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Seismic response sensitivity analysis of intake towers
interacting with dam, reservoir and foundation
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Abstract. In this paper, parameter sensitivity analysis of the dynamic response of cylindrical intake towers
interacting with the concrete dam, foundation, internal and surrounding water is performed. The tower is
modelled and verified using three-dimensional finite elements according to the Eulerian-Lagrangian approach
in the time domain. In order to carry out a parametric study, the Taguchi optimization method is employed to
distinguish the most influential parameters. Thus, the iteration algorithm and number of numerical tests are
designed. The models are tested under longitudinal horizontal excitation of selected reference accelerograms
for either hard soil or hard rock. The evaluation of the results indicated that the two parameters, i.e. tower’s
slender ratio, and the surrounding water depth are the most effective factors on both intake tower’s top drift
and the base shear coefficient under seismic excitations on hard soil. It is observed that the elasticity modulus
of the foundation is another influential factor in the seismic response, as the tower’s drift increases with the
foundation’s flexibility. Furthermore, the effect of dam interaction on the tower drift reduces as the distance
from the dam increases and stays relatively constant for any distance higher than twice the tower’s height.
Interesting to note that the intake tower did not show notable sensitivity to the reference hard rock ground
motion compared with that of the hard soil ground motion.

1. Introduction

Intake towers are of most importance among hydraulic structures in a dam-reservoir system. These are
rather lean structures with either cylindrical or rectangular cross-sections at the vicinity of large dams, and
surrounded by their reservoir water and usually containing internal water as well. However, in highly seismic
areas, they are so much prone to damages due to both direct ground motion and the induced hydrodynamic
pressure. In this paper, we study the sensitivity of free-standing intake towers to several geometric and
material parameters.

In previous works, researchers first analytically evaluated the effects of water compressibility, surface
waves and the popular "added mass" method on seismic response of the cylindrical intake tower with the fixed
cross-section due to rigid ground harmonic motion. They have found that in the lower-frequencies of excitation,
the effects of surface waves and water compressibility on slender towers are ignorable [1]. The latter has been
found when the dam is not present in the vicinity of the tower. Liaw and Chopra used Finite-element method
for the hydrodynamic solution of Laplace equation and developed an incompressible fluid formulation with
reasonable boundary conditions [2]. Other works presented simplified added mass approach for calculating
the hydrodynamic pressure on intake towers, while accounting for dynamic tower-water-foundation [3].
However, in their researches, the considered added mass for creating hydrodynamic pressure only included
the effect of the tower vibration, and the effect of the large dam near the tower ignored. Moreover, the linear
responses of the intake towers under the harmonic ground motion for different parameters, including geometry,
internal and surrounding water and foundation system were idealized. Previous research on intake towers has
analyzed towers that are anchored to the supporting foundation. Their results used in engineering manuals
[4-11]. Milan et al. studied the dam body effect on the seismic response of a cylindrical intake tower on a rigid
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foundation in the reservoir-tower system. They observed an unpredicted resonance created on the tower
response due to a modified added mass, caused by the tower-dam-reservoir interaction. This event was
interpreted as the results of the added mass induced by reflective waves from the dam. Additionally, the
phenomenon could alter the natural frequencies of the tower and thus, the seismic response of the tower
[12, 13]. Alembagheri studied the seismic response of a sample intake tower with a cone frustum, including
the dam and its foundation under different conditions of the reservoir water compressibility, distance from the
dam, and foundation material. Furthermore, in the absence of the dam, vertical excitation did not affect the
tower response, and for slender towers, foundation interaction was intensified when the dam was absent [14,
15]. However, in his research, the effects of the tower geometry, as well as the different internal and
surrounding water depths, were not evaluated. Indeed, simultaneous consideration of influential factors
including the geometry of the tower has been less studied. In a recent research, an analytical solution for
hydrodynamic pressure on the cylindrical tower with elliptical cross-section on a rigid foundation has been
derived but without the presence of the dam [16].

The goal of the current research is to examine the effects of different parameters on the seismic
response of intake towers, the consistency of the idealized model of the system of the intake tower is first
verified under the Taft earthquake. After that, using Taguchi optimization method, the required test cases for
a cylindrical intake tower with variable conditions including geometry, internal and surrounding water depth,
foundation material and dam body distance are established in order to distinguish the most crucial parameters
on the seismic response of the complete system.

2. Methods
2.1. Governing equations and boundary conditions

This section outlines the governing equations of the coupled fluid-solid interaction and its boundary
conditions. The governing differential equation of the solid domain in the displacement-based Lagrangian
formulation, assuming no static gravity load, is:

V.o—-pi=0 (1)
where o is the Cauchy stress tensor, U is the displacement vector, pg is the solid mass density, V represents

the Del operator, and (Ui) represents the second derivative with respect to time [17]. Using the pressure-based

Eulerian formulation, assuming that the fluid as inviscid, linearly compressible, with small amplitude irrotational
motion, the governing equation of the fluid domain can be represented as:

1.
V2 —?p:O )

where p is the hydrodynamic pressure in excess of hydrostatic pressure, C the acoustic wave velocity in the
water, and V2 the Laplacian operator. In practice, the effects of surface gravity waves can be neglected in the
analysis of high and slender intake tower, so the zero-pressure boundary, p = 0 [1]. The boundary condition
on the fluid—structure interface, considering no flow through the fluid—solid interface, can be written as:

p

% =—puln (3

where p,, water mass density, and N s is the boundary surface outward normal vector. In the finite element

formulation, the upstream infinite fluid domain should be truncated at a sufficient distance from the fluid—solid
interface, where Non-reflective Sommerfeld boundary condition is employed [18]:
op 1,

%:_Ep 4

The wave reflection at the bottom of the reservoir in the absence of the vertical and transversal direction
acceleration can be written as [20]:

o__1
on Bce P ©)
[ is acoustic impedance ratio of bottom to water acoustic impedance:
p=trt ©
p.C
where C is the water wave velocity, is represented in a simplified way using an absorption coefficient o.
l l-«a
5 1va @
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That o =0 implies a non-reflective boundary and implies a fully reflective boundary. Cb is the P-wave
velocity in the bottom of reservoir.

The tower is decidedly smaller than the foundation, so the foundation is modelled massless with eight
nodes elements as a rectangular shape with a depth more than two times of the tower's height for observing
the interaction behaviour.

2.2. System Model Verification

The initial validity of the model is verified against Chopra and Goyal, for the case of the intake tower
of the Briones dam response time history under Taft's earthquake [4]. Although they employed a novel added
mass concept, instead of our rigorous hydrodynamic model, the considerable agreement is achieved between
the two analyses as depicted in Figs. 3.
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Figure 1. Geometry and the Finite element model of Briones Dam Intake Tower.

In this research, concrete Young’s modulus of elasticity Esis 31 GN/m?, unit weight is 24.3 kN/m?® and
Poisson’s ratio 0.17. The material properties of the foundation material include; shear wave velocity
Ci= 305 m/s, unit weight = 25.9 kN/m?, Poisson’s ratio = 0.33 and a constant hysteretic damping factor of
ni=0.10.

Table 1. Different cases of analysis of Briones Dam Intake Tower to Taft ground motion.

Case Surrounding Water Level Inside Water Level Foundation
1 none none Rigid
2 normal none Rigid
3 none normal Rigid
4 normal normal Rigid
5 none none flexible
6 normal normal flexible

0.2
0.15
0.1
0.05
0 , LRl
-0.05
-0.1
-0.15
-0.2
0 5 10 15 20
Time (s)

Figure 2. Ground motion recorded at Taft, California, on hard soil, Earthquake July 21, 1952 [20].
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Figure 3. Horizontal displacement at the Briones Tower top due to Taft (1952)
excitation in model and reference [4].

2.3. Numerical Values and Analysis Cases

2.3.1.Model and Parameters

Different parameters effects on the seismic response of the cylindrical intake tower with hydrodynamic,
structural, and foundation interactions under horizontal longitudinal components of the Taft ground motion (a
hard soil record) and the Loma Prieta ground motion (a hard Rock record) are studied [21]. The dam geometry
is assumed as a triangular one with a vertical upstream face and a 0.8:1 slope at the downstream face. The
dam and the tower heights are always the same, but variable in different cases. Reservoir transverse

dimension is assumed to equal to B = 300 meters.

Effects of eight different parameters are studied according to Table 1-1 and Figs. 4, 5[22]. Tower height
H, along with some dimensionless parameters r/H and t/r corresponding the tower section internal radius I,
and wall thickness t are considered. Moreover, for evaluating the transverse location of the tower in the
reservoir, b/B parameter is used where b is the shortest distance of the tower from the reservoir vertical side
banks. The effects of internal and surrounding water depths, di and D respectively, are also studied, using
di/H and D/H quantities. Reservoir end boundary is always three times the tower height far from it, and
foundation model extension is two times the tower's height. Foundation material parameter is considered by
the EJ/Es ratio where Ec and Es are the concrete and the foundation elasticity moduli, respectively. Tower
distance from the dam L, is also considered by the L/H ratio. For all the 8 latter parameters three different
values belonging to appropriate ranges of variation are considered, as depicted in Table 2.

Resatalab, S., Ahmadi, M.T., Alembagheri, M.
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Free surface boundary condition
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Figure 4. The geometry of the intake tower,
dam, water and foundation system.
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Figure 5. Three-dimensional finite element model of
the whole system.

Table 2. System parameters and their selected values.

level 1 2 3
b/B 0.25 0.5 -
H (m) 50 100 150
r/H 0.03 0.05 0.07
t/r 0.15 0.175 0.2
D/H 0.4 0.7 1

di/H 0 0.4 1
EJ/Es 0 1 3
L/H 1 2 3

The assumed material properties for the dam and the intake tower are constant, including concrete
modulus of elasticity Ec = 3.45x10%° N/m?, Poisson ratio v = 0.17, mass density p = 2480 kg/m?, and damping
ratio ¢ = 0.05. Water acoustic velocity C, and the mass density p,,, are equal to 1440 m/s and 1000 kg/m,

respectively. The wave reflection coefficient at the bottom and the lateral boundaries of the reservoir a, is

assumed equal to 0.9.

0.5
0.4
0.3
g 0.2
0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5

¥
’

1 2 3 4 5 6 7 8
Time (8)

Figure 6. Ground motion recorded at Loma-Prieta, California, on hard rock,

Earthquake October 18, 1989 [20].

Resatalab, S., Ahmadi, M.T., Alembagheri, M.



Magazine of Civil Engineering, 98(6), 2020
——Taft(1952)  cm—
1.4
1.2

0.8
0.6
0.4

0.2

IS I

Period (S)
Figure 7. Response Spectra for Taft (1952) and Loma-Prieta (1989) Ground motions [20].

2.3.2.0ptimizing the number of numerical experiments

There are a variety of methods for designing experiments. The first is the full factorial method. However,
this method requires quite a large number of cases far from and is expensive. Therefore, optimization of the
number of the experiments should be considered. One of the practical techniques for optimum design of
experiments is the Taguchi method, in which a selected group of orthogonal arrays of parameters values is
presented [23].

The standard orthogonal arrays would prepare instruction for partial factorial experiments that includes
several combined experiments. While the combinations of levels for all factors are in discussion, the standard
orthogonal arrays would satisfy most of the experimental design requirements. Based on the selected eight

parameters and their levels in the Taguchi method, the orthogonal arrays L18(21><37) are selected
corresponding to seven parameters with three levels and a single parameter with two levels as seen in Table 3.
Table 3. Test cases investigated according to the Taguchi method.

case bB  H@m  r/H tr DH  di/H EJE LM
1 0.25 50 0.03 0.15 0.4 0 0 1
2 0.25 50 0.05 0.175 0.7 0.4 1 2
3 0.25 50 0.07 0.2 1 1 3 3
4 0.25 100 0.03 0.15 0.7 0.4 3 3
5 0.25 100 0.05 0.175 1 1 0 1
6 0.25 100 0.07 0.2 0.4 0 1 2
7 0.25 150 0.03 0.175 0.4 1 1 3
8 0.25 150 0.05 0.2 0.7 0 3 1
9 0.25 150 0.07 0.15 1 0.4 0 2
10 0.5 50 0.03 0.2 1 0.4 1 1
11 0.5 50 0.05 0.15 0.4 1 3 2
12 0.5 50 0.07 0.175 0.7 0 3
13 0.5 100 0.03 0.175 1 0 3 2
14 0.5 100 0.05 0.2 0.4 0.4 0 3
15 0.5 100 0.07 0.15 0.7 1 1 1
16 0.5 150 0.03 0.2 0.7 1 0 2
17 0.5 150 0.05 0.15 1 1 3
18 0.5 150 0.07 0.175 0.4 0.4 3 1

In the following, different parameters are investigated in two groups of dynamic time history analysis,
first 18 tests for hard soil under Taft acceleration record, and then 18 more tests for hard rock under Loma
Prieta acceleration record.

3. Results and Discussion

Sensitivity analyses of the parameters are carried out in terms of the normalized maximum
displacement of the tower top node (tower drift), and also in terms of the maximum dynamic base shear force
of the intake tower normalized by the tower weight (tower base shear coefficient). Also, the first frequency

Resatalab, S., Ahmadi, M.T., Alembagheri, M.
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mode of each model are been dimensionless according to the first frequency mode of the single intake tower
with the rigid foundation. The latter two quantities are believed as the most decisive responses for the seismic
design of the tower structure.

3.1. Main effects of parameters on the tower drift

a) Cases of hard soil

According to Fig. 8, tower drift increases considerably when the tower position is more distant from
the reservoir bank. This might be due to the effect of the reservoir bank partial absorption of the hydrodynamic

energy. Interesting to notice that the higher the intake tower, the less its drift gets.
[ b/B | H I wH | r |

0.180
. 0.165
£
~ 0.150 / \Q/
Tt
“
E 0.135
=
-*l
0.120
z . . S N E——
= 025 050 50 100 150 0.03 0.05  0.07 0.150 0175 0200
s [ D/'H | di/H [ Ec/Ef [ L’'H |
[=9
= 0.180
F
S
S 0.165
=
=
2 0.150 \/A
0.135
0.120
04 0.7 1.0 0.0 0.4 1.0 0 1 3 1 2 3
Parameters

Figure 8. Main effects of different parameters on the tower drift based on hard soil
(Taft 1952 record).

