loads and deflections. For the
profiles shown in Fig. 5, the coefficients are shown in Table 1.
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Fig. 9 Numerical model of a one-span scheme (with glass)
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Fig. 12 Calculation scheme no. 2 of a two-span scheme (without central hinge)
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Fig. 14 Calculation scheme no. 3 of a two-span scheme (with an ideal linear and angular hinge in
the connector)
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Fig. 15 Numerical model no. 3 of a two-span scheme (with an ideal linear and angular hinge in
the connector)
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Fig. 16 Calculation scheme for no. 4 and no. 5 of a two-span scheme (with embedded part
simulating the stiffness of expansion joint)
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Fig. 17 Numerical model no. 4 of a two-span scheme (without glass and with embedded part
simulating the stiffness of expansion joint)
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Fig. 18 Numerical model no. 5 of a two-span scheme (with glass and embedded part simulating
the stiffness of expansion joint)
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Fig. 19 Simulation of the expansion joint
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Fig. 21 Deflection of characteristic points (DI1, DI6) of one-span system
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Deflection of sample 2 (DII - DI6)
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Fig. 22 Deflection of characteristic points (DI1-DI6) of two-span system
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Fig. 23 Deflection of the central mullion (one-span system)
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Deflection DI of central mullion (two-span system)
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4 Conclusions

The described methods of experimental and numerical investigation obtained in the
course of this study can be used for design and calculation of transom-mullion glass
facade systems. Following conclusions were drawn on the base of performed tests
and calculations:

1.

2.

The method for determination of the joint stiffness of the connection between
adjacent transoms was proposed.

Actual calculation scheme of mullion-transom glass facade system refers to the
multi-span beam with joint of controlled rigidity in the location of expansion
joint.

The stress—strain state of mullion-transom glass facade systems is directly influ-
enced by the rigidity of the connection between bracket and transom profile, and
expansion joint between adjacent transoms, as well as the glass filling of the
system.

In mullion-transom facades it is recommended to locate the expansion joint in
areas with a bending moment close to zero.

In order to increase the rigidity of the system, it is recommended to use two- or
multi-bolt joint solutions for attachment of mullions to brackets to increase the
system’s rigidity as SLS is a determining factor for given design solution.
While designing the facade system, it is recommended to develop a mullion-to-
bracket joint with controlled rigidity, as it will bring the system closer to the ULS
and SLS criteria and thus minimize metal consumption due to the optimal design
scheme of structural elements
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Table 1 Coefficients ¥ 1, X2, X3

61

Span number | Value Coefficient | Coefficients ¥ 1, X2, X3 depending on design scheme
1 2 3 4 E
Bending moments M =y - q - L?, kg/m2
1 M ef support | X1 0 0 0 0 0
M gpan —0.125 | —0.0965 | —0.0995 | —0.0991 | —0.0992
M yight support 0 0.0607 |0.0539 |0.0548 |0.0546
2 M eft support - 0.0607 |0.0539 |0.0548 |0.0546
M span - —0.0965 | —0.0706 | —0.0737 | —0.0733
M right support - 0 0.0548 |0.0479 |0.0487
3 Mieft support - - 0.0548 |0.0479 | 0.0487
M span - - —0.0991 | —0.0733 | —0.0763
M right support - - 0 0.0556 | 0.0486
4 M eft support - - - 0.0556 | 0.0486
M span - - - —0.0987 | —0.0729
M yight support - - - 0 0.0555
5 M efs support - - - - 0.0555
M span - - - - —0.0988
M yight support - - - - 0
Transverse force Q = x2 - q - L, kg
1 Olefr X2 0.5 0.439 0.446 0.445 0.445
Oright —0.5 —0.561 |—-0.554 | —0.555 |—-0.555
2 Olefi - 0.559 0.498 0.505 0.504
Oright - —0.439 | —-0.501 | —-0.493 | —0.494
3 Oleft - - 0553  [0.491  |0.499
Qright - - —0.445 | —0.508 | —0.500
4 Qleft - - - 0.554  [0.492
Oright - - N —0.444 | —-0.507
5 Olefr - - - - 0.554
Oright - - - - —0.444
Span number | Value Coefficient | Coefficients ¥ 1, X2, X3 depending on design scheme
1 2 3 4 E
Deflection f = %3 - qn - L*/ElL,, mm
1 - X3 0.01302 | 0.00926 |0.00968 |0.00963 |0.00963
2 - - 0.00817 |0.00519 |0.00557 |0.00553
3 - - - 0.00870 |0.00571 |0.00608
4 - - - - 0.00863 | 0.00565
5 - - - - - 0.00864
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7.
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Coefficients of empirical formulas for analytical calculation of inner efforts
and deflections in the aluminum frame of a mullion-transom glass facade were
proposed for specific profiles shown in Fig. 5.
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Regularities for Resistance of Supply )
and Exhaust Ventilation Cross Junctions Check for

Arslan Ziganshin @, Timur Karimullin®, Emil Yagfarov®,
and Konstantin Logachev

Abstract Today the problem of designing and constructing of energy efficient venti-
lation system is relevant. One of the ways to decrease energy consumption of such
system is to use the outlines of vortex zones to create shaped fitting elements. To
develop this idea, a study of numerical models of supply and exhaust crosses is being
carried out. The dependences of their local drag coefficients (for the passage in the
forward direction and for the side branch) are determined when the ratio of the air
flow through the side branch to the total flow rate is in the range from 0.1 to 0.45. The
study is carried out numerically, with a detailed comparison with known experimental
data on the resistance of such crosses. For diverging (supply) crosses, well-known
sources recommend using data on the resistance of tees. For converging (exhaust)
crosses, there are data on local drag coefficients for crosses. A qualitative agreement
was obtained for the behavior of the local drag coefficients, but at the same time, a
quantitative difference in the determined dependencies was also obtained. Next, a
study of the outlines of the vortex zones will be carried out and the resulting numer-
ical model will be used to determine them in the entire range of changes in the air
flow ratio, as well as to develop designs for energy-efficient shaped crosses.

Keywords Ventilation cross junctions * Numerical study - Local drag coefficient -
Validation

1 Introduction

Today, the issue of reducing the energy consumption of engineering systems of
buildings, including ventilation systems, which account for 11-14% in the total
share of energy costs in buildings [1-3], is topical. Therefore, much attention is
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paid to improving the efficiency of ventilation systems, both in terms of creating the
most efficient air distribution [4—6], and when transporting air through ventilation
ductworks. It is important as well as for the civil as for the industrial buildings where
the numerous kind of ventilation systems, and its efficiency had straight influence to
the efficiency of pollutant capture [7] and cleaning [8, 9] devices operating.

There are various ways to reduce the aerodynamic resistance of fitting elements
of ventilation systems. For example, for ventilation elbows, tees and diffusers, bionic
(biomimetic) structures are being developed, where the walls of fitting elements are
shaped according to outlines taken from wildlife—the attachment of a branch to a
plant trunk [10], river bends [11, 12] and the human larynx [13]. The possibility of
reducing the resistance in this way is shown. However, the resulting design leads
to an increase in the size of the fitting element. Another direction is the installa-
tion of guiding and separating vanes [14—17], which also lead to some reduction in
resistance, but this complicates the design and, accordingly, increases the cost of the
fitting element. Such shortcomings are deprived of a method for reducing resistance
by shaping the wall of a fitting element along the outlines of the vortex zones.

This method showed a significant reduction in resistance for such fittings as tees
[18], elbows [19, 20] and exhaust openings of various configurations [21-23], but
for its use it is necessary to determine the outlines of the vortex zones and their
dependence on the regime and design parameters for the improved fitting element.

The article presents the results of the continuation of the study, the beginning of
which is described in [24] and which shows the stages of verification and validation
of the flow in the supply and exhaust equilateral cross junctions (Fig. 1). Here, a
study is made of the effect on the resistance of the crosses of a change in the ratio of
air flow rates flowing along the side branch (Gg) to the total air flow rate (Gr).

In [25], data on the change of the local drag coefficients (LDC) for supply and
exhaust crosses are given when Gg/Gt changes in the range from O to 1. For the
supply diverging crosses, it is indicated that data for the supply tee can be used
approximately. At the same time, it should be noted that the data for the LDC on the
side branch (¢g) for the tee are indicated depending on the ratio of not the flow rates,
but the velocities ug/ut, and for the LDC on the straight direction passing through
the cross ({s) are given in the usual form—depending on the ratio of flow rates,
moreover, it is the flow rate in the side branch to the total flow rate—Gg/Gt. This
leads to some uncertainty, since, for example, with Gg/Gt = 0.5, for a tee it means
Gs/Gt = 0.5 and G = G, that is, equal flow rates for branches during diverging.
At the same time, for the cross Gg/Gt = 0.5 means that Gs/Gt = 0, that is, the
absence of flow in the straight direction. Therefore, the case Gg/Gt = 0.5 for a tee,
apparently, corresponds to the case Gg/Gt = 1/3 for a cross, when the cross also has
the equality of flows in a side branch and to the passage in a straight direction Gg =
Gs.
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Fig. 1 The geometry of the studied problem and the flow streamline at Gg/Go = 0.275 for supply
a and at Gg/Go = 0.356 for exhaust crosses b

2 Methods

The problem was solved numerically using the Ansys Fluent software package in
a two-dimensional turbulent formulation. The previously found combination of the
standard k — ¢ turbulence model and enhanced wall treatment for near-wall modeling
[24] was used for the study. The boundary conditions (BC) of the problem are defined
as follows: section AB is the inflow (Fig. 1a) or the exhaust (Fig. 1b) boundary with
a flow velocity value uy = 30 m/s (BC “velocity-inlet”), sections DE, GH and JK—
free boundaries through which air flows out of the supply cross (Fig. 1a) or flows into
the exhaust cross (Fig. 1b)—BC “pressure-outlet” or “pressure-inlet” respectively,
with excess pressure set to zero, the remaining boundaries are impermeable walls—
BC “wall”. The geometry was constructed using the Gambit software. The main
dimensions of the cross: b = 0.1 m; Iy = 2 m; Iy = Is = 8§ m for the supply and /g
= [l = 2 m; It = 8 m for the exhaust.

In the numerical solution of all solved problems, all stages of the study of the grid
dependence were carried out, the dimensions of the computational grid accepted
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as final were 4.76 x 10 m, and their total number was about 5.3 million, the
dimensionless distance y+ according to this method of near-wall modeling [26] was
about 1.

Determination of the LDC values was carried out according to the previously
developed and tested method [27]. For this, cross sections were built in all chan-
nels every 0.05 m (0.5b). Based on the results of the numerical solution, further
in these sections, the values of the total pressure averaged over the flow rate were
determined—Pg, Ps, P, (respectively, in the branches and in the straight channel).
Using this pressure distribution along the length, the values of the average specific
pressure drop R were determined. With its help, the pressure drop due to friction in
the corresponding channel was found: AP/" = R - I, where R and [ are the specific
pressure losses and the lengths of the corresponding channels [28].

The values of the local drag coefficient (LDC) were determined by the formulas:

_ Py~ Ps—AP]" — AP{’

g = — for the branch; (D
(pug/2)
Ps—Pr—AP{" — AP]" o
s = 5 — for the straight direction. 2)
(puo/ 2)

Since a symmetric flow was modeled in the cross junction, the LDC values of
two side branches were equal to each other up to the third decimal place; p =
1.225 kg/m>—air density.

3 Results and Discussion

It is interesting to analyze the dependence of ¢s for a tee. In [29], a numerical study
was carried out using a previously validated computer model [30]. The obtained LDC
values were compared with known reference data [25] and experiments [31]. These
results, together with the LDC data for the cross, are shown in Fig. 2.

It can be seen that in the handbook [25] with Gg/Gt < 0.5, ¢s < 0, which is
explained by the separation of the boundary layer slowly flowing along the solid
wall, and, accordingly, the increase in the specific energy of the flow passing in the
forward direction. In this case, for Gg/Gt > 0.5, (g is already greater than zero and,
accordingly, it is assumed that the point of transition g through zero corresponds to
Gg/Gt =0.5.

However, it is clear that for a tee that has the same dimensions for all legs, flow
going in the forward direction and losing half the flow in the side branch will expe-
rience impact losses as the flow expands. Therefore, the data [29, 31] seem more
plausible, where g = 0 at Gg/Gt < 0.5. The change in g for all three authors is
similar, although the data of the handbook [25] here again differ from the data of
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Fig. 2 Dependence of ts and tg on Gp/Gr for diverging (supply) cross

[29, 31], which agree well with each other. Which may indicate a difference in the
conduct of experiments.

Obtained numerically and shown in Fig. 2 values of ¢g and ¢g for the diverging
(supply) cross at different ratios Gg/Gt were obtained by changing the excess static
pressure at the boundaries of the channels of the cross and are given in Table 1.
Since symmetrical cases are studied when the both of side branches have the same
conditions—pressure (P) and therefore, the flow rates (G), then the corresponding
values are marked with a subscript “B”—a lateral branch (for both branches), and a
channel with a common (total) flow rate (before separation in the supply cross, or
after merging in the exhaust cross) is marked with the index “T”. The direct channel,
where the flow is located before the merging in the exhaust cross or after diverging
in the supple cross, is indicated by the index “S”. The superscript “st” indicates a
static pressure.