Table 4. Contribution of parameters due to variance analysis.

Parameters Contribution (%)

b/B 5.75

H (m) 9.43
r/H 28.78

t/r 1.70
D/H 23.79
di/H 7.21
EJ/Es 21.18
L/H 2.15
Total 100%

According to the statistical analysis on test results of the hard soil cases, the r/H ratio is the most
critical parameter for the tower drift, with a share value of 28.78 %. The response of slender intake tower with
r/H = 0.03 has more than to the other as with past research. The other important note is that the reducing
trend from r/H = 0.05 stays nearly constant. Of course, it requires other ratios to evaluate carefully. The tower
wall thickness parameter, t/r ratio has the least effect on the seismic response of the intake tower with only a
1.7 % share. However, the tower's thickness has a minimum amount, that is mean the optimized thickness of
the tower for minimum drift is t/r = 0.175 for any similar situation to this experiment. According to the results,
the second most effective parameter in the seismic response of the intake tower is the D/H ratio with 23.79 %,

pertaining increased drift with increased reservoir depth, or hydrodynamic significance. Generally, the most
critical drifts of the towers happen when the reservoir of the concrete dam is at its highest level.

Moreover, the tower internal water level parameter, i.e., the di/H ratio is also directly increasing the
tower drift but with a lower rate than that of the surrounding reservoir. The foundation flexibility parameter,
Ec/Esratio, is the third most effective parameter with a 21.18 % share by a direct proportion, similar to previous
researches results [4].

Resatalab, S., Ahmadi, M.T., Alembagheri, M.



Magazine of Civil Engineering, 98(6), 2020

According to Fig. 8 when the distance from the concrete gravity dam increases, the drift reduces, but

remains approximately constant for distances more than twice the height of the tower. Of course, this result

corresponds to horizontal actuation, as described in the past researches, while the vertical or combined
excitation requires additional studies [14].

b) Cases of hard rock

According to Fig. 9, Intake tower response does not show much parametric sensitivity when a hard
rock ground motion record is applied. Generally, this might be attributed to the issue of the high-frequency
content of the ground motion in respect to the natural frequencies of the system. The only effective parameter
in the case of the rock motion Loma Prieta record excitation is the tower height, by which the tower drift reduces
for higher towers, a trend similar to the cases of hard soil, i.e., due to the Taft record.

B H(m) #H v
0.020
&
=
S
=
=
% 0.010
E 025 0.50 S0 100 150 003 005 007 0150 0175 0.200
‘E vH di‘H EcEf L'H
=]
£ 0.020
s
=
é 0.015 ./‘\. ./.—. / /\-

0.010

0.4 0.7 1.0 0.0 0.4 1.0 0 1 3 1 2 3
Parameters

Figure 9. Main effects of different parameters on the tower drift based on the hard rock
(Loma Prieta 1989 record).

3.2. Main effects of parameters on the tower base shear coefficient

a) Cases of hard soil

As shown in Fig. 10, the position of the tower in the reservoir width has the minimum effect on the shear
coefficient, and thus could be neglected. As the height of the tower increases, the shear coefficient reduces,
which can be explained with the tower's more pronounced weight. Moreover, it can be seen that effect of the
height remains approximately constant for any height above 100 meters. Similar to the cases of tower drift,
the shear force applied to the base of the tower increases for higher ratios of r/H in other words, for fatter
towers, higher seismic shear force coefficient is expected. The radius ratio is the most influential parameter.

b/B H (m) wH r
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Figure 10. Main effects of different parameters on the tower base shear force coefficient
based on hard soil (Taft 1952 record).
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Moreover, the effect of the t/r ratio is minimum for the experiment domains, in other hands, for the
lowest base shear force for similar conditions, the optimized tower thickness could be considered t/r = 0.175.

The second effective parameter on the shear coefficient is the D/H ratio of the tower corresponding to the
reservoir depth and is similar to the drift cases.

As shown in Fig. 10, the internal water parameter, di/H is again directly affecting the base shear
coefficient. The effects of E¢/Es ratio in shear coefficient is different from the drift case. When the elasticity

module of the foundation and the tower were the same, the applied shear force to the tower's base is minimum,
and as the foundation became flexible in comparison with the tower, the shear increased.

As for the dam distance ratio, the base shear coefficient maximizes for L/H = 2. This is an interesting
observation that should be studied further as the hydrodynamic action could more intensively affect the tower
when it is at an intermediate distance from the dam body.

b) Cases of hard rock

As shown in the Fig. 11, the reservoir water depth parameter is not effective on the shear coefficient of
the intake tower. However, the most critical parameter on the base shear coefficient is the height of the tower
as similar to the drift results.
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Figure 12. Main effects of different parameters on the tower base shear force coefficient
based on hard rock (Loma Prieta 1989 record).

4. Conclusions

In this article, different parameter sensitivities on the dynamic response of cylindrical intake tower
interacting with its internal and surrounding water, foundation, and the nearby concrete dam, is studied. For
this purpose, the effect of different geometrical, material and loading parameters on the tower top drift, and
tower base shear coefficient are studied after verification of the model employed through 3D-dimensional finite
elements using Eulerian-Lagrangian approach in the time domain. The parameters in the current research
include the height, the section radius and the wall thickness of the tower, as well as its internal and external
water depth, foundation material flexibility, and the transverse and longitudinal positioning of the structure in
the reservoir for a range of possible variations. Taguchi optimization method for the design of experiments is
employed to reduce the number of the experiments drastically, and distinguish the most influential parameters
in terms of the two major decisive response components. The study corresponds to longitudinal horizontal
excitations records of both hard soil and hard rock conditions. The following conclusions are drawn based on
the findings of this study:

1. The investigation of the results indicated that the two parameters of the slender tower ratio and the
surrounding water depth were the most effective factors on both intake tower top drift, and the base shear
coefficient, respectively under Taft record on hard soil.

2. According to the experimental results, t/r = 0.175 is selected as the optimized thickness for designing
the tower wall thickness

3. For horizontal excitation, the effect of the tower placement in the reservoir width could be neglected.

4. The presence of the internal water is influential but weaker than the effect of the surrounding water.

Resatalab, S., Ahmadi, M.T., Alembagheri, M.



Magazine of Civil Engineering, 98(6), 2020
5. Itis observed that the foundation material, is another influential factor on the seismic response, and

the tower drift increases with its flexibility.

6. The dam body interaction effect on the tower drift reduces as the distance from the dam increases

and stays relatively constant for any distance higher than twice the height of the intake tower.

7. Interesting to note that the intake tower did not show notable sensitivity to the reference hard rock

ground motion compared with that of the hard soil ground motion. The most critical parameter is the height of
the tower when studying both the top drift and the base shear coefficient results.
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Abstract. Water needs for human and agricultural consumption have increased due to an increase in
population and human activities. Identifying potential rainwater harvesting sites (RWHS) is an important step
towards maximizing water availability for agriculture and other uses. The selection of suitable sites using
computational techniques presents a great challenge, so the present study aimed to examine from a critical
approach the different approaches reported, as well as the theoretical references of the topic addressed.
Computational spatial analysis methodologies were analyzed using multicriteria evaluation (MCDA)
approaches as well as computational technologies such as AHP and WLC supported by GIS). As a result of
the study carried out, it was concluded that the identification of areas suitable for certain RWH techniques
using improved geomatics techniques remains one of the important purposes of development and research.
In addition, the MCDA -GIS combination has the potential to provide a rational, objective and non-biased
approach to decision-making in locating potential sites for dam construction.

1. Introduction

Over time the identification of hydrological uses has been carried out through procedures that involve a
large amount of time and resources. These procedures are focused on the search for geographical areas
which allow the development of a jump, either through projects with derivation or projects with dam, and that,
in turn, these sites have significant water availability, and available and favorable infrastructural conditions.
This search should seek to find efficient projects, with short conduits or narrow canyons [1]. Once a possible
site with attractive characteristics is identified, takes place a prefeasibility level analysis, whose main purpose
is to make preliminary calculations regarding energy production, the identification of the main technical,
environmental and social restrictions, as well as the prior quantification of the investment costs of the evaluated
alternative. A good search process guarantees that the obtained benefits justify the future environmental and
social impacts to which the area of influence would be subject.

Mwenge et al. [2], Durga et al. [3], Baban et al. [4] agree that, when analyzing the land’s suitability or its
capacity for the feasibility study and for the selection of potential areas. For the construction of dams it is
important to take into account within the selection criteria:

o weather (rain);

¢ hydrology (rain-runoff relationship and intermittent water courses);

e topography (pending);

e agronomy (crop characteristics);

¢ soils (texture, structure and depth);

e socioeconomic criteria (population density, workforce, priority of people, experience);

e land tenure;

e water laws;

e accessibility;
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e related costs.

Arango [1], Petheram et al. [5], Peng et al. [6] do not consider environmental and social factors within
the development of their research, despite this, they recognize their importance in their final recommendations.
Failure to consider such factors at the time of the development of decision-making support systems in the
selection of potential sites for water collection would result in harmful damages not only at the economic level
but also at the social level.

Although criteria have been established for the design of dams, general guidelines and recommended
considerations, as well as technical knowledge and experience, there is no certainty that the resulting design
criteria can be applied to other reservoir sites with similar conditions [7]. These requirements and pressures
have made it necessary to develop a clear criterion to locate the reservoir sites in addition to a more effective
system in decision-making, that is, one that can handle a large number of data sets and provide assistance to
the decision makers [8].

From the beginning the engineers have carried out the studies of definition of the hydrological potential
by analyzing the cartographic, topographic information, among others available in the area of interest. Through
the traditional approach, this available information is processed and analyzed independently, thus drawing
isolated conclusions that are then contrasted and allow, in some way, to define the potential of the area. The
research process of a potential dam site usually involves an iterative process of increasingly detailed studies,
which sometimes occurs in just 2 or 3 years, but often in 10 or more years [5], this considering the volume of
information that needs to be analyzed manually, which makes it an inefficient and complex process. On the
other hand, the fact that the analyzes are carried out independently makes the results obtained rigid and often
do not allow analyzing all the possibilities and getting the most out of the processed information.

Authors such as [9], [10], [11], address the need to examine both the location of the reservoir and the
site of the dam, because it is important to know the capabilities of the foundations to support the weight of
both the volume of water in the reservoir as of the materials for the construction of the dam. Therefore,
choosing a suitable site is a crucial phase in the construction of the site. A well-selected site will not only
provide the best benefits, but will also allow the acquisition of aesthetic values that contribute to the creation
of a recreational area around the reservoir. On the contrary, a poorly selected site or an incorrect decision at
the time of building dams in unsuitable areas can cause flooding and therefore damage to industrial, crop or
populated areas. In 1963, for example, more than 300 million meters of rock slipped into the reservoir site of
the San Vaiont dam in Italy. This generated flood waves, which exceeded the dam crest by 100 m causing the
death of 3,000 people downstream [12]. An investigation, at a later date, established that the rocky material
on the lateral slope of the reservoir became saturated due to the water deposit and, as a result, the slope
became unstable and began to slide towards the reservoir [13]. This example shows the importance of
preliminary investigations and recognition in the selection and location of reservoir sites. Before the United
Nations Conference on Environment and Development in 1972, the economic importance of a reservoir project
preceded all other considerations [4]. Since then, environmental awareness and concern have steadily
increased, therefore, decision makers have had to take into account not only technical design and economic
factors, but also local and regional environmental and social impacts of a proposed reservoir.

This paper aims to carry out a study of current trends in the use of spatial analysis methodologies for
the selection of potential sites for the construction of dams, as well as evaluate the criteria to identify suitable
reservoir sites in order to meet future demands of water. In addition, some approaches to multiple criteria
analysis techniques and their integration in a GIS context are analyzed and described, with the aim of
developing in future research a specialized instrument to accelerate decision-making and planning in
hydrological use.

2. Methods

Remote sensing and GIS have the ability to manage, analyze and manipulate all relevant layers of
information involved, such as topography, economic and environmental data, in relation to the selection of the
reservoir site. In addition, remote sensing data can allow decision makers to investigate a wider area of
potential sites in a shorter period of time and at a lower cost [14]. It can also delineate areas of structural
weakness by mapping the scope of the main geological lines related to failures and strikes [15], [16]. Since
site selection of the site involves large data sets, GIS can be used to maintain and manipulate data in order to
extract the necessary information and use the information in the decision-making process [17]. Another
important advantage of using GIS in site selection is its ability to display [18].

The digital elevation models (DEM) Fig. 1, allow to obtain much of the information necessary for the
definition of the potential and are fundamental at the time of generating the hydrological information, since it
is from this information that the morphology of the basins of the territory, which obviously represents primary
information for the estimation of the water supply.
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Figure 1. Example of a Digital Elevation Model (DEM).

Various methodologies have been developed for the selection of sites and techniques suitable for water
collection. Mbilinyi et al. [19] applied the multi-criteria techniques (MCDA) approach to identify areas for water
collection technologies within a GIS context. The approach had been used in some studies in other countries.
However, in Tanzania, the approach was new in the field of rainwater harvesting (RWH), because it had not
been used to identify suitable areas for such technologies. The combination was useful for evaluating multiple
criteria and expert opinion consistently in order to obtain suitability maps and tabular data. He demonstrated
that the MCDA-GIS combination has the potential to provide a rational, objective and unbiased approach to
making decisions in the identification of potential sites for RWH technologies. Although effective, its
methodology could be improved with, for example, the consideration of other factors such as social economy.

Isioye et al. [20] in another study they used Remote Sensing, a limited field survey to identify potential
sites for RWH technologies. The entrance to the Decision Support System (DSS) included maps of rainfall,
slope, soil texture, soil depth, drainage and land use / coverage, and the exits are maps showing potential
sites of water storage systems, stone terraces, bench terraces and borders and Model Builder in ArcView was
used as a platform for the DSS. Munyao [21] used GIS and Remote Sensing with primary rainfall data sets,
runoff coefficient, soil, slope, land use / coverage and socio-economic aspects of the area under consideration
to access the potential for water collection using the software GIS ILWIS and ArcGIS to obtain all the key
spatial layers that were used for various analyzes and weighted overlays were made to produce maps showing
potential sites for water collection. Weerasinghe et al. [22] focused on the use of a GIS and remote sensing.
They developed an integrated methodology to evaluate water management. Consequently, the model
specifies the possible water collection and storage sites for water storage and soil moisture conservation on
farms [22].

Sen & Al-Suba’l [23] identified and evaluated the factors that could affect the location of the dam in the
basins and, therefore, the planning of the water resources of the proposed reservoirs. These authors studied
the effects of sedimentation and flooding on the location and construction of dams in Saudi Arabia. Forzieri et
al. [24] presented a methodology to assess the suitability of sites for dams. The selection criteria were defined
both qualitatively and quantitatively and were based on a territorial analysis using satellite data in combination
with hydrological and climatological information. The methodology is particularly useful in areas where there
is very little territorial information available, such as most developing countries, and it has been applied in the
Kidal region of Mali, where 66 sites were evaluated, of which only 17 complied with the proposed selection
criteria. The authors selected suitable construction sites from the predominant technical and engineering
perspectives and neglected others, such as socio-political perspectives [24].

Ammar et al. [25] reviewed the methodologies and main criteria that have been applied in arid and semi-
arid regions (ASARs) during the past three decades. They classified and compared four main site selection
methodologies, identified three main sets of criteria for selecting RWH locations and identified the main
characteristics of the most common water collection techniques used in ASARs. The methods were diverse,
from those based only on biophysical criteria to more integrated approaches, including the use of socio-
economic criteria, especially after 2000. Most studies now select water collection sites using GIS in
combination with hydrological models and/or multiple criteria analysis.

In the scientific literature, several studies detail methods for the identification at regional level of
promising areas for the collection and storage of water in micro and small farms or to optimize the location
and size of storage units in urban drainage environments (by example, Behera et al. [26]; Zoppou [27]; Travis
et al. [28], Marques et al. [29]).
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In [20], a methodology is proposed in which the first stage consists in identifying and deciding which

RWH technologies would be mapped. For this, a field study must be carried out in which the technologies
must be defined, examples of which are:

e Collection of surface runoff from open areas and storage in terrestrial structures (ponds).

e RWH in situ and storage in soil profile for crop production.

e Other methods of groundwater recharge, such as sand dams (dam walls and dam reservoirs).
¢ Rock basin.

Then the criteria to be evaluated are selected and the criteria maps are created, which will be
reclassified into five comparable units, that is, suitability classes: 5 (very high suitability), 4 (high suitability),
3 (medium suitability), 2 (low suitability) and 1 (very low suitability). Subsequently, it proposes the suitability

model (S), through which suitability maps for water collection are generated by integrating different factor
criteria maps using the Weighted Overlay Process (WOP) for the MCDA.

The MCDA was achieved through a weighted linear combination (WLC) in which the continuous criteria
(factors) are standardized in a common numerical range and then combined by a weighted average. With a
weighted linear combination, the criteria are combined by applying a weight to each, followed by a sum of the
results to obtain a suitability map using the following equation:

S= (RIWSX SS)+ (RIWDx SD;)+ (RIWLX SLj)+W )

where:
RIWSis relative importance weight for slope layer;
RIWD is relative importance weight for drainage layer;
RIWL is relative importance weight for land cover/use layer;
SS is suitability level of cell i in the slope layer;
D; is suitability level of cell i in the drainage layer;
SLi is suitability level of cell i in the land cover/use layer;
W s buffer union of roads settlement and drainage;

I is represents the type of water collection technology to use;

The higher the suitability number of a given site criterion, the more suitable it will be for water collection
technologies. The weighting assigned to each of the site selection criteria represents the importance of that
criterion for the decision-making process for site selection in this project. The importance was thought in terms
of "Would the identification of one aspect of these criteria alter the decision to build river basins?". A weighting
of 1 was assigned to the criteria with little importance, a weighting of 2 to those criteria with little significance,
3 to a moderate significance and a weighting of 4 and 5 to the criteria with a significant impact on the site
selection decision.

Although the proposal is good, it is only aimed at finding the place for water collection and does not
include the possibility of finding the location of potential sites for the location of dams, as well as for the
prevention of natural hazards. In addition, it does not take into account factors such as the social economy,
the runoff coefficient of the soil map and the rain map.

The investigation [30] proposes, as in the previous investigation, a methodology of 4 basic steps:
selection of RWH technologies, selection of criteria to evaluate, classification of the criteria according to the
determined suitability and subsequently the construction of the suitability map integrated by combining criteria
layers using a raster calculator. The GIS database required to identify potential sites for RWH was developed
using ArcGIS with vector and raster databases. A suitability model was developed using ModelBuilder in
ArcGIS 10.2 to implement all processes to identify sites suitable for RWH. Areas suitable for dams were
identified by reclassifying layers of biophysical criteria and combining them using the raster calculation tool in
the ArcGIS 10.2 space analyst module. Each criterion was cut in the study area, reclassified to numerical
values and suitability classifications for dams were assigned. Finally, the most suitable sites for dams were
identified by visual interpretation of satellite images and large-scale mapping analysis.

The proposal offers a map of suitability that will be useful for hydrologists, decision makers and planners
to quickly determine areas that have RWH potential. Despite these, the work is carried out using components
that will only provide a map that is as appropriate as possible so that experts can identify the sites visually and
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not automatically providing the proposal of said potential sites. In addition, social and environmental factors
are not taken into account.

As in the previous cases [4], it makes a selection of the criteria to be taken into account and then makes
a reclassification of the criteria creating a suitability map for later evaluation. To make use of GIS, create layers
of information corresponding to each restriction. The relevant information obtained was converted into the
required restriction layers using IDRISI, a raster-based GIS. The restriction layers needed for the study area
were derived from several sources, including a land use/coverage map produced from satellite data and field
data [31]. This map was used to extract information and build layers of information for defined restrictions, that
is, to identify urban areas, to protect agricultural and forestry areas, respectively. The topography was derived
from a DEM digitized from a topographic map at a scale of 1:50 000 [4]. Similarly, geology was also derived
from the digitization of a geological map at a scale of 1: 200,000 [4]. This process is usually followed by
assigning weights to each restriction layer, multiplying each layer by its weight and then successively
multiplying the result by each of the restrictions to combine all layers. For them, the authors of this research
considered two MCDA approaches to combine the information layers of the Boolean and WLC methods.

Using the Boolean method, all criteria are reduced to restrict Boolean images of areas, which are
adequate and not adequate. In addition, all layers are considered equally important and given the same weight
[18]. This procedure was applied to all layers of information using the MCDA function in IDRISI to produce the
necessary restriction images. For example, Fig. 2 marks the reserved forest areas, which are clearly defined
(in black) as not suitable for consideration based on the criteria developed. To obtain the locations of the
potential sites, the functions OVERPLAY, GROUP, AREA and RECLASS of the IDRISI tool are used.

Figure 2. Forest Reserve Areas [4].

The method using the weighted linear combination requires that the main own vector of the pairwise
comparison matrix be calculated to produce the best set of weights. Subsequently, the best acceptable
adjustment of the respective weights is used in the MCDA function to calculate the WLC using the constraints
in the criteria. The main eigenvector was calculated by taking the square reciprocal matrix of pairwise
comparisons between the criteria and these weights would add 1. This result could be achieved by calculating
the weights with each column and then averaging all the columns [4]. The WEIGHT function in IDRISI, which
operates according to this principle, was used to determine the best fit of the weight factors. The consistency
index (Cl) was also determined. The Cl indicates the probability that the matrix classifications are generated
randomly and the value should be less than 0.10; otherwise, the classification of the matrix must be
reevaluated [32]. Subsequently, the best acceptable adjustment of the respective weights was used in the
MCDA function to calculate the weighted linear combination using the defined factors and constraints. To
select only those areas (groups) that can meet the specified surface areas, the IDRISI GROUP, AREA and
RECLASS functions were used.

At the conclusion of the investigation, the authors define that both methods provide satisfactory results,
it would only depend on the expert to define which of the sites provided by both methods are the most suitable
according to the needs and expectations. Although the GIS methodology makes the decision-making process
more objective, there is still an element of subjectivity associated with the assignment of weights and map
scales. This also allows planners flexibility to incorporate varying degrees of importance to each criterion
based on their experience. Through experience, a good judgment in the evaluation of environmental, social
and political limitations could produce the best alternative decisions.

The progress of the analytical hierarchy (AHP) is a model that can express a complex problem as an
ordered hierarchical structure, and can order the schemes by decision of the people. This method can handle
gualitative and quantitative factors in decision making, and has the advantages of systematization, simplicity,
practicability and effectiveness. This method was used in article [6] to build dams in the middle and upper
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sections, middle sections and lower sections. They list a table according to the criteria and sub-criteria that
restrict the location of the series of dams. Then, they build the AHP site selection evaluation system consisting
of the subsequent objective, the criteria layer, the sub-criteria layer and the scheme layer and as shown in

Fig. 3.
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factors

C3 Topography
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investment
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regulation
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D3 Middle and upper
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Figure 3. Structure Diagram [6].

Although the criterion in this model is not independent, it is not related to all the elements. In the Table 1

it is clearly described the connection between the factors.

Table 1. The relationship among the criteria and sub-criteri

a[6].

Sequence Factors Relationship between the factors
1 A determined by B1, B2, B3
B1 determined by C1, C2, C3
2 B2 determined by C4, C5, C6
B3 determined by C7, C8
3 C1~C8 All determined by D1, D2, D3

From Table 1 it is necessary to classify the degree of importanc
comparing it with the other elements Table 2.

e of each element that is determined by

(X1>X2) means that factor X1 is more important than factor X2; X1=X2 means that factor X1 is as

important as factor X2).

Depending on the degree of importance, the judgment matrix of each layer is constructed as follows,

Fig. 4.
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Figure 4. The judgment matrix of each layer [6].
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Table 2. The importance degree among the criteria and sub-criteria [6].

Sequence Factors Importance degree

1 Al B2>B1>B3
B1 c2>C3>C1

2 B2 C4>C5=C6
B3 C7>C8
C1 D1 > D2 >D3
Cc2 D1=D2>D3
C3 D1 > D2 >D3

. c4 D2 > D1 >D3
C5 D1> D2 >D3
Cc6 D2 >D1>D3
Cc7 D3> D2 >D1
C8 D1 > D2 > D3

Based on the judgment matrix, the proportion of each factor was calculated using the MATLAB
programming language. Subsequently, the relative parameters were calculated to test the consistency of each
layer to judge the consistency of the judgment matrix.

There are some formulas to calculate Cl and CR

Amax —N
Cl z—na(_l )

where:

Amax 1S the largest eigenvalue of every factor;

N=3 is the number of the factors in the criteria layer;

Cl is the consistency indicators of each layer.

ci
CR=Tr ®3)

where:
Rl =0.58 is the random consistency index of each layer;
CR is the consistency ratio of each layer;

When proposing the criteria and sub-criteria, it should be taken into account that these should be as
complete as possible and refined to obtain the best results in the end, this will greatly improve the objectivity
of decision making.

Although the article shows good results, it mentions the criteria to be taken into account for the
evaluation and subsequent location of potential sites in the rivers or basins on a map.

That study and others like [1], [6], [9], [33], [34], that examined small and large scale water storage on
farms, used techniques that involve the spatial overlap of relevant GIS data to produce a summed classified
layer. These approaches, instead of identifying specific locations for dam walls, indicate the most appropriate
general areas for the construction of water tanks. These techniques work well for criteria that are easily
represented in space, such as large-scale geology, runoff generation, social and environmental effects, and
proximity to current and future water demands. In the case of [5] it is proposed that, although composite index
techniques are useful for capturing large-scale considerations in the location of dams, they do not explicitly
model processes and factors relevant to the performance of large individual dams (for example, performance
or construction cost), which depend on the complex game between the following factors:

e topography, p. through the dimensions of the dam wall, the volume of the reservoir and the
relationship of the surface area with the volume.

¢ hydroclimatology, p. through the quantity and the inter and intra annual variability of the entrances
to the deposit and the net evaporation of the deposit.
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o reliability with which a particular performance can be achieved.

Composite index methods have a limited capacity to assess the relative promise of specific sites, mainly
because they do not calculate the potential dimensions of the dam and the reservoir and, therefore, the yield,
which is generally the key measure of the yield of the dam. To do this [5] describes DamSite, a series of
algorithms that provide a flexible means to identify and classify the possible locations of the dam walls in a
landscape from the majority to the least promising, by calculating the potential dimensions of the dam and
reservoir, and performance calculation at a given reliability for each potential dam within a basin or region.

According to the stages of the proposed methodology, first, it proposes the realization of a spatial
analysis to calculate the dimensions of dams and reservoirs and for this it developed a method to automatically
calculate the dimensions of dams and reservoirs from a DEM. The geometric parameters are derived from a
DEM and its one-way flow network. Plans and depressions should be treated so that there are no interruptions
in the flow network. Once the flow paths have been defined, the model rounds the DEM elevations to whole
numbers so that the storage and dam dimensions can be calculated efficiently at discrete heights.

The volume and area of a reservoir contained by a dam along the catchment limit is represented by a
table of heights and corresponding areas (represented by a DEM cell count). One table is calculated for each
cell in the DEM starting at the cells without entrances (hill tops and ridges), and building tables for each cell
downstream by combining the tables of the cells that flow into it. Fig. 5 shows a scheme of several cells, the
flow paths between them and the resulting tables of heights and cell counts for each cell.