Based on the results of a similar study, the dependences of the change in g and {g
for the converging (exhaust) cross were obtained. Here, in contrast to the supply one,
in [25] the corresponding dependences for the resistance of the cross are given, which
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Table 1 The pressure values at the boundaries of the crosses and Gi/Go, {11, {5

Converging cross (exhaust) Dividing cross (supply)

Py, Pa | P{',Pa | GB/Gr | e Py, Pa | P{',Pa |Gg/Gr |&s B
—450 |0 0.0813 |0.229 | -0.467 |0 0 0.132 | —-0.0714 | 0.865
-300 |0 0.153 |0.357 | -0.116 | —15 0 0.189 | —0.0836 |0.799
—-135 |0 0.249 10457 0.243 | =35 0 0.275 | —0.0924 |0.714
0 0 0356 |0.474 0.466 | —55 0 0.381 | —0.0876 |0.641
60 0 0426 |0.459 0.538 |- - - - -

1
0.5
0 PR CS Cross Idelchik
s 7 =
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Fig. 3 Dependence of ¢s and ¢g on Gg/Gr for converging (exhaust) cross

are shown in Fig. 3 together with those obtained from the results of the numerical
study.

It can be seen that although the general form of the dependences obtained numer-
ically corresponds qualitatively to the data of the handbook [25], the quantitative
difference varies from 10 to 50%. This can also, as in the case of the supply cross
(tee), indicate a difference in the conditions of the experiment.

4 Conclusions

The results obtained indicate a fairly good qualitative agreement between the obtained
numerical results and the known experimental data on the resistance of the supply
and exhaust crosses. Some quantitative difference, apparently, is due to the difference
in the conditions of the experiment. The constructed computer models will be further
used to determine the outlines of the vortex zones, their dependencies on the flow
rate ratio, with the aim of further development and research of the energy-efficient
shaped designs of the supply and exhaust ventilation crosses.
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Load-Bearing Capacity of Raft-Pile )
Foundations, Taking into Account T
the Redistribution of Forces Between

Piles During Cyclic Loading

Ilizar Mirsayapov

Abstract The aim of the work is to study the load-bearing capacity of the raft-
pile foundation under cyclic loading, taking into account the redistribution of forces
between the piles. The load-bearing capacity of a raft-pile foundation under cyclic
loading consists of three components: piles, soil under the raft and soil under the
lower end of the piles. The sediment of pushing through the raft-pile foundation
significantly changes the distribution of loads on the piles, especially on the extreme
and corner ones, which are overloaded. In this article, this process is considered in
three-dimensional mode, taking into account the joint deformation of all elements of
the system “pile cap—piles—soil between piles—soil below the toe”. It takes into
account the redistribution of forces between the elements of the system under cyclic
loading due to the occurrence of deformations of the soil, pile grillage and piles in
the appropriate conditions. The load-bearing capacity of the raft-pile foundation is
determined for the stage when tangential stresses along the side surface are absent in
the upper and middle parts of the pile as a result of reaching the maximum shear resis-
tance. The soil is forced under the tip when the stress under the fifth pile and under
the plate exceeds the fatigue strength and maximum deformations of the soil under
three-axis cyclic compression. Theoretical studies are carried out and the redistribu-
tion of forces between the main elements of the raft-pile foundation is considered.
The change in the stress—strain state of the base of the raft-pile foundation under
cyclic loading due to the redistribution of forces between the corner, extreme and
ordinary piles is considered. The significance of the results obtained for the construc-
tion industry is that for the first time the proposed method allows us to assess the
load-bearing capacity of the raft-pile foundation.
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I. Mirsayapov (X))
Kazan State University of Architecture and Engineering, 420043 Kazan, Russia
e-mail: mirsayapov] @mail.ru

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 73
N. Vatin (ed.), Proceedings of STCCE 2022, Lecture Notes in Civil Engineering 291,
https://doi.org/10.1007/978-3-031-14623-7_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-14623-7_6&domain=pdf
http://orcid.org/0000-0002-6193-0928
mailto:mirsayapov1@mail.ru
https://doi.org/10.1007/978-3-031-14623-7_6

74 1. Mirsayapov

1 Introduction

In raft-pile foundations, the side and corner piles are overloaded compared to the
average piles [1-5]. At the same time, the forces of the corner piles are up to 4 times
greater, and in the side piles are up to 2 times more than in the middle piles.

Cyclic loading forces are being redistributed between the piles and the surrounding
soil of the pile space [6—10]. The performed studies show that with increasing loading
cycles, the ultimate resistance of the soil to shear along the lateral surface of the pile
decreases, which leads to an increase in stress in the soil under the pile toe and, as a
consequence, to deformations increase and fatigue strength of the soil under the pile
toe decrease [11-14]. If the stress in the soil exceeds the maximum resistance of the
soil to the triaxial stress state in the case of cyclic loading, the soil is forced under
the lower plane of the pile and the pile is moved within the conditional foundation.
Then the limit state is firstly reached under the corner piles and part of the force
is transferred both to the other piles by loading them and onto the soil under the
raft. That means that the limit state reaches on the soil below the toe (if connection
of the pile with the pile cap is not a rigid) and under the raft at the same time (if
the connection of the pile with the raft is rigid). Then the limit state reaches in the
side rows of piles, while there is the redistribution of forces between the corner and
side piles. After piercing the soil of the conditional foundation with side and angular
piles under the lower end, these piles begin to move without increasing the load on
them, which leads to overloading of the average ordinary piles and an increase in
their vertical movements (settlement). Such piles are called creeping. This process
continues until the forces between all the piles are aligned (become the same).

The creep of the side and corner piles leads to a change in distribution of forces
on all piles of the raft-pile foundation. For an analytical description of the process
of redistribution of forces between corner, side and ordinary piles of a raft-pile
foundation in the process of cyclic loading it is necessary to consider the process in
a spatial formulation, taking into account the joint deformation of all elements of the
system because of the rigid connection of the pile and the raft.

2 Materials and methods

The creep of the side and angular piles significantly changes the distribution of
loads on all piles of the raft-pile foundation. This process is considered in a spatial
formulation, taking into account the joint deformation of all elements of the system
“pile cap—piles—soil of the pile space—soil below the pile toe” due to the rigid
connection of the pile and the pile cap (Fig. 1).

The redistribution of forces between piles within the pile cap is taken into account
by jointly solving 4 quasi-static equations [15]. At the same time, the proposals of
Ter-Martirosyan [16] for static loading are taken as a basis. These equations were
modified by the author to take into account the effect of changes in the stress—strain
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Fig. 1 The scheme of the P .
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state of the system under cyclic loading, as well as the process of redistribution of
forces during the pushing of edge and corner piles. At the same time, the force in the
middle piles increases by K times:

4F +2F,(ny + ny)
K(F) = P ; (D

where F'—efforts in corner piles, F,—efforts in edge piles, F3—efforts in meddle
(ordinary) piles, n;, n, are the number of edge piles in the sides of the raft-pile
foundation, n3 is the number of meddle (ordinary) piles in the raft-pile foundation.

The stresses in certain specific zones of the system “pile cap—piles—soil of the
pile space—soil below the pile toe” are determined by jointly solving four equations
depending on the number of loading cycles and cyclic loading parameters [15].
When solving the above equations, the change in the stress—strain state and forces in
individual elements of the raft-pile foundation and the zone of ultimate equilibrium
of the soil along the lateral surface of the piles is taken into account (Fig. 2).

The soil shear strength between the pile and the soil is calculated based on the
Mohr—Coulomb law:

T*(N) = yz-tan@(N) + C(N) + Ac“? - tan p(N), 2)

where C(N) is the cohesion between soil particles under cyclic loading conditions,
Aozd is the additional horizontal stress on the pile from the soil due to the joint
deformation of the system (influence of the pile cap), (V) is the angle of internal
friction of soil under cyclic loading.
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Fig. 2 Plots of mobilized shear stress and ultimate shear stress in soil along piles

The cohesion between soil particles under cyclic loading conditions is calculated
based on the results of the author’s study (Mirsayapov et al. 2012, Mirsayapov and
Shakirov 2016) according to the dependence:

V) = co-mtne) At - o o L, 3)
k0 1+ k)

where c is the adhesion between soil particles under short-term static loading.
Tangential stresses are calculated as follows:

a-b(p3(N) = p»(N)) - K(F)
(@+b)-1-1.(4e=el —1)

WE(N) = @)

The equations system [1] is solved for each cycle under consideration, taking
into account the change in all system parameters due to the redistribution of forces
between the pile cap, piles, soil in the process of cyclic loading, and taking into
account the change in the ultimate equilibrium zone in the space between piles.

Stresses in the soil under the raft are calculated by the formula:

P . AB — py*(N) -ab - K(F)
(AB — ab) '

P (N) = ®)

The stress in the pile section at the level of the head under cyclic loading is
determined by the formula:
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where G is the soil shear modulus under cyclic loading, k() is the dimensionless
coefficient taking into account the effect of depth application of a rigid die, [ is the
pile length.

The stresses in the soil under the lower end of the pile can be calculated using the
formula:

K(F) - pa(N) -4ab+4(a +b) -1 - 2WEE 4 +p) .| 2. o=

max
N) =
p3=(N) 4ab 4ab

(7

The bearing capacity of the subgrade of the raft-pile foundation under cyclic
loading at the calculated time (r = N) depending on the ratio to(N) < t * (N) is
estimated based on the conditions for two zones (Fig. 3):
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Fig. 3 The scheme of the pile—soil system for calculation the settlement of the penetration
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— in the soil under the raft:

pi " (N) < 01,(N); ®)

— 1in the soil under the lower end of the pile:

P3*(N) < 01u(N); 9)

3 Results and Discussions

The results of the experimental and theoretical studies show that triaxial compression
is realized in the soil under the toe and destruction (punching) occurs with the forma-
tion and development of many shear cracks in the ultimate equilibrium surfaces. The
ultimate stresses in the soil of an additional compressible thickness in the zone of
punching by a pile or under a raft under triaxial cyclic loading are determined using
a design soil model under regime spatial compression.

Cyclic loading leads to a decrease in strength and an increase in soil deformability
due to the formation and development of micro-macrocracks in the structure, as
well as degradation of the structure in local potentially dangerous areas of limiting
equilibrium. In the calculation model, these processes are taken into account by
analytical equations for changes in the specific cohesion and the angle of internal
friction between particles.

Cyclic deviatoric loading is accompanied by the formation and development of
plastic shear zones and soil ruptures in the planes of ultimate equilibrium. Soil failure
in a spatially stressed state occurs when the number and length of fatigue microcracks
reach a critical value in the limiting equilibrium planes.

The position of the limit equilibrium planes in space changes during cyclic loading
with an increase in the number of cycles. The destruction of the soil in the local
volume of the additional compressible thickness of the punching zone occurs along
the limit equilibrium area on which there will be a minimum value of the potential
energy of destruction.

This process will be abrupt depending on the fulfillment of conditions (8) and
(9), the processes of crack development and stopping will alternate, and, as a result,
bearing capacity will decrease.

According to the calculated model of the soil (Mirsayapov and Koroleva 2015),
with inelastic triaxial cyclic deformation, the Coulomb friction forces do not act on
the ultimate equilibrium surfaces, but are applied to the sliding surface of the soil
particles. To determine the orientation of these surfaces, it is necessary to establish
the deformed state of the soil under cyclic loading.
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Considering that the destruction of the soil under cyclic loading occurs in the space
of the main stresses (Mirsayapov and Koroleva, 2015), it is assumed that Coulomb’s
law relates the projection of forces acting on the ultimate equilibrium surfaces and the
slip surface normal. Then the condition of the soil flow under conditions of triaxial
compression under cyclic loading can be represented as:

[t|=S-tgd(t,t1, N, T) +cot, 11, N, 1), (10)

where S=oy-1-I'+0y-m-m'+03-n-n',t =(oy-1-m' —op-m-1)*+ (03 -
m-n'—o3-n-m)+(oz-n-l'—o,-1-n)?)12

The spatial orientation of the marginal equilibrium area is determined by the
formulas (Mirsayapov and Koroleva 2011):

I I I
P=—ml=_—"n?=_— (11)
I o1 Loy I - o3

where [ is the length of the pile, a, is the size of the cross-section of the pile.
Then taking into account (1), (4), (11) the expression of pushing pressure is
taking the form:

4
ou(N) = A—[Uu(f,fl,N)'COSOll(f,l‘l, N) + 1, (t, 11, N) - A, - sinay (¢, 11, N)]
1
(12)

The regularities of changes in the stress—strain state of the elements of the raft-pile
foundation under cyclic loading were established, taking into account the redistribu-
tion of forces between the side, angular and ordinary piles. A volumetric stress—strain
state is realized in the considered zone. The loss of the bearing capacity of the raft-
pile foundation during cyclic loading occurs under the condition that the maximum
stress state is reached in 2 zones: in the soil under the raft and in the soil under the
lower end of the pile.

Defined regularities of soil deformation under the raft, along the lateral surface
of piles and under the lower plane of piles refer to non-water-saturated soils under
the action of cyclic loads, for which no account of inertial forces is required.

In cases where raft-pile foundations are based on water-saturated soils, it is neces-
sary to take into account the influence of vibration creep deformations of primary
consolidation associated with the squeezing of bound and loosely bound water from
the pores of the soil. In addition, it will also be necessary to clarify the effect of the
rate of application of the load on the rate of deformation of the primary consolidation.
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4 Conclusions

1. The performed analytical studies allowed us to define the main regularities of
deformation, taking into account the redistribution of forces between extreme,
angular and ordinary piles. According to them, the main reason for the redis-
tribution is the penetration sediment, which is determined for the stage when
tangential stresses along the lateral surface are absent in the upper and middle
parts of the pile due to the achievement of the maximum shear resistance. The
penetration of the soil under the tip of the pile occurs when the stress under the
fifth pile and under the plate grillage exceeds the fatigue strength of the soil under
triaxial cyclic compression.