Figure 5. The construction of the height count table for a small set of cells connected by flow paths.
The table for each cell is constructed by combining the tables of each contributing cell.
The surface areas and volumes are computed from the counts at each depth using a cell area
of 900 m? [5].

Given the height count table for a cell, the reservoir area (in m2) for a given water surface elevation is
simply the sum of cell counts with heights less than the water surface elevation, multiplied by The area of the
cell. The volume (in m3) is the sum of areas for heights less than or equal to the height of the water surface
(using a 1m elevation increase). The table captures the depth-area-storage relationship in each DEM cell.

Subsequently, the quantification of topographic constrictions and classification of possible sites of dams
was carried out in order to penalize walls of higher and longer dams and, therefore, identify economically
efficient locations. Performance calculation involved a two-stage approach:

e A quick preliminary performance estimate for each dam height increase m in each pixel along each
channel in the study area. The key inputs for this analysis were the annual average runoff raster’s
and the standard deviation in the annual runoff.

e For a selection of the 'best' potential storage locations identified during the first stage, more robust
performance estimates were calculated using the most computational behavior analysis model. For
this analysis, the model used squared time series of daily runoff, rain and evaporation.

Alternatively, the method does not use criteria such as minimization of the flooded area (a source of
environmental impact), minimum displacement of resident populations, maximization of hydroelectric potential
or flood mitigation. All these criteria require an analysis of the basin and the reservoir as an entry in the site
selection.

3. Result and Discussion

One of the main inhibitors identified for the progress and economic development of most urban
settlements is the lack of access to adequate water supplies for human consumption and domestic use,
irrigation and industrialization [35]. The approaches previously investigated mostly are not based on the
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identification of potential sites for the construction of dam walls, but rather indicate the general area to locate
water deposits.

They propose the use of proprietary tools such as ArcGIS, GISILWIS, ArcView, ArcMap, among others,
in which all the work is done manually using a set of functions and components present in them. In some of
the cases, the tools developed or the work carried out on the tools are for certain types of dams with specific
objectives, as well as environmental or social factors, nor flood prevention.

As he puts it [36] one of the most damaging factors that must be taken into account is flood prevention
due to the dangers of unpredictability. Possible causal factors for flash floods include excessive rain, sudden
release of water due to a break in the dam or lake bursting. This factor is important because it affects the other
factors, say social, environmental, industrial, economic, etc.

These ideas further highlight the importance of applying computational techniques, as well as creating
a specialized tool that allows to speed up the process in decision-making and planning in hydrological use. In
this way, the potential sites that affect the most important factors in a very low probability can be obtained,
which in turn will make it possible to achieve better results in the construction of the dams in their subsequent
use. In addition, your employment can provide some of the following advantages:

e The need for micro dams aimed at specific objectives and that, without damaging the environment,
allow the possibility of bringing crops or different branches of production towards them would
eliminate the cost of taking water to farther places. This allows the dams, made for the population
supply, that are the most exploited, to go directly to it without having more purposes or objectives.

e The creation of small dams aimed at specific objectives not only supports the livestock or crop
industry, but also supports flood regulation and the collection of these waters.

¢ The efficiency (in time and/or space) of multicriteria evaluation methods depends on the number of
used criteria. Therefore, by selecting the most important set of criteria, the algorithm would work
faster, and would provide the potential sites for the construction of dams.

¢ Have a multicriteria analysis method that allows hydraulic specialists to know through a feasibility
study previously carried out and a simulation and representation of the affected areas, which area
of the selected river is best suited for the construction of a dam or micro dams.

e Prevention in making incorrect decisions at the time of the construction of dams in unsuitable areas
that may cause flooding and therefore damage in industrial, crop or populated areas.

Finally, it can be affirmed that, although the consulted bibliography reports different approaches in order
to obtain better locations of potential sites, the existing approaches still have certain limitations and are still
inefficient for their application in decision making. This has led the scientific community, recently, to seek new
alternatives to improve the selection results [5], [30], such as increasing the degree of abstraction of the base
criteria, new methods of coding them [20], [37] or focus on multicriteria evaluation techniques [38], [39].

4. Conclusion

The large number and topicality of proposals for techniques for selecting potential areas, available in
the literature, shows that this topic constitutes a very active field of research. The study confirms that:

1. Local selections are characterized by their effectiveness and efficiency in the results that they offer.
However, this type of selection has certain limitations - especially related to the loss of context information -
that limit its discriminatory power. Therefore, it is necessary to create and update models for selecting potential
sites for the construction of dams with a view to improving the results obtained up to now.

2. The integration of mathematical models in GIS facilitates simulation, as it speeds up the spatial
analysis of variables and parameters, allowing the combination of aggregated and distributed data.

3. By analyzing the GIS operations of image processing from spatial remote sensing, it's possible to
draw conclusions about flood damage and conditions, and prioritize the corrective measures to be applied;
and even estimate the probable maximum avenue in a watershed or the meteorological parameters of
hydrological interest.

4. Finally, the creation of multicriteria evaluation methods that take into account the improvement of
the initial stages of a prefeasibility analysis and that manage to select the sites with the highest discriminatory
power, constitutes a current challenge for the scientific community in this field of research. In this sense, the
incorporation of techniques for selecting all potential dam sites within a region is vital to guarantee their
discriminatory power and, at the same time, to reduce the dimensionality of the data. Its application is possible
in order to increase the effectiveness and efficiency in the prevention of decision-making and in the planning
of the construction of hydraulic structures.
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Abstract. In recent years, the frequent extreme weather has led to the rise of reservoir water level, and
accordingly changed the reservoir water temperature. As for concrete dams, changes in reservoir water
temperature and air temperature may generate temperature stress, and such effect and sudden rise of water
level will inevitably change the dam force and endanger the dam safety. By means of numerical simulation
and theoretical analysis, this paper analyzed the effect of the extreme rainstorm on the reservoir water level
and water temperature, and selected a typical project to simulate the changes of temperature field and stress
field of concrete dams in an extreme rainstorm under different working conditions. Results showed that: (1)
After the storm flood entered the reservoir, the temperature stress changed little due to the change in the
reservoir water temperature; (2) During the rainstorm, the compressive and tensile stresses of concrete dams
increased with the time, but did not exceed the allowable values of the concrete used for the dam body;
therefore, the dam body was safe; (3) By comparing the effects of the reservoir water level rise caused by
heavy rain on the dam stress, the dam temperature stress response varied with the water level rising rate: the
greater the reservoir water level rising rate was, the greater the maximum dam response stress was. After
being affected by the rainstorm, the dam stresses were the same. Therefore, it was necessary to use a
dispatching method to control the rise of the water level. This study can provide theoretical basis and reference
for the operation and dispatching of reservoirs during extreme rainstorms.

1. Introduction

As the global climate is worsening, the extreme weather frequently occurs in various regions, which has
become a new trend [1]. Under this trend, heavy rains that are characterized by high intensity and short
duration may cause floods that exceed the design limit of dams, posing severe challenges to the safe operation
of dams and reservoir dispatching during the heavy rains [2—4].

For large and medium-sized reservoirs, due to the large catchment area and wide convergence area,
the water level in the reservoirs will rise rapidly and the water temperature will change accordingly in case of
a heavy rain. Short-duration, high-intensity heavy rain may cause the sudden rise of water level in reservoirs
[5-8]. Zeng Kang et al. [9] found that the inflow conditions (water temperature, inflow rate) of reservoirs during
the flood season would change significantly, and the rainfall runoff would reduce the vertical water temperature
difference, improve the water turbulence and speed up the natural mixing in reservoirs. The sudden rise and
fall of the water level may reduce the safety of dams. In 2016, the Oroville Dam suffered a sharp rise of water
level due to the drastic climate change, leading to the damage of the main spillway. Therefore, it was necessary
to study the impact of stress response to the operation and management of dams during the rainstorm.

To address the said problems, foreign scholars have conducted relevant researches on the daily change
of water temperature in lake-type reservoirs, and found that solar radiation and wind force may affect the daily
change of water temperature in reservoirs [10-13]. Zhu Bofang [14] concluded that annual changes in air
temperature and water temperature would cause tensile stress in concrete dams, and corresponding
measures should be taken; Wang Liangming [15] calculated the effects of daily temperature changes on the
temperature field and temperature stress of concrete dams. Jia Chao [17] analyzed the interaction between
water temperature and water pressure induced force through finite elements. The above literature all analyzed
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the effects of temperature on the stress of concrete dams; however, few researches involved the dynamic
change of temperature/stress of concrete dams under the combined effect of water level and water
temperature during the heavy rain. Yigit [16] found that the periodic displacement response and linear
displacement response of dams were related to seasonal temperature changes and linear rise of reservoir
water level respectively, indicating that there was a correlation between temperature, water load and dam
deformation. All of the said researchers have not studied the stress of dams under the combined action of
temperature and water level. Based on these, this paper simulated a complete rainstorm by coupling water
load and temperature load, and studied the changes of the dam stress during the rainstorm, which would
provide a reference for the dam's safe operation during the heavy rain.

2. Methods
2.1. Prediction of reservoir water temperature under the storm flood

Research on the reservoir water temperature started in the 1950s. To date, the water temperature is
mainly estimated through empirical methods, including Zhang Dafa method of the Northeast Survey and
Design Institute [18] and Zhu Bofang method [19, 20] of China Institute of Water Resources and Hydropower
Research which has been recorded into the Design Specification for Concrete Arch Dams [21]. Zhu Bofang's
reservoir water temperature prediction model is as follows:

Tar = Trog +AD (1)
Trog = = 227 )
12

where 4b means the temperature increment caused mainly by sunlight, °C; Tmod means the revised annual

average temperature, °C. The initial water temperature at the bottom of the reservoir is selected based on the
on-site measured data and corresponding empirical data.

After a reservoir is completed and begins to store water, under the impact of reservoir water level
deepening and climate change, the water temperature layering will occur in the reservoir along the depth of
water. The water temperature prediction is as shown above. The storm flood may disturb the initial water
temperature, and the degree of disturbance can be determined by the runoff-reservoir capacity ratio method

(i.e. parameter a-f method) according to the researches of Tao Mei et al. [22].
Typical parameters in the runoff-reservoir capacity ratio method (i.e. parameter o-3 method) include:

_average annual runoff
reservoir storage capacity

®)

B= Primary flood capacity
reservoir storage capacity

(4)

Among the above parameters, when a < 10, the reservoir water temperature is in a stable layer; when a >
20, the reservoir water temperature is in a mixed layer; otherwise, it is in a transition layer. When the reservoir
water temperature is in a stable layer, f > 1 indicates that the storm flood has an impact on the water
temperature structure in the reservoir; f < 0.5 indicates that the storm flood has no effect on the water
temperature structure in the reservoir; otherwise, the storm flood has a certain effect on the water temperature
structure but doesn't damage the water temperature layering structure.

2.2. Calculation of rainfall-water level relationship

A heavy rain may finally turn into a flow in the reservoir area before the dam after runoff generation and
concentration. With the rapid development of computers and continuous innovation of mathematical methods
in recent years [23], rational formula method, empirical formula method, integrated unit hydrograph method
and hydrological model method are often used to forecast the rainfall-flow relationship.

When calculating rainfall-runoff, the point rainfall is converted into the surface rainfall, and then the loss
is subtracted to finally obtain the net rainfall. According to different conditions in different regions, the runoff
generation is calculated using the principle of water balance, and then the rainfall is converted into runoff after
the rain through the computing method of runoff concentration.
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where Qnyp is the design flood peak flow, m%s; nis the rainstorm index, 0 < N < 1; S is the rain force, mm/h;
7. is the duration of runoff generation, h; 7 is the flow concentration time, h; F is the basin area, km? L is
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the flow length of the furthest point in the basin, km; mis the flow concentration parameter; | is the average
vertical slope along the furthest flow; Qmis the flood peak flow, m%/s.

During a heavy rain, if the water level is lower than the crest level, the water level will gradually rise.
The rising rate is positively correlated with the inflow quantity and the inflow duration. Generally, the reservoir
capacity increment is the product of the inflow quantity and the inflow duration. The water level can be obtained
from the capacity hydrograph at the dam site.

2.3. Computing theory of temperature field

The differential equation of heat conduction for a concrete structure is:

a_ avT + ® (6)
ot ot
A
where @ =——, p is the object density, kg/m3. Cp is mass heat capacity at constant pressure, J/Kg*°C.
Cpp
p
? | * o
A is thermal conductivity, W/(m*°C). o is the thermal diffusivity, m?/s. VZ: st >t 23 , @ is the
ox< oy< 0z
adiabatic temperature rise.
The corresponding initial conditions are:
Tl_o=To(P).[Pe(v9)] 7)
Boundary conditions are:
T|S=Tb(P,t),(pesl,t>t0) (8)
oT
qn‘sz_ﬂ“% =0p(P.t).(PeS,t>1y) €)
S

where ( represents the heat-flow density, J / (mz* S) ,P= P(X, Y, Z) represents the spatial point or spatial

coordinate variable; N represents the direction of the outer normal. When ¢}, = O on a boundary surface, the
boundary is an adiabatic boundary.

2.4. Finite element model

According to the engineering data and research needs, a typical project was selected for analysis. The
dam is a C25 RCC gravity dam with the height of 61.6 m and the crest width of 6 m. Its downstream slope
ratio is 1:0.75, the upstream slope ratio is 1:0.1, and the break point is 1/3 away from the dam heel. When
established, the finite element model extended 40 m along the upstream, downstream and foundation
respectively, and had a total of 17,400 nodes. In the calculation of the temperature field, the first boundary
condition was taken on the contact surface between the dam body and the water, the second boundary
condition was taken on the contact surface between the dam body and the air, and the adiabatic boundary
condition was taken around the foundation; in stress calculation, normal constraints were imposed around the
foundation, and full constraints were imposed at the bottom of the foundation.