2. The equations of the bearing capacity of the raft-pile foundation under cyclic
loading have been developed. The obtained equation of the mechanical state of
the raft-pile foundation describes the basic laws of the behavior of such founda-
tions observed in experiments at various loading stages. It allows assessing the
settlement of raft-pile foundations during cyclic loading reliably.

3. A computational model describing the redistribution of forces between angular,
extreme and ordinary piles of a raft-pile foundation has been developed. Compar-
ison of the calculation results with the data of experimental studies of pile founda-
tions showed good convergence between the calculated and experimental values
(deviation of no more than 15%).
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Improvement of Technology and Quality M)
Control of 3DCP o

Rustem Mukhametrakhimov ® and Liliya Ziganshina

Abstract Relevance of the problem being solved is caused by the imperfection
of 3DCP products, which is expressed in the formation of defects and deviations,
one of the reasons for which is the lack of a quality control system for 3DCP. The
purpose of the research is to develop the sequence of operations and control tools
for the additive manufacturing (3DCP). Influence of the features of CAD-model
preparation, rheological and technological characteristics of the mixture (mobility
and yield strength) on the quality of construction products printed on a 3D printer has
been studied. It is necessary to take into account the features in the formation of the
G-code of a CAD-model to obtain products on a 3D printer with the required length:
elongation of the sample by an amount caused by the spreading of the raw mixture,
as well as elongation of the sample by the distance from the center of gravity of the
extruded raw mixture to its face in the initial and end positions of the nozzle. Non-
mobile mixtures are characterized mainly by the formation of defects in the form of
geometry violation, violation of linearity, gaps between layers and along the layer
length, thickness variation, and the absence of spreading. More mobile mixtures are
characterized by a greater degree of formation of defects in the form of geometry
violations, violation of linearity, thickness variation, spreading, however, there are no
defects as gaps between layers and along the length of the layer. The dependence of
the geometric deviations of the length of printed sample, which is a multilayer strip,
on the yield strength of the mixture, under constant 3D printing modes, is expressed
by a linear function Al = —0.5276 - t_0 + 168.31. Based on the identified features
of 3DCP, the main provisions for the organization and implementation of quality
control of 3DCP are proposed, which establish the sequence of operations and means
of control during the production of works. Significance of the obtained results for
the construction industry is to reduce the defects in 3DCP products by improving the
quality control system in additive manufacturing, taking into account the influence
of the features of CAD-modeling, rheological and technological characteristics of
the mixture, as well as the sequence of operations and control tools during incoming,
operational and acceptance control.
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Keywords Concrete - Rheology * 3D printing + 3DCP - Additive technologies -
Construction technology and management - Quality control

1 Introduction

Various industries, in particular construction, include wide application of innova-
tive technologies aimed at the development and implementation of automation and
robotization in production [1-7].

One of such actively developing innovative technologies in construction is the use
of additive technological processes that make it possible to produce items, structures,
frames of buildings and facilities based on the creation of a physical object from a
CAD-model by adding material, usually layer by layer, in contrast to subtractive
production (mechanical processing) and traditional molding production (casting,
stamping) [8].

The prospects for superiority of additive technologies in the construction industry
as compared with traditional approaches are noted by many authors [9—13] due to the
significant reduction of construction time and labor costs, the possibility of manufac-
turing products of different configurations, the absence of significant waste during
production, economic benefits, ensuring environmental protection and improved life
safety during the production process.

3DCP technologies are studied at various scientific schools, the main of which are
Eindhoven University of Technology [14—16], Swinburne University of Technology
[17-19], Singapore Centre for 3D Printing [20-22] Moscow State University of
Civil Engineering [23-25], Belgorod State Technological University named after
V.G. Shukhov [4, 26-33], Voronezh State Technical University [34-36], Kazan State
University of Architecture and Engineering [37—45] and others.

According to the Russian State Standard GOST 57590-2017 [46], there are seven
major categories of additive manufacturing (photopolymerization in a bath, mate-
rial jetting, binder jetting, synthesis on a substrate, material extrusion, directed
energy deposition, and sheet lamination). The layered extrusion of material using
raw mixtures based on mineral binders, mainly Portland cement, is most widespread
in construction [23, 40, 41, 47-51].

The technology of concrete molding by layered extrusion is a set of interrelated
processes and methods for processing of raw components. The key elements of the
technology are raw materials, energy and equipment, which are closely interrelated
and conditioned by economic and scientific and technical aspects [52].

The works of V.I. Telichenko, O.M. Terentyev, A.A. Lapidus [53] show that
the technology of additive construction manufacturing from the scientific point of
view considers the theoretical foundations, methods and techniques of construction
processes that ensure the processing of semi-finished products (mortar and concrete
mixtures) with qualitative changes in their conditions, physical and mechanical
properties, geometric dimensions to obtain products of the desired quality.
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Several works indicate a significant expansion of the applications of additive
manufacturing in construction. However, it should be noted that the construc-
tion products are characterized by defects and deviations, manifested in mixture
spreading, the presence of gaps, bends, voids, reduced cracking resistance, etc. [38,
40, 54-56], one of the reasons for which is imperfect quality control system in 3D
printing.

Moreover, some requirements to quality control methods for products obtained
by additive manufacturing technologies (including construction 3D-printing) are
presented in [57], but these requirements are general, and the scope of the stan-
dard applies to a wide range of the existing additive manufacturing technologies,
without considering the technological features of each of them.

Thus, of particular relevance are the studies on the peculiarities of production tech-
nology and work quality control in additive manufacturing of construction products
by the layered extrusion (3D-printing).

This work aims to develop the set of operations and controls for additive
manufacturing of construction products by layered extrusion (3D-printing).

The following tasks should be solved:

— To study the influence of raw mixture mobility on the quality of construction
products produced by layered extrusion (3D-printing);

— To determine the peculiarities of G-code formation of three-dimensional digital
model and the mixture spreading in the process of extrusion on geometric
deviations of cured composites;

— To establish the relationship between the geometric deviations of the printed
product length in a form of multilayer strips, and the yield strength of the mixture
at constant modes of 3D-printing;

— To develop the basic provisions for the organization and implementation of quality
control during the erection of construction products by 3D-printing, establishing
the sequence of operations and means of control during the production of work.

The object of the research is the processes of additive construction manufacturing.
The subject of research is controlled operations, methods, scope and means of
control of additive construction manufacturing.

2 Materials and Methods

The research was performed in the laboratory of additive technologies of construction
manufacturing at the Kazan State University of Architecture and Engineering.

During creation of construction products by layered extrusion (3D-printing) the
following sequence of technological operations was carried out:

1. Creation of digital three-dimensional model of the object;
2. Dividing the model into layers in the cross section;
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3. Converting the model into digital data in the G-code programming language that
allows modeling, code generation and 3D printer control;

4. Preparation of the raw mixture with the specified properties and its feeding into

the removable storage hopper of the construction 3D-printer;

Transfer of the developed code to the print head extruder;

Layered extrusion of the raw mixture in accordance with the set digital 3D model;

Material curing until object (product) formation is completed;

Post-processing: removal of supporting structure (if necessary).

S AN

For 3D-printing, a raw mixture with the following initial components was used:

a) Portland cement: CEM 142,5 H produced by Sukholozhskcement (SLK Cement
holding) which meets the Russian State Standard 31108-2016;

b) Fine aggregate: quartz sand with particle size modulus Mk = 2.3 which meets
the Russian State Standard 8736-2014;

c) Tap drinking water that meets the requirements of the Russian State Standard
23732-2011.

Mixing of the components of the raw mixture was carried out in a compulsory
concrete mixer for 10 min until a homogeneous mass was obtained.

Mobility of the mixture was determined in accordance with the requirements of
the Russian State Standard 5802-86 by the depth of the reference cone immersion.

The yield strength of the mixture was determined at the boundary of gravity
flowability using a simple viscometer, which is a hollow cylinder of polypropylene
with a height of 200 mm and an inner diameter of 105 mm, in accordance with [58].

3D-printing of samples from the raw mixture was carried out by layered extru-
sion using the portal shop building “AMT S-6044" 3D-printer (LLC “SPECAVIA”,
Yaroslavl), by printing it using a predesigned three-dimensional digital model
(G-code).

The printed samples were cured for 28 days in natural conditions at a temperature
of (20 £ 2) °C, relative humidity of (50 &£ 20)%.

Quality control of the 3D-printed product included visual and measuring methods.
The measuring control was carried out with a metal ruler according to the Russian
State Standard 427-75, a metal tape measure according to the Russian State Standard
7502-98, and a magnifying glass according to the Russian State Standard 25706-83.

3 Results and Discussions

The products created using a construction 3D printer must meet the requirements
of design and regulatory documents, deviation from which can lead to low-quality
products with various defects that can be caused by non-optimal composition of
concrete mixtures and technological parameters (mobility).

At the first stage, studied were the role of preparation of digital model and the
influence of mobility and yield strength of the mixture on the quality of construction
products printed on a 3D printer.
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The quality of 3D-printed products of three compositions with various mobilities
was studied:

Composition No. 1 had excessive mobility and low yield strength,

Composition No. 2 had insufficient mobility and high yield strength,

Composition No. 3 had mobility and yield strength close to the optimal values.
The test results of the 3D-printed bench are shown in Fig. 1 and Table 1.

Figure 1 shows that the most optimal mixture for extrusion on the examined
3D printer is the mixture of composition No. 3, while its use does not exclude the
formation of defects in 3D-printing. The detected defects of the 3D-printed product
from the raw mixture of composition No. 3 are shown in Fig. 2.

Table 1 and Figs. 1 and 2 show that the mobility and yield strength of the mixture
have a significant impact on the quality of construction products printed on a 3D
printer. The mixture with excessive mobility and the lowest yield strength has the
highest degree of defect formation in the form of geometric defects, violation of
linearity, thickness variation, and spreading, while there are no defects in the form
of gaps between layers and along the layer length. Mixture composition No. 2 with
insufficient mobility and high yield strength compared to the composition No. 2
is characterized by the presence of defects in the form of violations of geometry,

a) b)

Fig. 1 3D printing of the product with raw mixtures of various mobilities: a mixture of composition
No. 1; b mixture of composition No. 2; ¢ mixture of composition No. 3

Table 1 Results of visual and measuring control of products printed using the 3D printer

Defect type Defect characteristics

Composition No. 1 | Composition No. 2 | Composition No. 3
1 2 3 4
Geometry violation More significant Significant Significant
Violation of linearity More significant Significant Significant
Gaps between layers Not detected Significant Insignificant
Gaps along the layer length | Not detected Significant Not detected
Thickness variation More significant Significant Not detected
Spreading More significant Not detected Significant

Note—The defects were characterized by the criteria: more significant/significant/insignificant
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c) deviation of the height of the d) deviation of the product length and
product layers from the design value width from the design value, the influx
in the starting point

e) blowholes at local areas ) shriﬁkage cracks at local areas

Fig. 2 Defects of a 3D-printed product

violation of linearity, gaps between layers and the layer length, thickness variation,
while spreading was not detected. Mixture composition No. 3 with mobility and
yield strength close to the optimal values is the least susceptible to the formation of
these types of defects.
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At the second stage, the influence of features of the modeling of the digital model
of the product on the quality of construction products printed on a 3D printer was
investigated.

It was found that the formation of defects in the form of deviations of geometric
parameters of the printed product was associated not only with the mobility of
the concrete mixture, but also with some features of G-code generation of three-
dimensional digital model of the sample and the process of its 3D-printing (Fig. 3,
expression 1): 1) the design (set) length of the sample (Lq) is the distance between
the points of the center of gravity of the extruded raw mixture at the initial and final
positions of the 3D printer nozzle during printing; 2) the actual sample length is the
sum of the design (set) sample length (Lg), the lengths (L , ) caused by the spreading
of the raw mixture, and the distance from the center of gravity of the extruded raw
mixture to its edge (a/2) at the initial and final nozzle positions. In this case, with
increasing mobility, the length (L, ) caused by the spreading of the raw material
mixture increases.

Ld=Ln—(%-2+Ls,m,-2) 1)

The deviation of the length (Al) of the printed product in this case will be as
follows:

Al=%'2+Ls.m.'2 )

In practice, the first term of expression (2) can be adjusted when creating the
control program of the printed object (i.e. by adjusting the G-code of the digital
model), so it can be neglected. Then the expression (2) will be described by the
following function (3):

Beginning End

|

Nozzle of the 3D printer

_, Raw mixture

2

Ld. Ll |Ls.m.
i a/2

a2

Fig. 3 The scheme to determine the actual length of 3D-printed samples [38]
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Al = f(Lsm.) 3)

To determine the equation of the revealed function (3), the effect of the yield
strength of the mortar mixture on the deviation of the printed product length was
studied. The G-code of the sample was a 400 mm long strip, the number of printed
layers was 4. The yield strength of mixture was taken as the variable factor X, and
the deviation of the printed product length was taken as the response function Y. The
results obtained are shown in Fig. 4.

Figure 4 shows that for the sample in a form of a 4 layers strip, the printed product
length linearly depends on the yield strength according to the following Eq. (4):

Al = —0.5276 - 1o + 168.31 “)

The deviation of the printed sample length is higher for the lower yield strength
of mixture. The obtained equation will make it possible to predict the deviation of
the printed product length on the mixture mobility, the yield strength, and to print
products with the design length.

At the third stage, based on the analysis of available data, the sequence of oper-
ations and means of control during the manufacturing of construction products
by layered extrusion (3D-printing) during incoming, operational and acceptance
inspections were systematized.

Incoming inspection provides control of the used construction materials, prod-
ucts, structures, semi-finished products and equipment by checking their compliance
with the quality indicators of materials, products and equipment of the requirements
of regulatory documents specified in the design documentation and (or) the contract
for the contractor, as well as the availability of supporting documents confirming this
quality. The incoming inspection is performed by the builder and the person who
carries out the construction.

The results of incoming inspection should be documented in the logs of incoming
inspection and laboratory tests.

Fig. 4 Relationship between
the printed product length 160

deviation and the yield 51 140
strength of mixture Es y=-0.5276x + 168.31
=E 120 R?=0.9961
@
L=
=%, 100
°g
g
B2 60
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The readiness and serviceability of the control program of the printed object is
checked for its uninterrupted reproduction by the 3D printer, excluding the occurrence
of errors that lead to failures during 3D-printing.

Where appropriate, supporting structures in the form of laminated plywood
substrates, temporary bonding elements, etc. can be used during the 3D printing
process. The working surfaces of these structures must be free of chips, blowholes,
voids and other defects and must be cleaned of dirt and dust before use. They must be
designed to ensure their removal without damaging the printed product upon comple-
tion of 3D-printing, i.e. the surfaces of supporting structures that are in contact with
concrete must have minimal adhesion to the printed concrete.

In addition, the marking of the extrusion start point on the surface of the base,
supporting structure (if any) is subject to control to ensure 3D-printing of the object
within the working area of the 3D printer.

The sequence of operations and means of control during the manufacturing of
construction products by layered extrusion (3D-printing) for the incoming quality
control are shown in Table 2.

Table 2 The sequence of operations and means of control during the manufacturing of construction
products by layered extrusion (3D-printing) for the incoming quality control

Processes under Operations to be Inspection (method, Documents

control controlled volume)

Preparation works | — Readiness and Visual Passports (certificates),
operability of the general work log

control program of the
printed object;

— Availability of quality | The same
documents for the
components of the raw
mixture (ready-made
dry mixtures),
supporting structure (if

applicable);

— Quality of the base Visual, Measuring
preparation;

— Readiness of all Visual

mechanisms and
devices that ensure the
production of works
with the construction
3D printer;

— Marking of the Visual, Measuring
extrusion starting
point on the surface of
the base, supporting
structure (if any)

Measuring tools: tape measure, plumb line, metal ruler
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Operational Inspection. Operational quality control is carried out by the builder
(technical customer) and the person who carries out the construction.

The technological process should be organized based on the technical capabilities
and characteristics of the equipment used (CAD units), modes of 3D-printing, dura-
tion of technological operations and pauses during 3D-printing of the product based
on the technological and rheological characteristics of the concrete mixture used.

The sequence of operations and means of control during the manufacturing of
construction products by layered extrusion (3D-printing) for the operational quality
control are shown in Table 3.

Acceptance Control. During the acceptance control of construction products
erected by layered extrusion (3D-printing), it is necessary to check the quality of
performed construction and erection works as well as of hidden works and separate
structural elements with drawing up the acts of certification of hidden works and the
act of intermediate acceptance of critical structures.

Table 3 The sequence of operations and means of control during the manufacturing of construction
products by layered extrusion (3D-printing) for the operational quality control

Processes under control | Operations to be Inspection (method, | Documents
controlled volume)

Concrete mixture — Dosing accuracy of Laboratory General work log,

preparation, extrusion the concrete mixture concrete work log

(3D printing), concrete components;

hardening — Properties of the The same

prepared concrete
mixture (mobility,
yield strength,
stability of properties,
etc.);

— Specified extrusion Technical inspection
modes (extrusion
speed, the speed of
the 3D printer’s print
head motion);

— Length, height and Visual, measuring
width of printed
layers;

— Temperature and Measuring
humidity conditions
of concrete hardening
according to the
requirements of the
work program

Measuring tools: tape measure, plumb line, metal ruler, level, laser level, pocket penetrometer

Operational control is carried out by master (foreman), laboratory post engineer, surveyor
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Table 4 The sequence of operations and means of control during the manufacturing of the
erected construction products by the layered extrusion (3D-printing) when performing the quality
acceptance inspection

Processes under Operations to be Inspection (method, Documents

control controlled volume)

Acceptance of — Compliance of Visual, Measuring General work log,

completed work geometric parameters geodetic executive
with the design scheme
parameters;

— Quality of the concrete | The same
surface, including after
its post-treatment;

— The actual concrete Laboratory
strength;

— Compliance with the Visual, Measuring
design position of the
erected structures
(deviation from the
coaxiality of vertical
structures, deviations
from linearity and
flatness)

Measuring tools: tape measure, plumb line, metal ruler, level, laser level

Acceptance control is carried out by master (foreman), laboratory post engineer, surveyor
during the work, representatives of the technical supervision of the customer

Technical criteria of the quality acceptance inspection of the erected construc-
tion products by the layered extrusion (3D-printing) when performing the quality
acceptance inspection are given in Table 4.

4 Conclusions

1. The influence of raw mixture mobility on the quality of construction prod-
ucts obtained by layered extrusion (3D-printing) was established. Low-mobility
mixtures are mainly characterized by formation of defects in the form of violation
of geometry, violation of linearity, gaps between the layers and along the length
of the layer, thickness variation, lack of spreading. More mobile mixtures are
characterized by a greater degree of defect formation in the form of geometric
defects, violation of linearity, thickness variation, spreading, but defects in the
form of gaps between layers and along the length of the layer were not detected.

2. It was found that to obtain products with the required geometric dimensions, it
is necessary to consider the features during the formation of the G-code of the
3D digital model and the mixture spreading in the process of extrusion. It was
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found that the actual length of the 3D-printed product consists of 1) the designed
(set) length of the sample (Ld)—the distance between the points of the center
of gravity of the extruded raw mixture in the initial and the final positions of
the 3D-printer nozzle; 2) distances from the center of gravity of the extruded
raw mixture to its edge (a/2) in the initial and final positions of the nozzle; 3)
the length (Ls.m.) caused by the spreading of the raw mixture. To some extent,
these features can be compensated by adjusting the technological parameters of
3D-printing (nozzle diameter, spindle speed, feed rate, etc.).

A product printed by layered extrusion using a portal-type 3D printer with an
uncontrolled form of the extruded layer (without nozzle guides) in a form of
multilayer strips of cement-sand mortar was found to have the geometric devi-
ations of the length from the design value. For the nozzle diameter of 25 mm,
extrusion speed of 20,000 units, extruder speed of 7000 units these deviations are
expressed as a linear dependence on the yield strength of a fine-grained concrete
mixture Al = —0.5276 - 10 + 168.31. Reducing the yield strength from 208 to
29 Pa leads to a decrease in geometric deviations of the length of the printed
samples by 23.75%.

Developed were the basic provisions for the organization and implementation of
quality control in the manufacturing of building products by 3D-printing, which
establish the sequence of operations and means of control during the production
of works.
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Clay Soil Deformations Under Regime )
Long-Term Triaxial Compression Taking | @i
into Account Initial Defects

Ilizar Mirsayapov @ and Niyaz Aysin

Abstract The arrangement of deep pits leads to a change in the stress—strain state
of the soil mass within the radius of the zone of influence. This is caused by the
unloading of the base during excavation, horizontal movement of the walls of the
pit, technological factors. When entering the zone of existing buildings, there is a
need for an assessment and geotechnical forecast of the behaviour of the soils of the
foundations of existing buildings and structures. At the same time, it is necessary to
take into account existing and newly arisen defects and damage to soils. The purpose
of the study is to determine, based on laboratory studies, the dependences of the main
deformation characteristics of clay soil with existing defects, for this it is necessary:
to conduct an experimental study with triaxial compression of clay samples with
cracks and without cracks; to establish the features of the development of cracks
in the structure of the clay sample; to establish the features of the development of
deformations of clay soil with cracks with triaxial compression. Based on the results
of the study, new data on the affect of defects in soil samples were obtained. Based on
the research results, the dependences of the main deformation characteristics of clay
soil are constructed. The significance of the results obtained for the construction
industry lies in the fact that they make it possible to more accurately assess the
settlement of foundations when constructing deep pits near existing buildings.

Keywords Clay soil + Deformations + Microcracks « Macrocracks - Bearing
capacity - Rheology of soils

1 Introduction

The process of destruction and development of nonlinear deformations of clay soil
under triaxial compression is accompanied by the formation and development of

I. Mirsayapov (X)) - N. Aysin
Kazan State University of Architecture and Engineering, 420043 Kazan, Russia
e-mail: mirsayapov] @mail.ru

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 99
N. Vatin (ed.), Proceedings of STCCE 2022, Lecture Notes in Civil Engineering 291,
https://doi.org/10.1007/978-3-031-14623-7_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-14623-7_8&domain=pdf
http://orcid.org/0000-0002-6193-0928
http://orcid.org/0000-0002-8776-768X
mailto:mirsayapov1@mail.ru
https://doi.org/10.1007/978-3-031-14623-7_8

100 I. Mirsayapov and N. Aysin

micro- and macro-cracks in the planes of ultimate equilibrium. Micro- and macro-
cracks in the soil structure affect the deformation and strength of the soil under
prolonged loading.

Libin Gong et al. [1] studied the modeling of rocky soil, the cracks of which are
filled with a weaker type of soil, in which the degree of water saturation of the filler
significantly affects the shear strength and the stability of the soil. For the first time
using Fast Lagrangian Analysis of Continua (FLAC) numerical software, a series of
direct shear tests with constant water content was carried out on unsaturated filled
butt soil using numerical software. According to the literature review, the initial water
saturation of the filler and shear rate, joint roughness, filling thickness and normal
stress affect the shear strength of the joint.

Emil Sobdl et al. [2, 3] studied 15 different Warsaw clays. The collected data
allowed the authors to create empirical models describing the characteristics of
rigidity with high reliability. Combined empirical models allow us to estimate the
value of the shear modulus of a connected soil in a wide range of shear deformations
with high accuracy. As a result of the study, it was found that the maximum shear
modulus increases with the average effective pressure. The plasticity number had a
negligible effect on the Gmax value, and depends on the effective stress p’ and the
void ratio e. Shear deformation had the greatest impact on the shear modulus and
normalized shear modulus degradation curves. With an increase in both plasticity
and effective stress, the nonlinear threshold strain shifted to a higher shear strain.
However, the average effective stress (p’) had a noticeably smaller effect on the elastic
range of shear deformation than the plasticity index (Py).

Clay soils have pronounced rheological properties, which vary depending on the
degree of damage to the structure with initial defects and damages. A relatively small
number of works study the influence of defects in the form of micro- and macro-
cracks on the rheological properties of soils. The issues of changing the strength and
deformability of clay soils with initial defects and damages under prolonged regime
static loading have not been practically studied [4-8].

When designing and building, it is necessary to avoid uneven precipitation. In
the article by Heng Zhang et al. [9], an analytical solution based on the Laplace
integral transformation method has been developed for predicting long-term uneven
precipitation of buildings on non-rock soil foundations. The methodology is based
on Laplace integral transformation and the theory of viscoelasticity. It combines an
analytical solution with a finite element method for a solution taking into account the
sequence of construction and loading. The accuracy of the analytical solution based
on the integral Laplace transform is confirmed by the monitoring results.

In clay soils under triaxial compression, stresses and deformations vary depending
on the stress level, the ratio of vertical and horizontal stresses, the duration of the
load, the trajectory and the size of the initial structural defects [10—13]. Therefore,
the stress to strain ratio is not constant, and changes, even if one of these quantities
does not change over time and the other (stress or strain) changes.
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In connection with the above, it becomes necessary to establish patterns of changes
in the strength and deformability of soils, taking into account changes in long-
term loading modes and the influence of existing defects and damages, for this it
is necessary to solve a number of tasks:

1. To conduct an experimental study with triaxial compression of clay samples with
cracks and without cracks;

2. To establish the features of the development of cracks in the structure of the clay
sample;

3. To establish the features of the development of deformations of clay soil with
cracks during triaxial compression.

2 Materials and Methods

The tests were carried out on a true triaxial compression device with rigid walls. The
device was developed at the department [14, 15]. Loads are transferred to the soil
sample using mechanical levers, which ensures constant pressure when the sample is
deformed. The tests were carried out at the same lateral pressure. Vertical o1 stresses
were applied to the sample with a given step.

Artificially prepared samples of clay soil were used for testing, having the shape
of a cube with dimensions of 10 x 10 x 10 cm, with the specified characteristics:
density p = 1.91 g/cm?; humidity W = 0.2. To determine the effect of the formation
and development of defects on the strength and deformation of clay soil, artificial
cracks of two types were created (see Fig. 1): 1—one crack in the assumed plane of
the ultimate equilibrium of the soil; 2—in the form of two intersecting cracks in two
planes of ultimate equilibrium.

Fig. 1 Samples with cracks in the equilibrium planes: a with one crack; b with two intersecting
cracks in two equilibrium planes
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To establish the regularities of the development of deformations under regime
long-term triaxial loads, three series of soil samples were tested at a given value of
all-round pressure.

Movements, coaxial with the applied loads, were measured by hour-type indi-
cators. The values of deformations were determined by calculation. At the initial
stage, the soil sample was subjected to comprehensive compression 6; = 0, = 03
= 160 kPa. After stabilization of axial deformations at constant values of lateral
stresses 0y = 03 = 160 kPa, a vertical load was applied to the sample. Each loading
stage was sustained then the next load level was applied until the ultimate strength
was reached.

The deformations of the sample were recorded at certain time intervals for the
accepted loading time in this block.