2.5. Calculation parameters

Laboratory tests were performed according to the actual conditions of the project. The thermal
parameters of the materials were shown in Table 1, and the mechanical parameters were shown in Table 2.
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Table 1. List of thermal parameters of the materials.

) thermal conductivity  thermal diffusivity  specific heat  linear expansion efficient
material types

(KJ/(m*h*°C)) (m2/h) (KJ/(kg*°C)) (10%/°C)
foundation 9.8000 0.0034 1.0900 6.9200
C25 concrete 9.5800 0.0033 1.1000 6.8000

Table 2. List of mechanical parameters of the materials.

) elastic modulus ) . axial compressive strength  axial tensile strength
material types poisson ratio
(Gpa) (N/mm?) (N/mm?)
foundation 22.00 0.20 10.00 1.27
C25 concrete 28.00 0.20 16.70 1.78

The temperature fitting formula is:

To=7+Ret+ Aocos[%(t—s.@} (10)

where Tois the average temperature, °C. Ao is half of the difference between the maximum temperature and
the minimum temperature; T is the time, month. Rot is the ground temperature which can be ignored.

According to formulas (3) and (4), o was equal to 1.9 and f was equal to 1.2; therefore, the reservoir
had water temperature layered. In case of a flood, the flood would make the water temperature structure mixed
temporarily.

When there was no rain, the measured average annual water temperature on the surface was 13 °C
and the water temperature at the bottom was 10.075 °C. The rainfall was mostly concentrated in July and
August in the form of heavy rain, accounting for 54 % of the annual rainfall. The main stream of the reservoir
contained 50 % sand. According to relevant researches [8, 9, 24, 25], the surface heat exchange did not
directly act on the water layer below 15 m depth. During the flood season, the density currents fell to the
bottom of the reservoir in the transition zone, and went ahead in the form of undercurrent until to the main
reservoir area. The large inflow reduced the range of low-temperature water bodies and the depth of water
temperature layer. Therefore, during calculation, it was considered that after storm water flowed into the
reservoir, the water temperature before the reservoir was redistributed, and suddenly changed to 13 °C overall.

Due to the limited data, this paper was designed to quantitatively study the effect of the water level rising
rate on the stress response of concrete dams when the water level rises from 58 m to 59.8 m under the same
rainfall duration and the same amount of precipitation, and designed two working conditions: the first condition
was the uniform rise of the reservoir water level at a rate of 0.0375 m/h, and the second condition was
the S-shaped rise of the reservoir water level at a rate of 0.0425 m/h first and then at a rate of 0.0305 m/h.

3. Results and Discussion
3.1. Analysis of Calculation Results

3.1.1 Calculated result of temperature field

Through numerical simulation analysis, the results of the temperature field of the concrete dam were
shown in Fig. 1.

12.0089 19.0178 26.0267 33.0356 5 12.1578 19.3156 26.4733 3.6311
§.50444 15.5133 22.5222 29.5311 36.54 8.57889 15.73¢7 22.8944 30.0522 37.21

(a) Before the rain (b) After the rain
Figure 1. Distribution of dam temperature field (unit: °C).
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It could be seen from the figure that under the dual effects of water temperature and air temperature,
the dam body temperature changed. The dam foundation temperature was constant at 5°C. The temperature
change on the surface of the dam body in contact with the air was consistent with the change of the local air
temperature. Both changed in a trigonometric function and had no hysteresis.

3.1.2 Calculated result of stress field

(a) First principal stress (b) Third principal stress (c) First principal stress (t = 0)
(Before the rain) (After the rain)
(d) Third principal stress (t=0) (e) First principal stress (t = 24) (f) Third principal stress
(t=24)

Figure 2. Distribution of stress field during uniform rise of reservoir water level (Unit: Mpa).

(@) Comparison of the first principal stresses

(b) Comparison of the third principal stresses

Figure 3. Comparison of stress fields under two working conditions (t = 14h, unit: Mpa).
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Figure 4. Stress changes at feature points.

Table 3. Dam displacement table (unit: mm).

Time (h) 1 10 20 25
The first condition 1.01123  1.15733 1.31966 1.40091
The second condition 1.0116 1.17718 1.33519 1.42382

From the literature [16], the periodic displacement response and linear displacement response of dams
were related to seasonal temperature changes and linear rise of reservoir water level respectively. A 58 m rise
in the dam water level caused a dam displacement of 10 mm. As shown in Table 3, a 1.8 m rise in the water
level caused a dam displacement of 0.4 mm. The dam displacement had a linear correlation with the rise of
the water level. This result was consistent with the conclusions obtained by Yigit [16] through analysis of the
measured data. This model was considered reasonable.

As we all know, the temperature stress is caused by the temperature difference. As shown in Fig. 2,
before the storm flood flowed into the reservoir, the temperature was high at the dam crest and after the dam,
and was low before the reservoir, the temperature difference, the temperature deformation and the
temperature stress were all large; after the storm flood flowed into the reservoir, the water temperature in front
of the reservoir was evenly distributed, the temperature difference between the upstream and downstream
reduced, the temperature deformation of the dam body was small, and the temperature stress decreased.
Therefore, the stress values in Fig. 2-(c) were greater than those in Fig. 2-(a). Since the temperature difference
between the said stress values decreased 2.925 °C, the first principal stresses at the dam heel differed by
about 2 KPa.

The water level rise after the storm flood entered the reservoir was shown in Fig. 2. As the flood
continued to flow into the reservoir, the dam deformation increased, and the tensile stress and compressive
stress were positively correlated with time. The maximum compressive stress occurred at the downstream
dam toe, and lasted for two days with the value of 1.9 Mpa; the maximum tensile stress occurred at the
upstream dam heel, and lasted for two days with the value of 0.7 Mpa, both of which did not exceed the
allowable strength of concrete (allowable compressive stress: 16.7 Mpa, allowable tensile stress: 1.78 Mpa),
and met the requirements for strength specified in the Design Specification for Concrete Gravity Dams.
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As shown in Fig. 3, the stress of the dam body changed accordingly through comparison of two different
reservoir water level rising rates. The faster the water level rose, the greater the response stress of the dam
body was. When the water level rose for 14 h, the difference between the first principal stresses under the two
working conditions was 0.0067 Mpa, and the difference between the third principal stresses was 0.01 Mpa.
After the rainstorm entered the reservoir for 24 h, the water level and temperature became stable, so their
stresses were the same.

4. Conclusion

To analyze the response of dams during the heavy rain, this study took a typical project in summer
storm as an example, and adopted numerical simulations to analyze the changes of the temperature field and
stress field of the dam body before and after the storm flood entered the reservoir. The results showed that:

1. Before and after the storm flood entered the reservoir, the temperature stress changed due to the
change in the reservoir water temperature. For mixed reservoirs, the stress was reduced because the
temperature difference between the upstream and downstream of the reservoir got smaller;

2. As the flood continued to enter the reservoir, the dam deformation increased, the changes in water
temperature and air temperature had less effect, the water load had a significant effect, and the dam stress
increased with the inflow of storm floods;

3. In the case of the same rainfall duration, the same rainfall amount, and the different rainstorm
intensities, the water level rising rate had a significant effect on the stress response of the concrete dam body;
that was, the faster the water level rose, the greater the dam stress was, which would damage the stability of
the dam body and the bank slope in the reservoir area.

4. According to the literature [26], the heavy rain had a great impact on the stability of the bank slope
in reservoir area; however, it needs further research in the later period.

Such results can provide a reference for the dispatching and operation of reservoirs in the rainy season,
and can also provide a theoretical basis for the safe operation of cascade hydropower stations and the control
of the water level rising rate.

5. Acknowledgements

This study was funded by the national key R & D plan fund project(2018yfc0406803) and Open project
of dike safety and disease prevention engineering technology research center of the Ministry of water
resources:(2018008)

References
1. Guoyu, R., Yu, C., Xukai, Z., Yaqging, Z., Xiaoling, W., Ying, J., Fumin, R., Qiang, Z. Definition and trend analysis of an integrated
extreme climatic index (in Chinese). Climatic and Environmental Research. 2010. 15(4). Pp. 354-364..

2. Asadieh, B., Krakauer, N.Y., Fekete, B.M. Historical trends in mean and extreme runoff and streamflow based on observations and
climate models. Water (Switzerland). 2016. 8(5). DOI: 10.3390/w8050189

3. Najibi, N., Devineni, N. Recent trends in the frequency and duration of global floods. Earth System Dynamics. 2018. 9(2). Pp. 757-783.
DOI: 10.5194/esd-9-757-2018

4. Asadieh, B., Krakauer, N.Y. Global trends in extreme precipitation: Climate models versus observations. Hydrology and Earth System
Sciences. 2015. 19(2). Pp. 877-891. DOI: 10.5194/hess-19-877-2015

5. Rifeng, L., Yang, L., Weixing, M., Zizhen, Z. Analysis of correlation between storm runoff and reservoir density current (in Chinese).
2017. Pp. 5-10. DOI:10.3969/j.issn.1673 —9353.2017.05.006.

6. Ma, W., Huang, T., Li, X., Zhou, Z., Li, Y., Zeng, K. The effects of storm runoff on water quality and the coping strategy of a deep
canyon-shaped source water reservoir in China. International Journal of Environmental Research and Public Health. 2015. 12(7).
Pp. 7839-7855. DOI:10.3390/ijerph120707839.

7. Shiyong, H. Analysis of “99-7” storm flood and reservoir flood dispatching in Xin’an River Basin(in Chinese). HYDROLOGY. 2003.
23(1). Pp. 60-62.

8. Qike, X., Zhaowei, L., Yongcan, C., Xiao, C., Werk, K.T. Measurement and analysis of daily temperature changes in Xiluodu
Reservoir(in Chinese). ADVANCES IN WATER SCIENCE. 2018. 29(4). Pp. 523-535. DOI:10.14042/j.cnki.32.1309.2018.04.008.

9. Kang, Z., Tinglin, H., Weixing, M., Zizhen, Z., Yang, L. Water-quality responses of the intrusion of high-turbidity runoff to the thermal
stratified Jin-pen Reservoir during flood season (in Chinese). China Environmental Science. 2015. 35(9). Pp. 2778-2786.

10. van Emmerik, T.H.M., Rimmer, A., Lechinsky, Y., Wenker, K.J.R., Nussboim, S., van de Giesen, N.C. Measuring heat balance residual
at lake surface using distributed temperature sensing. Limnology and Oceanography: Methods. 2013. 11(FEB). Pp. 79-90.
DOI: 10.4319/lom.2013.11.79

11. Vercauteren, N., Huwald, H., Bou-Zeid, E., Selker, J.S., Lemmin, U., Parlange, M.B., Lunati, |. Evolution of superficial lake water
temperature profile under diurnal radiative forcing. Water Resources Research. 2011. 47(9). Pp. 1-10. DOI: 10.1029/2011WR010529

12. Imberger, J. The diurnal mixed layer. Limnology and Oceanography. 1985. 30(4). Pp. 737-770. DOI: 10.4319/10.1985.30.4.0737

13. Maclntyre, S., Romero, J.R., Kling, G.W. Spatial-temporal variability in surface layer deepening and lateral advection in an embayment
of Lake Victoria, East Africa. Limnology and Oceanography. 2002. 47(3). Pp. 656—671. DOI: 10.4319/10.2002.47.3.0656

14. Bofang, Z., Longshen, W., Yue, L., Guoxin, Z. Stress caused by annual temperature field changes during the gravity dam runtime (in
Chinese). Water Resources and Hydropower Engineering. 2007. 38(9). Pp. 21-24. DOI:10.13928/j .cnki .wrahe.2007.09.002

Lei, G., Weiping, S., Lixia, G., Lunyan, W.



15.

16.

17.

18.

19.

20.
21.
22.

23.

24.

25.

26.

Magazine of Civil Engineering, 99(7), 2020
He, W.S., Wang, L.M. Three-dimensional seepage field analysis of thick overburden CFRD after sealing failure. Applied Mechanics
and Materials. 2014. 457-458. Pp. 797-800. DOI:10.4028/www.scientific.net/ AMM.457-458.797.

Jia, C., Shao, A, Li, Y., Ren, Q. Analyses of thermal stress field of high concrete dams during the process of construction. Asia-
Pacific Power and Energy Engineering Conference, APPEEC. 2010. (3). DOI:10.1109/APPEEC.2010.5449456.

Yigit, C.O., Alcay, S., Ceylan, A. Displacement response of a concrete arch dam to seasonal temperature fluctuations and reservoir
level rise during the first filing period: evidence from geodetic data. Geomatics, Natural Hazards and Risk. 2016. 7(4).
Pp. 1489-1505. DOI: 10.1080/19475705.2015.1047902

Dafa, Z. Analysis and estimation of reservoir water temperature(in Chinese). Journal of China Hydrology. 1984. 1. Pp. 19-27.
DOI:10.19797/j.cnki.1000-0852.1984.01.006.

Bofang, Z. Prediction of water temperature in reservoirs (in Chinese). Journal of Hydraulic Engineering. 1985. 2. Pp. 12-21.
DOI:10.13243/j.cnki.sIxb.1985.02.002.

Ministry of Water Resources of the People’s Republic of China. Design specification for concrete arch dams (in Chinese).
China, M. of W.R. of the P.R. of. Regulation for hydrologic computation of water resources and hydropower projects (in Chinese).

Mei, T., Yong, P., Hua, W., Kun, B. Effects of floods on reservoir temperature hierarchy(in Chinese). WATER RESOURCES
PROTECTION. 2013. 29(5). Pp. 38—44.