3 Results

Within each block of regime long-term static loading there was an increase in linear
vertical deformations, shear deformations, as well as a change in the intensity of
shear deformations, the modulus of vertical deformations and the shear modulus,
indirectly characterizing the change in the strength and deformation characteristics
of soils during loading.

Graphs based on the results of triaxial long-term regime loads show that at the stage
of comprehensive compression, lateral deformations grow more intensively than
vertical ones (see Fig. 2). The maximum value of lateral deformations is reached at the
moment when vertical deformations make up 25-30% of the maximum deformations
during fracture. A noticeable increase in vertical linear deformations begins at o, >
0.3 Oult-

In the blocks of regime long-term loading there was an increase in vertical defor-
mations both at the stage of comprehensive and at the stage of deviatory loading.
Analysis of the development schedule of vertical deformations shows that they
develop throughout the tests with varying intensity. The most intensive develop-
ment of vertical deformations occurs at the stage of deviatory loading in the range
of vertical stresses from 300 to 880 kPa. At this interval of deviatory loading, the
maximum vertical deformations were in samples with two cracks, the minimum
deformations were in samples without cracks (see Fig. 3a). This is explained by the
fact that samples without cracks resisted the formation of a shear plane along the face
of the compacted pyramids, and in samples with cracks, the stress deviator causes
only the displacement of the compacted pyramids.

Horizontal deformations &, and &, also developed throughout the long-term devia-
tory loading with different intensity. As the charts show (see Fig. 3b), the highest value
of horizontal deformations is observed in samples with two cracks, the minimum
deformations are observed in samples without cracks. The analysis of the graphs
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Fig. 2 Deformation of samples: a without cracks; b with one crack; ¢ with two cracks
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of the development of horizontal deformations shows that the most intensive devel-
opment of horizontal deformations occurs in the stress range of 500-800 kPa of
deviatory loading.

The results of experimental studies show that the greatest values of the intensity
of shear deformations were in samples with one crack and the minimum values of
the intensity of shear deformations in samples without cracks (see Fig. 3c).

At the stage of deviatory loading, the linear modulus of vertical deformations,
the shear modulus and the volumetric modulus of deformations decreased on all
blocks of regime loading (see Fig. 4). The most intensive decrease in the modulus of
vertical deformations occurred in samples without cracks. In the samples with one
and two cracks, the decrease in the modulus of vertical deformations occurred more
smoothly than in the samples without cracks. The same situation can be seen with
the volumetric modulus of deformations. Due to the fact that the initial cracks led
to a more intensive growth of all components of deformations, the decrease in the
volume modulus of deformations was smooth with an increase in the stress deviator.

4 Discussions

Analysis of the graphs of the development of vertical deformations shows that the
most intensive development of deformations occurred at the initial stage within the
first loading block (approximately # = 0, hour), then there was a relative stabiliza-
tion of the development of deformations, but complete stabilization did not occur. It
should be noted that the most intensive development of deformations was observed
in samples with two cross artificial cracks and less intensive development of defor-
mations was observed in samples without initial cracks, and in samples with one
artificial crack deformations were about two times less than in samples with two arti-
ficial cracks. During the transition to the next loading block, at the time of the change
(increase) of the deviator, an increase in the total vertical deformations occurred, then,
as in the first loading block, the most intense loading and stabilization of deforma-
tions occurred within the second block. In subsequent loading blocks, the above
patterns were repeated. At the same time, in each subsequent block, in general, the
intensity of deformation development was less than in the previous block.

Linear horizontal deformations had approximately the same patterns of develop-
ment within each block. At the same time, the following pattern should be noted:
at the time of the deviator increase, the transverse deformations decreased by an
amount up to 3.25 - 1074, Then the initial value was restored during t = 24 h, and a
further increase in horizontal deformations occurred.

The development of shear deformations had its own characteristics:

1. At the initial stage, there was an increase in shear deformations as horizontal
linear deformations also increased.

2. At the time of the increase in the stress deviator, there was an abrupt decrease in
shear deformations similar to transverse deformations.
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3. Then there was a stabilization of shear deformations and their further growth.
Then they exceeded the shear deformations in the previous block. The main
reason for this is the degradation of the soil structure, the rotation of the equilib-
rium plane and the deviation of the resultant tangential stresses from the plane
of ultimate equilibrium.

The results of these experimental studies make it possible to increase the accuracy
of calculations up to two times, compared with other methods. The need for such
calculations is confirmed by the demand for such cases in the construction field [16].
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5 Conclusions

The performed experimental studies of three series of clay samples in a cubic
stabilometer under conditions of long-term regime static loading allowed us to
establish the following basic patterns of behaviour of clay soils under load:

1.

The main regularities of changes in the basic physical and mechanical prop-
erties of soils under triaxial loading are that under such loads, cracks develop
along the planes of ultimate equilibrium and leads to a decrease in the strength
characteristics of the soil.

During the test, the main regularities of the development of initial defects in the
form of cracks in the planes of ultimate equilibrium both in length and width
were established. The rate of crack development depends on the rate of change
of the vertical stress deviator and the change in the lateral pressure.

The initial defects of clay soil samples in the form of one or two cracks located
in the planes of extreme equilibrium led to an increase in vertical, horizontal
deformations and the intensity of shear deformations, regardless of the loading
mode, compared with samples without initial defects.
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Special Aspects of Stress—Strain Analysis )
of Combined Piled-Raft Foundation ek
Under Performance Static and Cyclic

Loading

Mirsayapov Ilizar Talgatovich® and Garaev Almaz Ilgamovich

Abstract Purpose of the study consists in consideration of different special aspects
of stress—strain analysis of combined piled-raft foundation (CPRF) under various
kinds of loading. Central objective of the present study is analysis of current methods
of calculation combined piled-raft foundation under various kinds of loading. Topi-
cality of this problem is conditioned by the absence of calculation methodology that
would be reliable to give an account of collaborative work of combined piled-raft
foundation and subsoil surrounding it under performance cyclic loading. With that
current calculation methodologies are developed for the case of cyclic loading with
characteristics constant in time. Meanwhile under actual usage conditions of various
buildings characteristics of cyclic loading change on different process steps.

We undertook theoretical study of varied calculation methodologies of load
capacity and settlement of combined piled-raft foundation depending on different
kinds of stress—strain state interaction and change that happens between basic
elements of combined piled-raft foundation and soil in-situ surrounding it, and also
between elements with one another under various kinds of loading.

Significance of findings for construction industry lies in the fact that analysis
of varied calculation methods of stress—strain state of combined piled-raft foun-
dation under different kinds of loading helps to give an appraisal of different
authors’ approaches to these calculations and determine what conditions of system
“foundation—soil in-situ” are still open and under what kinds of loading.

Keywords Combined piled-raft foundation - Pile + Foundation slab - Settlement *
Load capacity
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1 Introduction

One of the most valid methods of load capacity increase at large load levels and
negative soil conditions is usage of CPRF. During civil and structural design an
important objective consists in load capacity appraisal and projected growth of foun-
dation settlement. Determination of stress—strain state of CPRF represents a task
with several unknowns because there are materials with different structural and
stress-related properties at subfoundation, and all of these deformations round into
conditions [1-4].

Special aspects of CPRF calculation consists in system “foundation—soil in-situ”
solution. In solving of this system it is necessary to answer such questions as deter-
mination of foundation settlement (settlement of slab foundation and pile group),
determination of stress pattern and deformations development at collaborative work
of combined piled-raft foundation and subsoil surrounding it, and also elements of
CPRF with one another under performance cyclic loading [5, 6].

Methodology for CPRF settlement determination is offered at existing specifica-
tion document SP 24.13330.2011 and at the papers of such authors as Mirsayapov L. T.
and SHakirov MLL. [7-10], Mangushev R. A. and Fadeev A. B. [11], Ter-Martirosyan
Z.G.,CHin’ T. V. [12], Samorodov A.V. [13]. For all these methodologies it is signif-
icant that for CPRF calculation consideration must be given to various kinds of the
interaction between pile and subsoil, slab and subsoil, the effect of piles against each
other through subsoil and mutual influence of piles and the mat.

Methodology for CPRF load capacity determination is offered at the papers of
such authors as Mirsayapov 1. T. and SHakirov M.IL. [7, 8], Artem’ev D. A. [14],
Samorodov A.V. [13].

Behavior of CPRF elements with surrounding soil mass during stress—strain anal-
ysis of combined piled-raft foundation was observed by many authors. For example,
during CPREF settlement determination different effects and special aspects are taken
into account, one of these aspects is additional CPRF settlement at the expense of
pile shaft deformation. By such authors as Ter-Martirosyan Z. G. and CHin’ T. V.
at the study [15], at the study [16] by authors Utkin V. S., Sushev L. A., Solov’ev
S. A. methodology of pile settlement determination at the expense of pile shaft
compression with account for friction forces at approach surface was offered. Based
on experimental investigations in the study [17] by Gotman A. L. and Gavrikov M.
D. the methodology of pile shaft settlement determination with arising of additional
settlements of pile shaft with load increase was developed. At the study by Gotman
N. Z., Alekhin V. S. Sergeev F. V. [18] determination method of soil load capacity
under pile base of pile group content is observed. The way of stress—strain state
determination is based on research results carried out for the pile in content of pile
group and for one pile.

Findings of calculation methodology helps to observe stress—strain state change of
system “combined piled-raft foundation—soil in-situ” under short-time static loading
and constant cyclic loading and do not observe loading changes that vary on different
steps of buildings and structures operation, which is an important problem today. In
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connection with this the purpose of the research is methodology development of
stress—strain state of combined piled-raft foundation calculation under performance
cyclic loading. In the furtherance of this goal it is necessary to:

— study calculation methodology of stress—strain state of combined piled-raft
foundation under static loading;

— study calculation methodology of stress—strain state of combined piled-raft
foundation and soil basement performance cyclic loading;

— study calculation methodology of load capacity and settlement of combined piled-
raft foundation with account for stress—strain state change under performance
cyclic loading.

2 Materials and Methods

In determining stress—strain state of combined piled-raft foundation under various
loadings it is necessary to consider different kinds of interaction that appear in process
of their combined deforming. These special aspects were observed by the authors
during settlement and load capacity determination of combined piled-raft foundation
by the way of “combined piled-raft foundation—soil in-situ” system observing.

Calculation Methodology of Combined Piled-Raft Foundation Settle-
ment. Calculation methodology offered in SP 24.13330.2011 consists in definition
of three parts:

s =Ser + As, + As, (D)

where

ser—relative foundation settlement;
Asp—additional settlement based on pile piercing;
Asc—additional settlement based on pile shaft compression.

Calculation of relative foundation settlement s, is carried out by summing up
deformations layer-by-layer of line-deformated foundation with relative limitation
of compressed width in according with SP 22.13330.2016.

Ground distortion of piercing As,, is an inconstant value and depends on pile step
in combined piled-raft foundation. Calculation is carried out by the cellular method
in elastic—plastic position.

Settlement computation at the expense of pile shaft compression lies in the fact
that pile shaft compression takes place under the influence of external load by linear
deformation relation.

In the studies [7-10] the model consisting of raft foundation rigidly connected
with piles and soil mass surrounding it was accepted as a computational model.
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Settlement of combined piled-raft foundation under multitime repeat cyclic
loading is calculated from formula:

S(N) = S (N) + AS,(N) + AS.(N) 2)

where

S¢r(N)—deformation under multitime repeat cyclic loading of relative foundation;
AS),(N)—deformation under multitime repeat cyclic loading at the expense of
pile piercing;

AS.(N)—deformation under multitime repeat cyclic loading at the expense of
pile shaft compression.

Settlement of relative foundation is calculated from the formula:

n

Ser(N) = ) [e24(t,10)] % 3)

i=1
where

h;i—height of i-soil layer;

n—number of soil layers of compressed width;

t—timespan that depends on the beginning moment of reviewing and cycle
numbers of loading N;

&.i(t,t9)—deformations of i-soil layer under cyclic loading;

fo—timespan equal to the period of 1% cycle of loading.

Settlements under repeat loading at the expense of deformation of foot of pile are
determined from the formula:

ol (N)(L—a) | g (V) * (= a)
E, (N Ey(N) , Acy @)
Erp(N) Arp

AS.(N) =

1+

where

E,(N)—coefficient of proportionality between normal stress and relative dilata-
tional momentary-elastic deformation of a pile corresponding to it under multitime
repeat loading;

A.s—pile square made by crossing oblongated body with virtual plane that are
situated perpendicular to each other;

E,,(N)—characteristic of soil changes that appear under various kinds of loading
during multitime repeat loading effect;

epiP(N)—deformations in dispersive soils under continuous dynamic loading
because of interparticle interaction weakening and their mutual repacking;

G, (N)—characteristic of deformability determined by the ratio of shear stress
bent to soil and to shearing angle under multitime repeat loading;
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K, (N)—volume modulus of ground distortion under multitime repeat loading;
o /"*—maximum pressure in pile shaft;

A,,—soil square of the cell;

I—longitudinal size of pile.

Settlement under repeat loading at the expense of pile shaft deformation is
determined by formula:

P;(N) (P3(N) + 2P;(N) cos B) 3K, (N) = G,(N) (5)

ASp(N) = ey [GV(N)_ 3 *3KV(N)_GV(N)

where

P;(N)—pressure in foot of pile;
ace—ypile size made by crossing oblongated body with virtual plane that are
situated perpendicular to each other.

In the study by Fadeev A. B. and Mangushev R. A. [11] settlement of combined
piled-raft foundation (CPRF) is determined by two components:

Spe=S1+ 5% (6)

First component of settlement S; represents settlement of raft foundation and
depends on load share passed to soil basement by raft foundation:

Si={0—-a)Sn (7

where

a—Tload share applied to the pile;
S, —settlement of raft foundation.

Second component of settlement S, represents settlement of a pile and depends
on load share passed by pile and determined by contractility of soil column under
pile:

S =as. ®)

where S.—settlement of a pile.

In the study [12] for CPRF settlement determination the objective about quanti-
tative estimate of stress—strain state of CPRF cell is observed. Settlement of a pile
in composition of CPRF is observed depending on three augends: friction forces T,
loadings at raft foundation P and forces that appear at pile field foundation R. In
connection with high values of pile material rigidity settlements in all three cases are
considered to be identical, videlicet:

Se = S1(T) = $2(P) = S3(R) €))
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Pile settlement S;(7) because of friction forces effect is determined by formula:
Ta
Si1(T) =S8 =Sp + E(b —a) (10)

where

G—shear modulus;

7,—Vvalue of shear strength operated to pile skin;
b—a half of width of CPREF cell;

a—a half of width of a pile section.

Depending on loading R at piled footing foundation settlement of a pile S3(R) is
calculated from formula:

R(1 - WK, _ R -k an

S3(R) =Se = —=0 2aE
where

K ;—coefficient taking into account pile length;
v—Poison’s ratio;
R—a stress arises under pile foot.

In depending on loading P under raft foundation settlement of a pile S,(P) is
calculated from formula:

PL
$2(P) = 7BV 12)

where

L—height of soil column;

B(v)=0.8;

E—modulus of soil deformation.

In the study by Samorodov A. V. [13] generalized Hooke’s law for uniformly
loaded soil layer formed the basis for CPRF settlement determination. Constraint for
settlement of combined piled-raft foundation determination is written as:

Sun+ Sy < S, (13)

where

S,..—settlement of raft foundation;
Sy—settlement of pile field;
S,—maximum allowable settlement.

Calculation Methodology of Load Capacity of Combined Piled-Raft Founda-
tion. In the studies [7, 8] methodology of load capacity determination of CPRF
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under multitime repeat cyclic loading is represented. The model composed of raft
foundation rigidly connected with piles and soil mass surrounding it is taken to be
computational model (Fig. 1c).

Load capacity of CPRF was determined according to the conditions that strain
under the foot of pile P;;(N) and strain on the level of pile head P, ;(N) do not exceed
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Fig.1 Computational models: a cellular method [SP 24.13330.2011]; b Model to settlement of
combined piled-raft foundation determination [11]; ¢ collaboration diagram of combined piled-
raft foundation with soil basement [7]; d Model for determination of settlement of single cell of
combined piled-raft foundation [12]
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ultimate strain in soil o ;,(N):

Py i(N) = 01u(N) (14)

P3i(N) < 014(N) 15)

Strains arising under multitime repeat loading were determined from four
equations of quasi-static and there were received the following equations:
Ground stress under raft foundation is calculated from the formula:

PxAB — py(N) xab

PN) = — e (16)

where

P—uniformly distributed load;
A, B—sizes of the cell;
a, b—sizes of pile section.

The pressure on the level of pile head is expressed in the formula:

P Ggr(N) % AB % (AB — ab) x L % Bgr * (1 - %)+0.33*10(N)*Egr(N)*(A —a) % (AB — ab) % ky

Py(N) = I
@k (1= vgr) xk(l) % (AB — ab)  Egr (N) + ab  Bgr % L % (1 - z) % Ggr(N)
. 0.33 5 70 (N) % Egr (N) % (B — b) % (AB — ab) x ky — 4 0™ £ (V) 515 (AB — ab) x w # (1 — vgr) # k(D)
akwx (1= vgr) xk(l) % (AB — ab)  Egr(N) + ab # Bgr % L * (1 - %) * Ggr(N)
) 0Ny By (N) % SEL w15 (AB — ab)e™ 5 % (1 — vgr) k(D) 17
a*w*(l—vgr)*k(l)*(AB—ab)*Egr(N)+ab*ﬁg,*L*(l—%)*Ggr(N)
where

G—vphysical value characterizing material’s ability to oppose shear deformation;
k(1)—value considering depth of press-tool application on its length;
w—characteristic depending on the form of the cell;

v—elastic constant, ratio of relative constraint to relative longitudinal tension
value;

a = 5/1, where [—length of a pile.

Pressure under a pile foot is calculated from the formula:

Py(N) *4ab +4(a +b) x 1% 28 — 4(q + b) x| % 2D x o=
dab

P3(N) = (18)

where t((N) pressure arising at the expense of lateral abrasion at pile surface under
multitime repeat loading.
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In the study [14] based on the range of bench tests hypothesis about puddled zones
formation was put forward, and on the ground of this hypothesis the methodology
of determination of combined piled-raft foundation load capacity was composed:

n
Roﬁm = Z RCB + er (19)
i=0

R, ,—maximal load accepted by a pile;

RCBi = R60Ki + Rnoﬁi (20)

where Rj,,;—loading rate accepted by a pile at the expense of lateral abrasion,
R ,,5;—loading rate accepted by foot of a pile, R, ,—loading rate accepted by raft
foundation.

Ap
Ryy = f f(x) 0,pdA, @
0

where

fi{x)—characteristic of pressure profile in soil;
o ,,—pressure in soil under raft foundation;
A,—square of raft foundation without including cross section of piles.

In the study [13] load capacity of CPRF P,,, is determined from constraint of
maximum allowable settlement of raft part of foundation S, and expressed in the
formula:

Ap
Ron = f FQ) onydd, (22)
0

where

d;—size of the cross section of a pile;

S,..—settlement of raft foundation;

k—coefficient accepted in depending on width of foundation base;
y—unit weight of soil;

B—nondimensional factor equal to 0.8;

E—modulus of deformation of soil (Fig. 2).

Calculation Methodology of Stress—Strain State of Components of Combined
Piled-Raft Foundation with Surrounding Soil Mass. In the study [15] method-
ology of settlement determination of a pile at the expense of material contractility
is observed. Represented methodology helps to determinate settlement of pile from
strain effect oy, o, 7, (Fig. 3).
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In the study [16] settlement of a pile consists of the following components (Fig. 3):

As, = Ay + Dg + Dp oy, — Ay (23)

where

A,—deformations as a result of pile shaft deforming from action of external
forces;

Ag—deformations as a result of pile shaft deforming from action of proper weight
of pile;

Aromp—additional settlement as a result of negative friction forces arising;
Ar—negative settlement as a result of action of friction forces.
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Fig. 3 a Computational model of compressible pile and two-layered soil in-situ cooperation [15];
b Computational model for ultimate stress definition for single pile and pile in composition of a
pile group [17]; ¢ Computational model of pile action in homogeneous ground of foundation [16]
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In the study [17] the following formulas for additional settlement determination
were received:
—deformation as a result of pile shaft compression S,:

_ 1(2No3 — Ny)
Sp=—"——pi (24)

where

[—longitudinal size of a pile;

E——coefficient of proportionality between normal stress and relative dilatational
momentary-elastic deformation of a pile corresponding to it;

A—rpile square made by crossing oblongated body with virtual plane that are
situated perpendicular to each other;

Ny—maximal load accepted by a pile by the effect of soil friction on lateral
surface;

No3—value of applied load.

— deformation as a result of compression under pile foot S;:

1 —u?)wdP
S = (ﬂ (25)
EyA

where

Ey—addition of mechanical stress bringing unit incrementation of soil relative
deformation under pile foot;

u—-elastic constant, ratio of relative constraint to relative longitudinal tension
value;

d—size of a pile;

w—shape coefficient accepted for circular section equal to 1.

P—1load rate under pile foot.

Total settlement of a pile:

[(2No3 — Ny) N (1 — u?)wdP

S =
2EA EpA

+ 5, (26)

In the study [18] determination method of stress—strain state takes into account
the effect of “crimping”, at that time load capacity of foundation is expressed in a
formula:

Fogre Q27)

Fd.r.c = Fd ucn *
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where

F4..—maximal load accepted by a pile foot in composition of pile field;

F 4 ..n—maximal load accepted by a pile foot according to the data from field
tests;

F’i.c=(R+ AR)*A +u) (fi + Afi)h; and F’ 4, = R*A 4+ u)_f ;h—maximal
load accepted by a pile in composition of piles group and single pile.

3 Results and Discussion

As aresult of consideration of different methodologies of stress—strain state determi-
nation of combined piled-raft foundation there were found the formulas that help to
determine load capacity and settlement of combined piled-raft foundation in result
of static and cyclic loadings.

In that way, settlement of combined piled-raft foundation under short-time static
loading can be determined considering deformations of linearly deformed foundation
and additional settlements that depend on pile step, deformations of pile shaft and
external load action by the formula (28); considering mutual influence and load
distribution between raft foundation and piles (29), and also with the consideration
of resulting friction forces, strains under raft foundation and under pile foot.

s =Ser + As, + As, (28)
Sl'l.C = SCB + SHJI (29)
Se = 8S1(T) = $2(P) = S3(R) (30)

Settlement of combined piled-raft foundation under cyclic loading can be deter-
mined by the formula (31) due to the specifics of fatigue endurance limit approach in
one of the elements of system “combined piled-raft foundation—soil in-situ” consid-
ering performance of soil vibrocreep deformations and concrete of a pile in confined
spaces.

S(N) = Sef(N) + AS,(N) + AS:(N) &2y

Load capacity of combined piled-raft foundation under cyclic loadings is deter-
mined in reliance on fatigue limit load decrease and cyclic creep of soil founda-
tion increase according to the arrangement of development limitation of vertical
deformations in it and is estimated from constraints:

Py i(N) < 01u(N) (32)
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P3;(N) < 01.(N) (33)

The methodology that helps to determine load capacity of combined piled-raft
foundation at the expense of definition of its maximum allowable settlement is also

exposed:
, 4S5, *E
dy + dl2 + mk (34)

By = > *y

By the methodologies of stress—strain state determination of single elements
forming part of CPRF under static loadings settlement with increase of loading
rate appears due to the deformation of surrounding soil S,, additional settlement at
the expense of pile shaft compression S, and compression under pile foot S; and is
expressed by a formula:

S=8,+8+S; (35

Settlement as a result of pile shaft compression with the consideration of friction
forces action and arising negative friction is also determined by the formula (36):

Asc = A, + Dg + Ap o, — A (36)

Considered calculation methodologies of stress—strain state determination of
combined piled-raft foundation and single elements forming part of CPRF under
static and cyclic loadings show that during calculation system ‘“foundation—soil
in-situ” was observed. Under static and cyclic loadings calculation methodologies
considering mutual influence of pile field components with one another in subsoil,
influence of resistance appearing at lateral surface of pile and earth back pressure
under pile toe on pile deformation value, dependences of load sharing accrue to
CPRF between raft foundation and pile field, development of soil foundation and
pile shaft deformation according to its loading by vertical load were found out.

4 Conclusion

Summarizing analysis of carried out calculation methodologies of stress—strain state
of combined piled-raft foundation, one can conclude as follows:

1. Base quantity of calculation methodologies of stress—strain state of combined
piled-raft foundation are developed for static loading in the way that loading
data is unchanged during all life cycle of building or structure.

2. Current calculation methodologies of combined piled-raft foundation cannot take
into account stress—strain state appearing in piles, raft foundation, soil between
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piles and surrounding soil mass as a result of collaborative work of system “raft
foundation pile soil between piles soil under pile foot” under performance cyclic
loading.

In connection with the above it is long past time to develop calculation method-
ology of determination of CPRF load capacity and settlement taking into account
the alterations of stress—strain state under performance cyclic loadings.
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Physical and Mechanical Characteristics )
of Modified Soil Cement o
with Polycarboxylate Superplasticizers

Evgenii Vdovin®), Pavel Bulanov @), Victor Stroganov(®,
and Lenar Mavliev

Abstract We studied basic physical properties and mineral composition of polymin-
eral clays with different index of plasticity, common in the Volga region, whose clay
components are represented by mixed-layered (mica—montmorillonite) minerals,
hydromicas and chlorites in different quantities. The modification effect of studied
soil cement with polycarboxylate superplasticizers on compressive strength, tensile
strength in bending and frost resistance has been established. The polycarboxylate
modifiers optimal content and effectiveness on soil cement have been determined.
It is shown that the modification by polycarboxylate superplasticizers of soils with
clay minerals and Portland cement content up to 10% makes it possible to achieve
grade levels for strength—M40, frost resistance—F15 and the cement soils usage in
bases and coatings structural layers of various pavement types, depending on road
and climatic conditions.

Keywords Soil cement - Polycarboxylate superplasticizer - Portland cement -
Polymineral clay + Modifier

1 Introduction

It is known that the soil cement is a kind of building material obtained as a result of
mixing and subsequent compaction of soils, Portland cement and water (and addi-
tives as needed) [1, 2]. Compared to conventional cement concrete, they have some
advantages: economy, reduction of negative impact on environment and manufac-
turability (workability) during construction [3]. Soil cement is widely used as the
pavements base, strengthening materials of highways slopes and foundations, etc.
[4,5].

The increase of traffic intensity, traffic load and tire pressure made it necessary
for engineers and scientists to develop more advanced technologies that increase the
pavements bearing capacity [6, 7]. Various types of clay soils and local materials are
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used in foundations and highway pavements construction, especially in areas with a
lack of durable stone materials [8, 9]. However, in wet conditions these materials [10]
are susceptible to the climatic factors effects. This fact contributes to the development
of damage processes in the structural pavements layers and reduction the roads life
[11].