Wang Fugiang, H.F. Review on study of mid- and long-term hydrological forecasting technique(in Chinese). 2010. 27(5). Pp. 3-5.
DOI: 10.3969/j.issn.1000-1379.2010.03.011

Wang, S., Qian, X., Wang, Q.H., Xiong, W. Modeling Turbidity Intrusion Processes in Flooding Season of a Canyon-Shaped Reservoir,
South China. Procedia Environmental Sciences. 2012. 13(2011). Pp. 1327-1337. DOI: 10.1016/j.proenv.2012.01.125

Chung, S.W., Hipsey, M.R., Imberger, J. Modelling the propagation of turbid density inflows into a stratified lake: Daecheong Reservoir,
Korea. Environmental Modelling and Software. 2009. 24(12). Pp. 1467-1482. DOI: 10.1016/j.envsoft.2009.05.016. URL:
http://dx.doi.org/10.1016/j.envsoft.2009.05.016.

Siwei, W., Dezhi, J., Handong, L. Study of slope instability induced by rapid drawdown of water level (in Chinese). The first
Geotechnical hydraulic Conference. 2005. Pp. 101-104.

Contacts:

Guo Lei, glboss@126.com

Shen Weiping, swpstudy@126.com
Guo Lixia, guolx@126.com

Wang Lunyan, 982069193@qq.com

© Lei, G.,Weiping, S.,Lixia, G.,Lunyan, W., 2020

Lei, G., Weiping, S., Lixia, G., Lunyan, W.



M agazine of Civil Engineering. 2020. 99(7). Article No. 9904

T Q‘f"v:": - o | |

i“ Magazine of Civil Engineering ISSN
S

"V ‘gg unﬁ 2712-8172
TR

L e

Bn wh. ooy journal homepage: http://engstroy.spbstu.ru/

DOI: 10.18720/MCE.99.4

Earth pressure reduction on retaining walls using EPS geofoam

Y.E-H. Ibrahim*3, S.S.A. Abdelsalam®, M.N.A. Nabil®, M.E. Elsayed®
@ Prince Sultan University, Rafha Street, Riyadh, Saudi Arabia

b Zagazig University, Zagazig, Egypt

* E-mail: yibrahim@vt.edu

Keywords: EPS geofoam, finite element method, non-yielding, yielding walls, lateral earth pressure,
ABAQUS

Abstract. Retaining wall structures are widely used in different civil engineering projects including building
construction, highways, railways, water conservancy, harbors, and many other projects in order to resist the
lateral pressure of soil and water. According to their deformation behavior, retaining walls can be classified as
flexible walls and rigid walls. Deformable inclusions such as expanded polystyrene, EPS, geofoam can be
used to reduce the lateral earth pressure on retaining wall structures. In this study, the effect of using EPS
geofoam inclusion on the reduction of lateral earth pressure and stability behavior of non-yielding and yielding
retaining walls with cohesionless backfills is examined through a finite element analysis using ABAQUS
software. A parametric analysis was performed to examine the effectiveness of EPS inclusion considering
different parameters including the foam thickness, short and long-term characteristics of the foam density,
surcharge load on backfill and the backfill properties. According to the results obtained, the earth pressure and
subsequently the sliding forces and overturning moments were reduced on non-yielding and yielding retaining
walls due to the EPS inclusion. The percentage of reduction was higher in the case of non-yielding walls with
zero surcharge pressure. The reduction in sliding forces and overturning moments reached 47 %. Moreover,
it was found that the lateral earth pressure, sliding forces and overturning moment on retaining walls were
decreased with the increases of the foam thickness. However, the lateral earth pressure was slightly increased
with the increase of the foam density. Empirical equations of reduction in lateral forces and overturning
moments were developed as a function of foam thickness.

1. Introduction

The stability of earth retaining wall systems represents a complex balance of external loads versus
resistances’ problems. Earth retaining walls are generally divided into non-yielding and yielding systems. The
former system is inherently constrained against both deformation and displacement in the horizontal direction.
Common examples of the non-yielding system include below-grade (e.g., basement) walls of buildings, bridge
abutments, and free-standing retaining walls that are restrained against horizontal displacement due to
physical restraint or structure geometry. The non-yielding earth retaining wall systems are logically designed
assuming the at-rest earth-pressure state within the retained soil. The yielding system can either displace or
deform or both in the horizontal direction. The yielding earth retaining wall systems can develop the active
earth-pressure state within the retained soil [1].

Active earth pressures evaluation plays an important role in geotechnical engineering. Reduction in
lateral earth pressure, sliding force and overturning moment on a retaining wall by providing EPS geofoam
inclusions helps in reducing the project cost. The use of expanded polystyrene (EPS) geofoam as a lightweight
compressible inclusion has gained extensive popularity in geotechnical engineering. Many researchers have
carried out analytical, experimental work and numerical analyses on lateral earth pressure problems. These
studies have shown that compressible materials between a rigid retaining wall and backfill reduced static force
[2-6]. Chauhan and Dasaka [7] proved the effectiveness of EPS geofoam on reduction of lateral earth
pressure. They noticed that provision of geofoam behind the retaining wall provided a thrust reduction in range
of 8-42 % for surcharge pressures ranging from 10-50 kPa.
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Navid and Rouzbeh [8] conducted a finite difference analysis using a 2-D FLAC computer program by
considering yielding and non-yielding states for retaining walls to explore the effectiveness of geofoam panels
in improving the static performance of cantilever retaining walls. They found that using EPS15 with density
equal to 15 (kg/m?), which has the lowest density among other geofoam panels, has a significant role in
reduction of lateral stresses. Through their small-scale physical model tests, Dave and Dasaka [9] found that,
EPS geofoam reduced the total lateral force on the retaining wall by about 23 % and 28 %, for retaining wall
with and without hinge, respectively. Yadav [10] conducted a numerical analysis on static and seismic
condition with inclusion of geofoam on retaining wall in using Plaxis 2D software. The thickness of geofoam
was considered as 0.5 m, 1.0 m, 1.5 m and 2 m. It was found that the reduction in lateral earth pressure
increases with the increase in geofoam thickness. Ertugrul and Trandafir [11] conducted experimental study
to investigate the reduction of lateral earth forces on rigid retaining walls by using EPS geofoam inclusions.
For rigid non-yielding retaining wall, EPS geofoam panels of three different thicknesses (characterized by the
ratio of geofoam thickness to wall height, t/h, of 0.07, 0.14, and 0.28) were installed behind retaining wall.
When comparing the “no buffer’ case with an inclusion of t/h = 0.14, it was found that the reduction in the
lateral pressure exceeded 50 %. Salem et al. [12] developed a small-size diaphragm wall with EPS buffer
using FE program PLAXIS 3D. They concluded that, lateral pressure on diaphragm walls was significantly
reduced by around 37 % using a relatively thin EPS buffer.

Veletsos and Younan [13] investigated dynamic pressures on flexible cantilever retaining walls with
fixed base using an analytical approach that involved repeated application of Lagrange's equation. Results of
their study emphasized the importance of wall flexibility on the lateral dynamic load and indicated that the total
wall force may be reduced to about one half of the force calculated for a rigid retaining wall with a fixed base.

Bathurst et al. [14] investigated the performance of seismic geofoam buffers by carrying out physical
shaking table tests on a non-yielding rigid wall with a 1.0 m height with deformable geofoam panels and
granular backfill. Amaximum dynamic force reduction of 31 % (compared to the control case of a rigid retaining
wall with no geofoam buffer) was observed in these tests for a peak base acceleration of 0.7 g.

Fakhry et al. [15] constructed a numerical model using finite element program PLAXIS 2D. They
concluded that, the lateral pressure on flexible diaphragm walls can be significantly reduced by 37 % using a
relatively thin EPS buffer. Mustafa et al. [16] studied the efficiency of EPS geofoam inclusion in reducing the
static earth pressure on non-yielding cantilever retaining walls with a height of 7 m, using finite element
program, PLAXIS 2D. They studied the distribution and magnitude of earth pressure on retaining walls with
and without geofoam when subjected to surcharge loads. A geofoam density of 10 kg/m?® and a thickness of
0.50 m were used. The results confirmed that the earth pressure have been reduced with the geofoam
inclusion by 36 %. Abdelsalam et al. [17] developed a 3-D model using PLAXIS 3D. They found that reduction
in lateral earth pressure acting on flexible retaining walls ranged from 2 % to 25 % by using EPS geofoam with
a foam thickness to wall height ratio ranging from 0.01 to 0.05, respectively.

Researchers considered using EPS with other geosynthetics to enhance the effect of EPS in different
applications. Moghaddas Tafreshi et al. [18] conducted experimental tests to investigate the effect of inclusion
EPS geofoam block and geocell to mitigate the pressure on buried flexible high-density polyethylene pipes.
They found that using EPS can reduce the pressure onto the pipe, however, it may cause larger surface
settlements. The effect of using EPS was enhanced by using geocell reinforcement and the resulting
deformations were kept within allowable limits. Experimental tests were used to study the effect of the use of
geogrid and EPS geofoam block to protect unplasticized polyvinyl chloride pipes with 160 mm diameter buried
in unreinforced and reinforced trenches under cyclic loadings [19]. It was found that using geogrid with EPS
block with appropriate density, thickness and width can control the behavior of these buried pipes under cyclic
loading. EPS wall barrier was considered to mitigate the blast load effect on the pile foundation [20]. According
to the results obtained, it was observed that the open trench and the EPS wall barrier have the best
effectiveness in reducing the blast load effect on such foundations, when compared to other techniques or
materials. Other researchers used fibers of polypropylene under retaining walls to enhance the stability of the
soil mass [21]. It was found that retaining wall with fiber-sand backfill experience much smaller horizontal
movements than that of the retaining wall with sand backfill.

The main goal of this study is to optimize the effectiveness of using geofoam inclusions as a lightweight
fill material behind retaining wall structures in order to effectively reduce the lateral earth pressure and enhance
the stability of the retaining walls considering the sliding forces and overturning moments on these walls. A
detailed FE analysis using ABAQUS was used to model backfill soil, retaining walls and EPS geofoam. In this
regard, several parameters were considered including the foam thickness, which varied from 0 to 3.0 m, foam
density for short and long-term conditions, surcharge pressures on backfill surface due to foundations of
adjacent structures and traffic loading and finally the backfill soil type including loose, medium and dense
sand.
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2. Methods

The theories proposed by Coulomb [22] and Rankine [23] remain the fundamental approaches to
analyze the active earth pressures their formulation is simple, and widely accepted by practicing engineers.
FE method can analyze complicated geometries and provide detailed results to the retaining wall problem.
Accordingly, it is becoming an effective method of solving the earth pressure problems.

In this research, a three-dimensional FE commercial software (ABAQUS) was used in the analysis to
model the retaining wall, backfill soil and soil underneath the wall. The backfill soil comprises loose sand with
a height of 8.0 m, followed by dense sand extending down to a depth of 31.0 m. The wall has a height of 8.0 m,
and its width varies from 3.0 m at the base to 0.80 m at the top. In the analysis, the wall was modeled as an
elastic material.

Wall is modeled as elastic materials by an eight-node linear brick element with reduced integration
and hourglass control (C3D8R). Soil, EPS geofoam and back fill are modeled by elastic ideal plastic
constitutive model following Mohr—Coulomb yield criterion by an eight-node linear brick element with reduced
integration and hourglass control (C3D8R). The Mohr—Coulomb Model considers the effect of stresses on the
strength of soil. The failure criterion is defined by the friction angles and cohesion of soil. The Main parameters
are summarized in Table 1. It should be noted that wall elements are relatively rigid to the surrounding soil
deformations. The surface of wall elements that are in contact with the soil elements is referred to as the main
surface (master). The surface of the soil elements in contact is set as the secondary surface (slave). In the
ABAQUS program these surfaces are called contact pairs. The contact behavior of the two surfaces is
determined by the Coulomb law of sliding friction. The Coulomb model of friction applies to the maximum
allowable friction (shear), including the normal stress at the interface between the two surfaces.

A finite-sliding formulation was used at these interfaces, which allows any random motion of the
surfaces including sliding, separation, and rotation of the surfaces. Hard contact model was used to define the
normal contact pressure over closure relationship between the backfill and base soil and the wall. The first
step of the analysis was to verify that the initial geostatic stress field is in balance with the applied loads and
boundary conditions. The initial step was followed by several static analyses stages to reach an active state.

Boundary conditions of the bottom of the model were fixed. The horizontal displacement was
constrained at the right and left sides of the soil block considered. The left side of retaining wall was restraint
for non-yielding retaining wall and unrestrained for the case of yielding retaining wall. The vertical stress

distributions behind the wall at non-yielding and vyielding walls were taken as (A =0.000H) and
(A = 0.00073H), respectively as presented in Fig. 1 [24, 25].

Table 1. Physical and mechanical properties of soil, backfill and EPS.

Wall EPS geofoam  Backfill Loose Base soil
sand

Unit weight, y (kN/m3) 24 2.5 15 17
Modulus of elasticity, E (MPa) 2.1E* 2.736 20 100
Poisson ratio, /4 0.20 0.14 0.3 0.25
Internal friction angle, ¢ ° - 27 30 37

Cohesion, C, kPa - 47 0 0

EPS foam

<+——— 2Ilm —»

Wall

unrestrained \

restrained

17m .
+—>

base soil

3lm

a) Non-yield b) Yield
Fig. 1: Dimensions and boundary conditions of the retaining walls
a) Non-yielding retaining wall and (b) Yielding retaining wall.
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The main purpose of the parametric study is to investigate the effect of using EPS geofoam in reducing
the lateral earth pressure on yielding and non-yielding retaining walls. The following parameters were
considered in this study:

e [Foam thickness (case 1);

e Foam properties including short term and long-term conditions (case 2);

e Surcharge pressure on backfill surface (case 3);

o Backfill soil properties (case 4).

Table 2 through Table 5 show different parameters considered in this study in details.

Table 2. Effect of foam thickness (case 1).

Case a b C d e f g
Foam thickness (m) 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Table 3. Effect of EPS properties (case 2) [26].