It is known that the various binders introduction improved the properties of clay
soils and local materials. These binders are divided into traditional and non-traditional
[1, 11]. Traditional include both mineral (cement, lime, fly ash) and various organic
binders (bitumen, tar, etc.), and non-traditional—various types of enzymes, liquid
polymers, resins, silicates, lignin derivatives and so on. Clay soils and Portland
cement are the most effective since cement soils have a sufficiently high strength
[12, 13].

Russian and foreign experience indicates that it is advisable to use modifiers
[14—17] in order to increase the level of structural and technical characteristics and
durability of soils with a high content of clay minerals, strengthened by Portland
cements, in pavement layers, as well as to reduce the mineral binder consumption. In
addition, the soil cement mixtures modification improves the operational and tech-
nological (workability) characteristics [6]. Ones of the most promising modifiers
of cement-mineral systems are polycarboxylates, which, unlike known superplasti-
cizers, according to J. Plank and C. Hirsch [18], contribute to a positive change in
hydrated newgrowths morphology and a decrease of ettringite crystals size. It is also
noted [19, 20] that it was possible to form stable organomineral phases due to the
polymeric modifier integration into the lamellar calcium hydroaluminate structure.

Superplasticizers increase the cement floccules peptization as a result of adsorp-
tion on surfaces of particles and binder hydrated phases and the formation of an
electrostatic charge upon immobilized water release [21]. The advantage of super-
plasticizers based on polycarboxylate esters is due to the presence of both acrylate
groups in the main chain and side chains directed towards the pore solution from
cement floccules, which provide the steric effect [22, 23].

According to J. Plank, E. Sakai, C.W. Miao, C. Yu, J.X. Hong polycarboxy-
late superplasticizers are classified into 9 types [24, 25]: esterification products of
poly(methacrylic acid) with methoxy poly(ethylene glycol) in the presence of an acid
catalyst (e.g. p-toluol sulfonic acid) and an azeotropic solvent or vacuum to remove
the water, including products of copolymerization of w-methoxy poly(ethylene
glycol) methacrylate ester macromonomer with methacrylic acid; products of free
radical copolymerization in an aqueous solution of a-allyl-w-methoxy- or w-hydroxy
poly(ethylene glycol) and maleic anhydride or acrylic acid; products of free radical
copolymerization of 4-hydroxy-butyl-poly(ethylene glycol) vinyl ether and maleic
anhydride or acrylic acid; copolymerization products of a-metallyl-w-methoxy- or w-
hydroxy poly(ethylene glycol) as a macromonomer with acrylic acid; copolymeriza-
tion products of isoprenyl oxy poly(ethylene glycol) ether as a macromonomer with
acrylic acid; zwitterionic polycarboxylate superplasticizers having mixed side chains
and consisting of polyamidamine and poly(ethylene glycol) segments; silylated
polycarboxylate superplasticizers; synthesized into non-crosslinked polycarboxylate
molecules using diesters (e.g. poly(ethylene glycol) and methacrylic acid or maleic
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anhydride); phosphate polycarboxylates obtained by esterification of hydroxyethyl
methacrylate with phosphoric acid.

Based on analysis of reviewed scientific research in the plasticizers usage field in
cement-mineral road materials, it has been established that polycarboxylate super-
plasticizers were interesting as it is the most promising way to modify soil cement
based on soils with a high content of clay minerals.

According to studies [26], polymineral clays containing mixed-layered (mica—
montmorillonite) minerals, hydromicas and chlorites are common in the Volga
region.

In this regard, the aim of the work is to study the physical and mechanical char-
acteristics of soil cement based on polymineral clays modified by polycarboxylate
superplasticizers for road pavements.

To achieve this aim, the following tasks were solved:

1) to study the basic physical properties and mineral compositions of polymineral
soils with different content of clay minerals;

2) to determinate the polycarboxylate superplasticizers effect on physical and
mechanical characteristics of soil cement based on polymineral clays with
different plasticity index.

2 Materials and Methods

For the research, clay soils of the Sakharovsk and Koshchakovsk deposits with
polymineral composition were used, which are among the most common in the Volga
region. The content of Portland cement (PC) CEM 1 42.5 N JSC “Volskcement” in
the studied cement soils was varied in amounts of 6.0; 8.0 and 10.0% (by weight of
soil).

The mineral composition of clays was determined on a Bruker D8 Advance auto-
matic X-ray diffractometer with a Vario attachment and a Vantec linear coordinate
detector. We used CuKa radiation, monochromatized (A(Cu-K) = 1.54184 A) by
a bent Johanson germanium monochromator, X-ray tube operating mode 40 kV,
40 mA. The experiments were carried out at room temperature in the Bragg—Brentano
geometry with a flat sample.

The soils plasticity index was determined according to the standard GOST 5180
as the difference between soil moisture at the liquidity limit using the balance cone
method and soil moisture at the plasticity limit. The soils granulometric composition
was determined in accordance to the standard GOST 12,536.

The following grades were used as polycarboxylate superplasticizers: Odolit-
K (Russia), Hyperlit (Russia), Remicrete SP-10 (Germany), Relamix PK (Russia).
Polycarboxylate superplasticizers were introduced in amounts of 0.025, 0,050, 0.075,
0.100 and 0.125% (by weight of the soil).

Determination of the ultimate compressive strength (Ry,) and ultimate tensile
strength in bending (Rpeng) of soil cement was carried out after the samples were
water saturated during 2 days. The samples age at the testing time was 28 days.
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The freeze—thaw durability (Kgeeze) Was determined as the ratio of the soil cement
strength after 15 freeze—thaw cycles to the water-saturated samples strength after
28 days of hardening under normal conditions. Physical and mechanical properties
tests of soil cement were carried out according to the standard GOST 23,558.

3 Results and Discussion

Analysis of results of the studied clay soils mineral composition determining showed
that these soils belong to polymineral clays in accordance to the standard GOST
9169. The studied clay soils according to the standard GOST 25,100 are divided into
the following varieties: Sakharovsk deposit soil which is light silty loam (plasticity
index—11.62, sand particles content—9.14%); the Koshchakovsk deposit soil which
is heavy silty loam (plasticity index—14.59, sand particles content—=8.32%).

In the Sakharov deposit soil the relict minerals content is more than 85% (52.49%
quartz), and the clay minerals amount is 10.66%. In the Koshchakovsk deposit soil
the relic minerals content is 73.9% (35.8% quartz), and the clay minerals amount is
26.1%. The clay components of the studied soils are represented by mixed-layered
(mica-montmorillonite) minerals, hydromicas and chlorites.

It was established that when soil cement based on the Sakharovsk deposit soil
has been modified by polycarboxylate superplasticizers: the ultimate compres-
sive strength increased by 38-71%; ultimate tensile strength in bending—39—
63%, freeze—thaw durability—42-77% (Fig. 1). When the soil cement based on
Koshchakovsk deposit soil has been modified by polycarboxylate superplasticizers:
the ultimate compressive strength increased by 30—75%; ultimate tensile strength in
bending—23-66%, freeze—thaw durability—16-37%.

Study results analyzing (Figs. 1 and 2) shows that the optimal content of modifiers
was:

— for soil cement based on the Sakharovsk deposit soil: Odolit-K and Hyperlit—
0.05%, Remicrete SP-10 and Relamix PK—0.075%.

— for soil cement based on the Koshchakovsk deposit soil: Odolit-K, Hyperlit,
Remicrete SP-10 and Relamix PK—0.1%.

The most effective polycarboxylate modifier to improve the physical and
mechanical characteristics of the studied cement soils is Odolit-K (Fig. 2).

It was established that when soil cement based on the Sakharovsk deposit soil
has been modified by Portland cement content of 10% and Odolit-K polycarboxy-
late superplasticizer (0.05% by weight of the soil), the M40 strength grade and
the F15 freeze—thaw durability grade are achieved. It makes possible to use modi-
fied strengthened soils in structural layers of bases and coatings of transitional and
lightweight pavement types, depending on road and climatic conditions. When the
soil cement based on Koshchakovsk deposit soils was modified by polycarboxylate
superplasticizers, the strength grade M40 and the freeze—thaw durability grade F15
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Fig. 1 Physical and mechanical characteristics of modified soil cement with the optimal content
of polycarboxylate superplasticizers: 1, 3, 5—soil cement based on the Sakharov deposit soil; 2, 4,
6—soil cement based on the Koshchakovsk deposit soil

are not achieved, which is associated with a high content of clay minerals (2,4 times)
and plasticity index increased (1,3 times) compared to Sakharov deposit clay soil.
The increased clay minerals content in soils and the levels of plasticity index limit
the scope of soil cement in pavements. In this regard, to ensure the required levels
of physical and mechanical characteristics, additional solutions are needed for the
modification process.

Many authors explained the positive modification results by polycarboxylate
plasticizers with the impact effect on soils clay minerals and cement system.
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Fig. 2 Dependences of physical and mechanical characteristics of soil cement modified by poly-
carboxylate superplasticizer Odolit-K, with 10% Portland cement ——soil cement based on
the Sakharov deposit soil; - - - - - —soil cement based on the Koshchakovsk deposit soil

Theoretically, the existence of two main interactions types of clay minerals with
polycarboxylates is assumed [27, 28]:

— electrostatic penetration between positively charged areas of the clay surface and
negatively charged plasticizer groups in the cement pore solution;

— plasticizer side chains intercalation in aluminosilicate layers of clay minerals,
using hydrogen bonds.

In studies [29, 30], it was found that in the acidic environment of clay minerals,
the aggregation proceeds by the electrostatic attraction of negatively charged basal
planes with positively charged mineral cleavages, and when polycarboxylate polymer
is present in small amounts, small aggregates were formed due to hydrogen bonds
between the side chains polyethylene glycol and clay surfaces. Atahigher content, the
polycarboxylate molecules can completely cover the self-aggregated clay particles
and thereby help to increase the repulsive effect between these aggregates.

In an alkaline soil environment and a polycarboxylate superplasticizer low content,
the polymer is able to retain clay mineral particles as long as close distance between
clay and polymer particles was maintained. Under these conditions, the polycar-
boxylate polymer is fully stretched due to repulsive forces between the negatively
charged carboxylate groups in the backbone and steric interactions between the
highly hydrated polyethylene glycol side chains of the clay minerals. As a result,
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polycarboxylate molecules are able to bind particles of clay minerals and form a
physical network of hydrogen bonds between polycarboxylate molecules and active
centers of clay mineral surfaces, which significantly increases the strength of soil
cement. With an increased content of polycarboxylate in the soil, the possibility of
modifying clay particles increases due to an increase in steric repulsion forces due
to the complete coverage of the surface of clay mineral particles. As a result of these
processes, the soil viscosity decreases which increased the maximum density and
decreased the optimal moisture content of clay soil modified by polycarboxylate
superplasticizer [29, 30].

In soil cement acidic pH changes to an alkaline. In this case, clay minerals acquire
a completely negative charge, and part of the hydrated hydroxyl groups will be
deprotonated into an oxy group. This allows the polyethylene glycol side chains
to penetrate into the aluminosilicate mineral layers and bind to the clay minerals
surface. The implementation of these processes contributes to decrease the optimal
moisture level and to increase the maximum density index of the soil cement mixture
[31].

4 Conclusions

— Based on analysis of reviewed scientific research in the field of plasticizers usage
in cement-mineral systems, it has been established that one of the most promising
methods of modifying road soil cement is the polycarboxylate superplasticizers
usage.

— Results analysis of determining the studied clay soils mineral composition showed
that the studied soils belonged to polymineral clays common in the Volga
region, the clay components of which were represented by mixed-layered (mica—
montmorillonite) minerals, hydromicas and chlorites in the amount of 10.7 and
26.1%.

— When the studied soil cement is modified by polycarboxylate superplasticizers, the
ultimate compressive strength was increased by 30-75%; ultimate tensile strength
in bending—23-66%, freeze—thaw durability—16—77%. The most effective poly-
carboxylate modifiers for improving the physical and mechanical characteristics
of the studied soil cement is Odolit-K.

— When soils with clay minerals content of 10.7% and Portland cement of 10% is
modified by polycarboxylate superplasticizer Odolit-K, the strength level grade
M40 and freeze—thaw durability grade F15 were achieved, which made it possible
to use modified strengthened soils in structural layers of bases and coatings
transitional and lightweight pavement types depending on road and climatic
conditions.

— It should be noted that the increased clay minerals content (26.1%) in soils and
levels of plasticity index indicators (14.6) limits the scope of soil cement in pave-
ments. To ensure the required levels of physical and mechanical characteristics,
additional solutions are needed for the modification process.
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Theoretical Foundations of Fatigue )
Destruction of Steel Reinforcement By
of Reinforced Concrete Structures

Ilizar Mirsayapov

Abstract In reinforced concrete structures under cyclic loads one of the types of
failure is fatigue failure of working reinforcement. Operation mode of steel rein-
forcement in reinforced concrete constructions is non-stationary irrespective of
loading conditions. In these cases determination of fatigue resistance of reinforce-
ment requires a great number of experiments which requires a great number of
financial and manpower resources. The aim of the work is to develop a theory of
fatigue cracking of steel reinforcement and to create design models of reinforcement
with cracks. For this purpose it is necessary: to establish the scheme of fatigue crack
formation in reinforcement rods for reinforced concrete structures; to develop the
equation of change in specific energy of steel fracture in the zones of crack formation
and development; to develop a methodology for calculating the durability of steel
reinforcement with cracks.