Case EPS properties
y (KN/m?3) E (kPa) U o° C. kPa
a Short term 25 2736 0.14 27 47
Foam 25 Long term 25 2072 0.14 25 40
b Short term 30 4307 0.17 33 57
Foam 30 Long term 30 3263 0.17 30 45
c Short term 35 4924 0.2 36 84
Foam 35 Long term 35 3730 0.2 33 67

Table 4. Effect of surcharge pressure (case 3).

Case a b c d
Surcharge pressure, q(kPa) 0 16 25 50

Table 5. Effect of backfill properties (case 4).

Case Backfill properties
Soil type ¥ (KN/m?) E (MPa) u ¢°
a Loose sand 15 20 0.3 27
Medium sand 18 50 0.3 35
Dense sand 20 100 0.25 37

3. Results and Discussion
3.1. Verification of FE Model

First, the developed FE model was verified through a comparison with the Coulomb and Rankine
fundamental approaches. Lateral earth pressure distribution along wall for non-yielding retaining walls at
different backfill granular soils (loose sand with Young modulus equal to 20 MPa, medium sand with Young
modulus equal to 50 MPa and dense sand with Young modulus equal to 100 MPa) and at different surcharge
load (0 = 0 kPa, q = 16 kPa, q = 25 kPa and g = 50 kPa) are shown in Fig. 2 and Fig. 3, where they are
compared with the theoretical approaches at non-yielding lateral earth pressure distribution. From these
figures, it can be observed that good agreement was noted between the FE calculations and the theoretical
approaches. Fig. 4 and Fig. 5 show the lateral earth pressure distribution versus the normalized height of wall
for yielding retaining walls at different backfill material and at different surcharge load, where they were
compared with the Coulomb active earth pressure distribution. Again, the theoretical active earth pressure
agreed well with the FE results. It should be noted that the limiting active earth pressure condition occurred
after the formation of a failing soil wedge adjacent to the retaining wall. The numerical simulations using
ABAQUS reasonably predicted the response and the lateral earth pressure of the retaining wall. The
developed model was able to predict the lateral earth pressure with a good level of accuracy. From the
verification part and the comparisons for each case, it can be concluded that a reliable FE model was
developed.
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The plastic strain contours, shown in Fig. 6, clearly illustrate the presence of a failure plane similar to
the one assumed in the Coulomb active earth pressure theory. This failure surface was inclined at an angle of
(45+¢/2), according to Coulomb theory.

Lateral stress, kPa

0 -20 -40 -60 -80
0
——TFEM, Loose sand
——Coulomb, Loose sand
02 -----No-------------1 FEM, medium sand -
5 Coulomb, medium sand
04 b N\ —FEM, dense sand i
% ' —— Coulomb, dense sand
3
NO06 - R
bt
g
L8 o NN
1

Figure 2. Lateral earth pressure against non-yielding wall model for different backfills.
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. \ ——Coulomb, g=50kPa
FOA T NN TN —FEM, = 50kPa ]
L
g
L
H0.6 mmmmmmmm e AN NN A e
=
=
=]
0% Y R N N N N ———
1

Figure 3. Lateral earth pressure against non-yielding wall model for different surcharge loads.
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Figure 4. Lateral earth pressure against yielding wall model for different backfills.
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Figure 5. Lateral earth pressure against yielding wall model for different surcharge
pressures, (.
The analysis was performed for a retaining wall with a height of 8 m, a surcharge load equal zero, the

foam density 25 kg/ m3, loose-sand backfill and a foam thickness varying from zero to 3.0 m as given in
Table 2.

PE. Mas. Principal PE, Max, Principal

y May, Frincipa . oy

(#g; 75%) (Mg;?;;)ue-uz
+8.240e-03 135 0ens
+7.553e-03 T1%ea 05
8867803 :
161800503 +1.1938-02
+5.493e-03 +1,0608-02
+4.807e-03 +9,2768-03
+4.120e-03 +7.951e-03
+3.423e-03 +6.626e-03
+2.747e-03 +3.301e-03
+2.060e-03 +3.970e-03
+1.373e-03 +2.650e-03
+6.3672-04 +1,3259e-03
+0.000e+00 +0.000e+00

a) Without foam b) With foam =2 m

Figure 6. Distribution of plastic strain without and with foam in the backfill at active failure.

3.2. Effect of Foam Thickness

First, the effect of foam thickness on lateral earth pressure on retaining walls, and accordingly on the
sliding forces and overturning moments, was investigated in case 1. In this case, foam was used with different
thicknesses ranging from zero to 3.0 m. The foam density was set to 25 kg/m?® for the whole case. No
surcharge pressure was considered. The backfill soil was loose sand with unit weight of 15 kN/m® and modulus
of elasticity of 20 MPa, Poisson ratio of 0.3 and internal friction angle of 27° with no cohesion. Both types of
walls were considered; non-yielding and yielding retaining walls.

Fig. 7 shows lateral earth pressure against non-yielding wall for different foam thicknesses. The
percentage of reduction in lateral force and overturning moment for non-yielding wall at different foam
thicknesses is shown in Fig. 8. Fig. 9 shows factor of safety for sliding and overturning on the non-yielding wall
at different foam thickness. From these figures, it can be observed that, the lateral earth pressure was
significantly decreased upon using foam in front of the non-yielding retaining wall with a noticeable
enhancement in the factor of safety against sliding and overturning. Figures also show that as the thickness
of foam increases, the lateral earth pressure is reduced and consequently the factor of safety is increased.

The percentage of reduction in lateral earth force and overturning moment at different foam thickness
can be calculated by the following equations: For the lateral force, Y = 40.50X%2%, and for the overturning
moment, Y = 23.85X%313, where Y is the percentage of reduction and X is the foam: thickness in meters. The
factor of safety for sliding and overturning also was increased from 0.75 to 1.50 and from 1.15 to 1.75,
respectively.

The effect of foam thickness on the reduction of lateral earth pressure on yielding retaining walls and
the enhancement of corresponding factor of safety in terms of sliding force and overturning moment are shown
in Fig. 10 to Fig. 12. Fig. 10 shows lateral earth pressure against yielding retaining wall for different foam
thicknesses. Fig. 11 shows the percentage of reduction in lateral force and overturning moment for non-
yielding wall at different foam thickness. Fig. 12 shows factor of safety for sliding and overturning on the
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yielding wall at different foam thickness. Similar to the non-yielding retaining walls, the figures show that the
lateral earth pressure was decreased as the thickness of foam was increased.

Lateral stress, kPa
-40 -60 -80

——Coulomb
—t=0.0m
] —1t=0.5m
—t=1.0m
—1t=1.5m
____________________ t=2.0m
t=2.5m
—t=3.0m

Normalized height, Z/H

Figure 7. Lateral earth pressure against non-yielding wall for different foam thicknesses.
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Percentage of reduction ,%
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10
0 l_. . 2.
Thickness of foam, m
Figure 8. Percentage of reduction in lateral force and Figure 9. Factor of safety for sliding and

overturning moment overturning.

The percentage of reduction in lateral force and overturning moment at different foam thicknesses can
be calculated by the following equations: For the force, Y = 17.95X%79%2 and for the moment,
Y = 1.157X2 + 3.605 X + 2.894, as shown in Fig. 11. The factor of safety for sliding and overturning also was
increased from 1.25 to 2.10 and from 1.8 to 2.60, respectively, as shown in Fig. 12.

In general, the lateral earth pressure is decreased with the increase of the foam thickness. This
reduction in earth pressure reached 52 % for non-yielding walls and 41.14 % for yielding walls, when using
foam with 3.0 m thickness, as shown in Fig. 7 and Fig. 10.

Lateral stress, kPa

-40

——Coulomb
—1=0.0m
—t=0.5m
—t=1.0m
—1t=1.5m
t=2.0m
t=2.5m
—t=3 O0m

Normalized height, Z/H

Figure 10. Lateral earth pressure against yielding wall for different foam thickness.
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Figure 11. Percentage of reduction in lateral force Figure 12. Factor of safety for sliding and overturning.
and overturning moment.

3.3. Effect of Foam Properties

In case 2, the effect of EPS properties on lateral earth pressure was studied considering the short term
and long-term conditions of EPS. During this analysis, loose sand was considered with similar soil properties
as in case 1. Also, no surcharge pressure was considered in this case. Table 3 summarizes the details of
properties for the three types of EPS used: Foam 25, Foam 30 and Foam 35 in terms of unit weight, modulus
of elasticity, Poisson ratio internal friction angle and cohesion. The foam thickness was 2.0 m, in this case.

Fig. 13 shows the lateral earth pressure against non-yielding wall model for different foam densities in
short and long-term conditions. Fig. 14 shows the percentage of reduction in lateral force and overturning
moment at different foam densities. The lateral force was decreased by 46.4 % for Foam 25, 44.5 % for Foam
30 and 43 % for Foam 35. The overturning moment was decreased by 29 % for Foam 25, 27.7 % for Foam
30 and 26.4 % for Foam 35, for short-term properties. Fig. 15 shows percentage of reduction in lateral force
and overturning moment at different foam densities. The lateral force was decreased by 46.6 % for foam 25,
43.9 % for foam 30 and 43.9 % for foam 35. The overturning moment was decreased by 28.1 % for Foam 25,
26.9 % for Foam 30 and 26.9 % for Foam 35, for long-term properties.

Lateral stress, kPa
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Figure 13. Lateral earth pressure against non-yielding wall model for different foam densities
in the short and long-term conditions.

Fig. 16 shows Lateral earth pressure against non-yielding wall model for different foam densities in short
and long-term conditions. Fig. 17 shows percentage of reduction in the lateral force and overturning moment
at different foam densities. The lateral force was decreased by 29.8 % for Foam 25, 33.1 % for Foam 30 and
32.9 % for Foam 35. The overturning moment was decreased by 13.8 % for Foam 25, 21.9 % for Foam 30
and 22.8 % for Foam 35 for the short-term properties. Fig. 18 shows percentage of reduction in lateral force
and overturning moment at different foam densities. The lateral force was decreased by 26.9 % for Foam 25,
30.1 % for Foam 30 and 30 % for Foam 35. The overturning moment was decreased by 7.2 % for Foam 25,
16.2 % for Foam 30 and 18 % for Foam 35 for the long-term properties.

In all studied cases, there is a general trend of having less lateral earth pressures on non-yielding
retaining walls with decreasing EPS foam density. Results showed that use of Foam 25, which has the lowest
density among other geofoam densities, is the most efficient in reducing the lateral pressure on non-yielding
retaining walls. On the contrary, for yielding retaining walls, there is a general trend of reducing the lateral
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earth pressures with the increase in EPS foam density. The results showed that use of Foam 35, which has
the highest density between other geofoam densities, is the most efficient in reduction of lateral stresses on
yielding retaining walls.
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Figure 14. Percentage of reduction in lateral
force and overturning moment for non-yielding
wall (short-term conditions).

Figure 15. Reduction in lateral force and
overturning moment for non-yielding wall (long-
term conditions).
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Figure 16. Lateral earth pressure against yielding wall model
for different foam densities in short and long-term conditions.
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Figure 18. Reduction in lateral force and
overturning moment for yielding wall
(long-term condition).

3.4. Effect of Surcharge Pressure

Four different values of surcharge pressure were considered in case 3 to simulate pressure from
foundations of adjacent structures and traffic loading. In this case, surcharge pressure values on backfill of
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g =0, 16, 25 and 50 kPa were considered. Similar soil properties were used for loose sand, as in case 1 and
2. Foam 25 with a thickness of 2.0 m in short-term conditions was considered in this case.

Fig. 19 shows the distribution of lateral earth pressure with the normalized height of non-yielding
retaining wall for different values of surcharge pressures. As shown in Fig. 20, the percentage of reduction in
lateral earth pressure was decreased with the increase of surcharge pressure. Considering the overturning
moment, the reduction percentage was around 30 % for surcharge pressure up to 20 kPa. For higher
surcharge pressure, the reduction percentage was gradually decreased.

For yielding retaining wall, the distribution of lateral earth pressure on the wall is shown in Fig. 21. The
percentage of reduction in lateral force was decreased from 30 % in the case of zero surcharge pressure on
the backfill to 21 % for 50 kPa surcharge pressure. On the other hand, the maximum reduction in overturning
moment was about 22 % when surcharge pressure of 20 kPa was applied. Only 14 % reduction was observed
in the case of zero surcharge pressure on backfill surface. The percentage of reduction in lateral force and
overturning moment as well as the fitting equations are shown in Fig. 22.

3.5. Effect of Backfill Soil

To investigate the effect of backfill soil properties on the effectiveness of using EPS foam on the lateral
earth pressure on yielding and non-yielding retaining walls, three backfill soils were considered in case 4.
These soils are loose, medium, and dense sands. The properties of each soil are presented in Table 5. The
analysis was performed to investigate the lateral earth pressure and the safety of yielding and non-yielding
retaining wall with a height of 8.0 m. No surcharge pressure was considered on the surface of backfill. Foam
25 in the short-term conditions with a thickness of 2.0 m was considered.
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Figure 19. Lateral earth pressure against non- Figure 20. Reduction in lateral force and overturning
yielding walls for different surcharge loads. moment for non-yielding walls at different
surcharge loads.
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Figure 21. Lateral earth pressure against Figure 22. Reduction in lateral force and
yielding wall for different surcharge loads. overturning moment for yielding wall at different

surcharge loads.

Fig. 23 shows the distribution of lateral earth pressure on the non-yielding retaining wall for different
backfill soils. According to Fig. 24, the lateral earth force and overturning moment were reduced by 49 % and
by 29 %, respectively, for loose-sand backfill. Similar results were obtained in the case of medium-sand
backfill, where the reduction was 51.3 % and 33 % for lateral earth force and overturning moment, respectively.
For dense-sand backfill, the lateral earth pressure and overturning moment were decreased by 51.9 % and by
32.1 %, respectively.
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Fig. 25. Lateral earth pressure against Fig. 26. Percent of reduction in lateral
yielding wall with different type of backfill soil force and overturning moment for yielding

wall with different types of backfill soil

Considering the case of yielding retaining wall, the distribution of lateral earth pressure over the wall
height is shown in Fig. 25, for different types of backfill soil. The reduction in lateral earth forces and overturning
moment for different backfill soils is shown in Fig. 26.The reduction in earth force was 29.8 %, 38.4 % and
38.6 % for loose, medium and dense sand backfills, respectively while the reduction in overturning moment
was 13.8 %, 32.1 % and 31 %, for the considered backfill soils, respectively.