Theoretical research of fatigue strength of steel reinforcement has been carried
out. It is established, that fatigue failure of steel reinforcement is characterized by
formation and development of micro and macro cracks in metal structure up to critical
dimensions; two basic stages are derived: to the formation of micro and macro fatigue
cracks; development of macro-fatigue cracks to critical dimensions. The methods
of fracture mechanics of elastic—plastic materials were used for modeling of steel
reinforcement operation under cyclic mode of deformation and the equations of
mechanical characteristics change of reinforcement under different modes of cyclic
loading were obtained using these methods. On the basis of theoretical research
the equations of change of basic force parameters of steel reinforcement, allowing
developing analytical formulas for evaluation of fatigue strength under cyclic loading,
have been obtained.

Keywords Steel reinforcement + Stress structure profile - Fatigue crack -
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1 Introduction

The process of multi cycle fatigue of metals is conditionally divided into two main
stages: before the appearance of the main crack (the stage of the emergence of
the fatigue main crack) and the period of development of the main crack before
destruction. If durability in the first stage is designated Nt, and durability in the second
stage of N, then the full durability from the first loading cycle to fatigue destruction
will be: N = N; + Ny, [1-5]. At the stage of the emergence of a trunk fatigue crack,
intensive plastic deformation of the metal in local volumes occurs, which leads to
significant closed hysteresis loops, the area of which is equal to energy scattered over
one cycle of loading. The total width of these hysteresis loops is equal to nonelastic
deformation for the cycle. After the exhaustion of the plastic resource, microscopic
cracks are formed in local plastically deformed volumes, one of which can develop
into a main crack [6—10]. Therefore, the first stage can be called the stage of scattered
fatigue damage. The second stage characterizes the development of the main crack in
critical sizes. The first main crack is implied by a crack, which, with a given loading
mode, develops at a higher speed than all other cracks, and is a source of final fatigue
destruction. A lot of numerical experimental data found that the velocity dependence
of & = dp/dt on the accumulation of fatigue damage to the number of loading cycles
is significantly different in stages I and II of fatigue destruction. Therefore, it can be
assumed that the mechanisms of accumulation of damage at these stages are different.
This requires attracting various representations to assess the durability of Npy Nyy.
Studies carried out at the Central Research Institute of the MTS NIIZHB, Nig, the
hydraulic project showed [11-15] that the cracks of fatigue are born mainly in one
of the two foci of stress concentration:

1) In the obtuse angle of the connection of longitudinal ribs with inclined with
transverse protrusions (ribs).

2) At the base of the transverse protrusions (ribs) in the places of their interfaces
with the body of the rod.

Therefore, the aim of the work is to develop a theory of the development of fatigue
cracks of steel reinforcement to create design models of reinforcement with cracks.
The objectives of the work are: to establish a scheme for the formation of fatigue
cracks in reinforcing bars for reinforced concrete structures; to develop an equation
for changing the specific energy of steel destruction in the zones of formation and
development of cracks; develop a methodology for calculating the durability of steel
reinforcement with cracks.

2 Materials and Methods

To assess the local stresses in the main foci of concentration, we determine the
effective coefficients of concentration of loads. Local stresses in the zone of the first
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focus are determined by the formula:

t-h-
osm = 0,843 - g™X(1) b g —— 0 (1)
cos P

here = /X k=145.E-—-f=b-h:

w B g k= 1.45 E\/Iﬁf b-h;

h—The width of the transverse rib;

b—The height of the transverse ribs;

r = I0h—The radius of curvature of concentration;

a= %; m = b.a/2.cosp,

The transition from local stresses to the concentration coefficient is made
according to the formula:

o = Osh + oM 2)

Osh

The theoretical coefficient of concentration of stresses in the second focus is
calculated in the following sequence. The radius of curvature r is determined the
second -end of the rib (rib) with the core of the rod and the conditional calculated
width of the protrusion, and equal to the distance between the points of the beginning
of the interfacing on both sides of the transverse rib. For a circular filler width a ’, it can
be accepted equal to the width of the protrusion plus a doubled radius of conjugation
r. With the ratio a 7r, the theoretical concentration coefficient is calculated:

a’ 2
o, =1+0,21- 7-cos,3 3)

where B is the angle of elevation of the oblique part of the transverse rib. In addition, in
the longitudinal working reinforcement of the bending elements, an uneven stretching
occurs with a large plot at the more stretched face of the element. Consider the stress
state of the rod in the first loading cycle. Let the bending element be affected by such
a bending moment M that the resulting stress field causes micro damage in the zone
of influence of the above-mentioned concentrator (Fig. 1).

The total stresses in this zone are calculated as:

O,Srzax — O,Smax (t9) + osym + Aoy, 4)

where o™ (to) are the initial nominal stresses in the reinforcement without taking
into account the concentration of stresses; osy - local stresses in the concentration
zone; Aog is the increment of stresses due to bending.

When determining the durability of N, first of all, it is necessary to establish the
dimensions of the initial zone of damage in places of stress concentration, i.e. the
dimensions of the zone of influence of the stress concentrators on the surface of the
reinforcing rod.
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Fig. 1 Schematization of the development of damage in the reinforcement rod with an increase in
the number of loading cycles

For this, the stresses in the main foci of concentration are first determined, based
on formulas (1) and (3). In the zones of stress concentration, in the general case, a
volumetric tense state occurs. When evaluating a stress-deformed state in the concen-
trator zone, the same criteria can be used as in the absence of stress concentration. A
comprehensive stress state leads to an increase in the concentration of the first main
stresses of oﬁmax, which leads to the coaching of elastic deformations.

3 Results

To determine the size of the zone of influence of the stress concentrator, it is necessary
to calculate the relative gradient of the first main stress o ™.

o 1 do

= = — 5
7 Omax Omax |:8x ]x—a ( )

A gradient characterizes the rate at which stresses decrease as the distance from
the concentrator increases. To simplify the calculation process, we use the real plot
of the stress distribution in the integration zone, which is tangent to the plot at the
point x = a. The equation of this line is:

o, =u—+o(x —ap). (6)

When describing the regularities of cyclic deformation of the material in the local
zone of stress concentration, the following prerequisites and assumptions are taken:

1) within the initial zone of plastic damage, a rigid load is realized, A &, = const
i.e.;
2) atadistance A [, from the focus of concentration, the magnitude of the stresses

Ao ** and the scope of plastic deformation A e7F, are constant;
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3) The formation of micro cracks in the concentration zone occurs, a;, at a distance
from the focus of concentration, the accumulated energy of inelastic deformation,
taking into account its dispersion within the damage zone o, (o; > Al,) reaches
the value of W (.

Specific energy of inelastic deformation per cycle:

Ae 2 lom o
AW, :/ Aod(Ae)=ol™ ks -E-ag” T, Ey (7)
0 5

The energy of inelastic deformation in the zone of concentration of stresses,
corresponding to the limit of endurance, is determined by the equation:

AE]’[L[
A Wos = f Acd(As) ®)
0

. —1/2
where is Aeuu = shisy - Ngelis

Nppig — the number of loading cycles corresponding to the endurance limit; {—
coefficient of transverse narrowing of the material;

A OBpIH = OpBbIH ° (1= ps); G'SpBbIH—limit of endurance of reinforcement for a
given ps. Then we determine the loss of energy per cycle due to the manifestation of

plastic deformations in local volumes AW.,:

Aau
AW, = AW; — AWgp = fO“ Acd(Ae) — [y ™ oppm - d(Ae)

_ 2 _lm AEHU ©)
= (‘7;2(”) ko€ a0 B Jo vap o - (1 = psi) - d(Ag).
After determining the AW, assuming that the energy loss in each cycle has the
same value, we calculate the number of loading cycles until the plastic resource of
the initial plastically damaged zone is exhausted:

Nry = 0, 5¢; (ny + cru) .

_l-m

— 2 T+m Oy ASU — JAN
(gs’zax) ko€ o TE - Osh - E fO i G;p BbIH * (1 = psi) - d(Ae)
(10)

The advantage of Eq. (10) is that here it is possible to take into account the
background of loading and various designs and technological features that lead to a
decrease €j, and, as a consequence Nr.

‘When moving from one block to another, the plastic resource changes ¢p and AW,
Therefore, when calculating the endurance limit, it is possible to take into account
the change in the loading mode, if Ny > Nr;; otherwise the mode variability does
not affect the duration of the initial damage zone.

The condition is then checked:
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If condition (11) is met, then the durability of the initial zone is greater than or
equal to the duration of the first stage, and at this stage the development of cracks
does not occur. Otherwise, it is necessary to determine the increment of the length
of the micro crack during the AN = N;-Ny;. Consider the development of the initial
micro crack with the length formed in the concentrator zone. Numerous experimental
studies have established that the development of micro cracks during cyclic loading
is significantly uneven. In this case, it is necessary to distinguish the incubation
period and the period of continuous development of cracks, which alternate until the
complete destruction of the sample.

To describe the development of micro cracks at this stage, we use a model for
the development of a fatigue crack, proposed and based on the consideration of the
specific energy of inelastic deformation, at a distance of x*from the top of the crack,
taking into account the energy that is not reversibly dissipated within the plastic zone
of damage.

The distribution of deformations and stresses at the top of a fixed crack under
static loading for reinforcing steel can be represented as the following dependencies:

o0 =A( )" g0 (12)
) Alm [Tm !

EEIS |
£ (r, 6) = (ﬁ) O, (13)

where J is j-integral introduced by Cherepanov and Rais;

Im—dimensionless function of deformation hardening index m of crack opening
type.

For the most common values m and for flat tensile deformation Im = 5/282. For
normal rupture cracks, normalized functions from the angle ().

1 = j)

: 14
06 # ) (14

f;j(0) = ;i (0) = {

where m is the hardening index;

r—the distance from the top of the crack to the point in question,

0 is the angle between the continuation of the crack and the point in question at
its apex.

In this case, the relationship between stresses and plastic deformation is presented
in the form of power dependence:

0, = Al (15)
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Here o, €, is the equivalent stress according to the energy theory of strength
and equivalent plastic deformatn. For the case of cyclic loading, Egs. (13) and (13)
are given as follows:

1 — V2 l:i‘m Ak2 T+m 1
Ae=| \E - - () (16)

m

(1_V2)1+mm (Ak2>l+m 1
Ac = | —= - —— - £;;(0) (17)

A'lm E

Basic assumptions of the adopted model.

1) At the top of the fatigue crack within the plastic zone of fatigue damage, a hard
load is realized, i.e. A g, = const;

2) Ao and the scope of plastic deformation A e}** are constant;

3) distribution of stresses and inelastic deformations at the top of the crack R, >
r > x* is described by (16) and (17) equations;

4) The increase in length by the size of x* occurs when at a distance of x* from the
top of the crack, the accumulated energy of inelastic deformation, taking into

account its scattering within the damage zone &, (o, > x*) reaches the size Wg.

The dimensions of the plastic zone of damage at the top of the micro -cutter are
determined in the form:

k{nax
= —1 18
1 O - Y (D7 1o
K = oM () . Jay - Y (1) (19)

It should be noted that k"™ calculated according to (19), maybe less then kg,
Nevertheless, the development of micro cracks will occur, since it is known that
surface micro cracks up to 0.5 mm long develop at k"™ < ky,.

Specific energy of inelastic deformation for the cycle:

Ae
AW =/ Acd(Ae). (20)
0

Substituting in values A ¢ and A o from (12) and (13) we get:

aw = Um0 LA @ @1
T E m+1 s Y At

The size of the first micro-element of the plastic zone x* can be found from the
condition that at a distance of x* there is no accumulation of damage, and the energy
of nonelastic deformation for the cycle AW* at a distance of the crack is equal to
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the energy of nonelastic deformation beyond the cycle with stresses corresponding
to the endurance limit A Wgyy. Then, based on (21) we have:

AKI(1—V2 1
__J  _Ak{-v) 1 22)
ImA WBbIH E- Im - A WBbIH 1 + m

*

The energy of inelastic deformation during hard loading corresponding to the
endurance limit is determined by the formula:

i
A Wgp = fOAEHU Aopp - d(Ag), (23)
AeH =1 L N2
M = 21—y " “BbIH
where W—The transverse narrowing coefficient, for reinforcing steels, it changes
from 0.41 to 0.69; on average, you can accept it;

Nppig—The number of loading cycles corresponding to the endurance limit;
A OBbIH = O'an.[(l — Ps (t)); AGBbIH—Endurance limit for the giVCIl ps(t).

The plastic zone of damage at the top of the micro crack is divided into sepa-
rate trace elements by the width. The trace elements are simultaneously subjected
to cyclical loading of various intensity. The distribution of specific energy of inef-
fective deformation for the cycle within the plastic zone described by the Eq. (21) is
schematically shown in (Fig. 2).

In accordance with the adopted assumptions at a distance of AL of the top of the
micro crack, the specific energy of inextricable steel deformation has constant value,
i.e. AW; = A Wy = const.

/4
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A\W; "™\ BT
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Fig. 2 a A scheme for accumulation of specific energy of inextricable deformation of steel within
the plastic zone at the top of the micro crack b scheme for moving the plastic zone during the
development of macro crack and accumulation of specific energy of inextricable deformation within
the plastic zone of pre-development
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The development of micro cracks begins with the destruction of the micro element
1. The complete fatigue destruction of the trace element I occurs when the energy of
the inhuming hysteresis of the critical value is achieved.

Nk AW\
Wy = Zi=1 |:A Wi— AWr< A l) :| —oonst=W e

Wr

where A W,—specific energy of nonelastic deformations for the cycle at equal limit
of endurance;

A W;—specific energy of nonelastic deformation of steel in the loading cycle “i”
is calculated according to (21).

At the same time, the length of the micro crack increases by AL, and the plastic
zone moves to AL along the front of the micro crack (Fig. 2). As described above, the
micro cracks increase, and the plastic zone in front of the developing micro cracks
moves. It shou