In general, using medium sand as backfill soil resulted in the best enhancement in the efficiency of EPS
geofoam in reducing lateral force and overturning moment.

4. Conclusions

In this research, the inclusion of EPS geofoam was considered in order to reduce the lateral earth
pressure on yielding and non-yielding retaining walls and accordingly increase the wall safety in terms of the
sliding forces and overturning moments. A three-dimensional FE analysis was conducted using ABAQUS to
model backfill soil, retaining wall, foam, and boundary conditions. The wall has a height of 8.0 m with a wall
thickness of 0.80 m and 3.0 m at wall top and bottom, respectively. Four different parameters were considered
to assess the efficiency of using EPS foam on lateral earth pressure on retaining walls and according the wall
safety. These factors are:

e Foam thickness;
e Foam density and short-term and long-term properties;
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e Surcharge pressure on backfill surface;

o Backfill soil properties.
According to the obtained results, the following conclusions were obtained:

1. The developed 3-D FE model using ABAQUS was able to predict the lateral earth pressure of
cohesionless soil on both yielding and non-yielding retaining walls with a very satisfactory accuracy. The
developed FE model can be used in similar applications to study the earth pressure on retaining walls with
different deformable inclusions.

2. Increasing the EPS foam thickness results in reducing the lateral earth pressure on yielding and non-
yielding retaining walls and accordingly increases the factor of safety against sliding and overturning. The
reduction in lateral earth pressure was higher in the case of non-yielding retaining wall compared to the yielding
retaining wall. The distribution of lateral earth pressure over wall height was considerably changed after using
the EPS foam, especially in non-yielding retaining walls with maximum pressure values at a depth of 0.85 of
the wall height.

3. For non-yielding retaining walls, percentage of reduction in lateral earth force and overturning
moment were estimated by 40.50 X0.208 and 23.85 X0.313, respectively. For yielding retaining walls, the
percentage of reduction in lateral earth force and overturning moment were estimated by 17.95 X0.7502 and
1.157 X2 + 3.605 X + 2.894, respectively, where X is the foam thickness in meters.

4. The density of EPS foam has a slight effect on the distribution and values of lateral earth pressure
on yielding and non-yielding retaining walls considering the short-term and long-term conditions.

5. Inclusion of EPS foam has a considerable effect on reducing lateral earth pressure when having
surcharge pressure on backfill surface against non-yielding wall while it has small effect on reducing lateral
earth pressure in the case of yielding wall. For non-yielding wall, the maximum reduction in lateral earth force
and turning moment was 47 % for zero surcharge pressure and 30 % for 20 kPa surcharge pressure,
respectively. For yielding wall, the maximum reduction in lateral earth force and turning moment was 30 % for
zero surcharge pressure and 22 % for 20 kPa surcharge pressure, respectively.

6. Similar efficiency of the inclusion of EPS foam was obtained in case of using different backfill soils
in case of non-yielding retaining wall. However, the efficiency of EPS foam was higher in case of medium and
dense sand backfills against yielding wall, compared to loose sand backfills.
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Abstract. In this study, the properties of self-compacting concrete (SCC) produced with different percentages
of recycled aggregates (RAs) and polypropylene fibers is investigated in comparison with natural aggregates.
The effect of using different percentages of 0 %, 25 %, 50 %, 75 % and 100 % RAs instead of natural
aggregates (NAs) and polypropylene fibers of 0.1 %, 0.2 % and 0.3 % by volume of concrete in a fresh and
hard state, consisting of a total 20 mixture composition, was investigated in SCC. SCC tests in the fresh state,
including Slump Flow, J Ring, V Funnel, and L Box and hard concrete tests include compressive, tensile, and
flexural and impact tests performed at the age of 28 days. Increasing the use of RAs does not significantly
reduce the SCC tests in the fresh state while increasing the fibers causes a significant decrease in tests. In
hardened concrete tests, with the increasing use of RAs of concrete, decreasing in compressive strength,
tensile strength, flexural strength, and impact resistance were observed. While increasing the percentage of
polypropylene fibers in recycled concrete, there was an increase in impact resistance and tensile strength and
more energy absorption in the flexural test.

1. Introduction

One of the most important parameters for reaching proper durable concrete is the compact of the
concrete. To achieve this target, usually needs to shake or vibrating to reduce the porosity of concrete air, the
required strength has been obtained is increasing and prevent the formation of defective concrete. But
vibrating is one of the most problems in this industry. Therefore, concrete manufacturing without vibrating was
an important goal of industry experts. This issue has been discussed for several years until after major studies
and experiments, were first produced by this specimen of concrete in Japan in 1980 [1]. The stability of self-
compacting concrete (SCC) in the fresh state can be defined by various properties: Filling ability, passing
ability and resistance to segregation. The mixture composition of concrete will be classified as a self-
compacting if all the mentioned properties are present [2—4].The Building industry is one of the largest pickup
and consumers' natural materials and at the same time, it is the largest group of producers and construction
wastes that damage to the environment. The appearance of numerous environmental issues caused by the
increase of construction and destruction, the engineering community has pushed forward towards sustainable
development. One of the suitable ways to reduce the consumption of natural materials is to recycle and reuse
concrete materials. Because of the recycling, these materials can result in less environmental degradation in
both disposal and dumping and in terms of harvesting less than natural primary materials [5]. In the last two
decades, were extensively studied about the properties of normal concrete with recycled aggregates (RAs)
[6-11]. Many Researchers from different countries study this issue: L. Solomon and H. Paulo (Brazil), and
C. Poon, S. Kou and L. Lam (China) in their papers [8, 12] showed an aggregate which is got from demolished
masonry and concrete structures as potentially use in new concrete. The quality of recycled aggregates (RAS)
of concrete is usually lower than the quality of natural aggregates (NAs) [13]. Safiuddin et al. [14] stated that
the maximum decrease in the 28-day compressive strength due to the incorporation of RAs was only 12.2 %.
According to the research by Tabsh and Abdelfatah the compressive strength and tensile strength in concrete
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containing recycled coarse aggregates (RCAs) depends on the proportion use of the RCAs in the mixture
composition and they reach to this result of overall strength of recycled concrete is about 10 to 25 percentages
lower than strength the normal concrete made with NAs [15]. Etxeberria et al. [16] recorded when 100 %
replacement of coarse recycled aggregate in compressive strength of concrete test at 28 days decreased to
20-25 %; when 25 % of the aggregates were replaced, there were no significant changes to the compressive
strength. In the article by Farzam et al. [17] in 2014, which investigate the affection of RAs from demolished
concrete on the performance of new concrete, therefore the affection of RAs 5, 25, 50, 75, 100 percent
respectively on compressive strength, tensile strength and Slump Flow two types of concrete with strength 25
and 35 MPa were tested and the results showed the use of these aggregates with low percentage of
participation does not have negative effect on the concrete performance and in the high rate of participating
up to 26 % decrease in compressive and maximum decrease 15 % in tensile strength. These results were
supported by Solyman [18] who found a decrease in tensile strength test up to 18.8 % in concrete with 70 %
recycled fine aggregates (RFAs) compared with reference concrete. In comparison with NAs, recycled
concrete aggregates are weaker, more porous and exhibit higher values of water absorption [19]. A piece of
evidence which is important for the mix of SCC with (RCAS) is the quantity of water absorbed by the recycled
aggregate (RA), which is always higher in comparison to the same type of the natural coarse aggregate (NCA).
The amount of water absorption by RA was taken into account separately by some researchers [20], in addition
to its wetness before mixing and the free water that formed part of the mixture. Other researchers [21-22]
consider the total water content for W/C ratio because it is impossible to separate the effective water content
(water absorption by RA and mixing water) from the total water content in the concrete fresh state, especially
in RA. On the other hand, SCC has disadvantages in terms of it, like Low ductility and high Fragility and for
compensating these disadvantages using the different methods like using various fibers that are equally
spread in concrete volume and it can improve the concrete performance. The idea of this work goes back to
the centuries ago the use of straw and horse hair in mud bricks. In fiber concrete, thousands of small fibers
are spread on concrete and improve the concrete virtues in all directions. The fibers help to improve the
ductility concrete, tensile strength of concrete, fatigue strength, impact resistance and Contraction cracks.
Some researchers have been presented the Use of fibers into SCC mixes [23—-25]. However, the performance
of fibers as reinforcing materials in cementations’ composites is needed for more research into the study
[26—28]. Previous studies have clearly shown the advantages of concrete containing steel and polypropylene
fibers under impact tests, and in some cases, the results of the impact test were subjected to statistical analysis
[29-32]. In the United States of America in 1960 researching was about the use of steel fibers in the mixture
of concrete and it was shown that the Tension concentration on the place of the cracks considerably
decreased. In England in 1975 Walton and Majumdar in their research found that the addition of polymer fibers
Such as nylon and polypropylene, even at the lowest proportion, it improves the impact resistance mixture of
concrete [33]. Ghernouti et al in 2015 assessed the properties of self-compacting concrete containing plastic
bag waste fibers (WFSCC). The Effects of length and fiber contents, Stress—strain behavior and
Load—deflection behavior of the WFSCC were evaluated [34]. Hesami et al in 2016 studied the behavior of
SCC pavements incorporating recycled tire rubber crumb and reinforced with polypropylene fiber. Adding this
material result in increases in compressive, tensile, flexural and abrasion strength, but had no considerable
effect on the modulus of elasticity of these specimens. The presence of fiber in rubberized SCC decreased
water absorption based on evaluation of ultrasonic wave’s velocity [35]. fathi et al in 2017 focused on the
effects of fiber and glass on the mechanical properties of self-compacting concrete. The results showed that
substitution of glass for aggregates in concrete reduces compressive strength. Addition of fibers to glass-
containing concrete increases compressive strength and finally addition of glass to concrete reduces the
tensile strength of concrete [36]. Mohseni et al in 2017 studied the fibre-reinforced self-compacting concrete
containing recycled coarse aggregate. Based on the obtained results in significant improvement in tensile
strength showed with increasing fiber content [37]. Aslani et al in 2018 investigated the effects of rubber
granules on the fresh and hardened properties of self-compacting concrete. Based on the experiments, the
optimum crumb rubber aggregate replacement percentage in SCC and optimum crumb rubber aggregate size
in the SCC are provided [38]. Mahdikhani and safikhani in 2018 investigated rheological properties of self-
consolidating concrete made by crushed waste tile aggregates. Based on the result of the experiments the
percentage of fine aggregates have a significant impact on the properties of self-consolidating concrete [39].
Pan et al in 2019 evaluated the effects of steel slag powder on the properties of self-compacting concrete with
recycled aggregates. The result showed that the 10 % replacement ratio of SSP result in superior mechanical
properties and better durability [40]. Sasanipour et al in 2019 focused on the Effect of silica fume on durability
of self-compacting concrete made with waste recycled concrete aggregates. Due to the results, it observed
that Silica fume plays an important role to improve durability performance. Also, it made be decreased water
absorption according to BS and ASTM standards [41]. Sadeghi-Nik et al in 2019 studied the effect of Recycled
Concrete Aggregates and Metakaolin on the Mechanical Properties of Self-Compacting Concrete Containing
Nanoparticle. They concluded that the construction of self-compacting concrete with complete replacement of
recycled aggregates is possible [42].The purpose of this study the using of recycled aggregate as fine and
coarse aggregate with different percentages of replacement 0 %, 25 %, 50 %, 75 % and 100 % than to the
natural aggregates, which this work, using less than natural resources as far as possible could produce the
environmentally friendly concrete. Therefore, in this research, we try to improve the properties of concrete
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containing RAs; the effect of polypropylene fibers with various percentages of 0.1 %, 0.2 % and 0.3 % by
volume on this type of concrete is investigated. In this study investigating the fresh state tests include Slump
Flow, J Ring, V Funnel, and L Box and hard concrete state includes compressive, tensile, and flexural and
impact tests.

2. Methods

2.1. Materials

From among of variety standard cement, use the typical cement which one of that is used popularly in
the normal conditions. For this reason, was used Portland cement type 2. Therefore, the chemical properties
of this cement are given in Table 1.

Table 1. Chemical properties of cement.

Composition (%)
CaO 62.28
SiO, 20.79
Al;O3 4.76

Fe>03 3.86
MgO 3.22
SOs 1.89
K20 0.68
Na,O 0.37

CaO.f 0.82

In this research, the Zhikava Company superplasticizer (SP) with that model zp-pf4 was used. This
product is in harmony with various types of cement and in accordance with the ASTM C-494 standard. This
material was a brown color and has a specific gravity 1.1 g/cm?®. Polypropylene fibers consumed by NSG
Company and at 12 mm length, which has a specific gravity 0.9-0.91 g/cm?® and tensile strength 350 Mpa. In
this study, to make a concrete mixture of natural coarse aggregate (NCA), which has a uniform grain maximum;
size of 19 mm and the water absorption 2.36 % were used. Natural fine aggregate (NFA) consumed from the
type of river sand was washed twice without any clay and the particle size of fine aggregate was between
0-4.75 mm with softness modulus 3.28 and water absorption was used 3.38 %. RCAs were used in the 15 cm
cubic specimens of a concrete company with a compressive strength less than 25 MPa. Operation crushing
and separating of specimens was done by a sledgehammer and then bypassing the RAs, the related sieves
of the two groups of sand and gravel were divided. RCA was used has a uniform grain and maximum size of
grains 19 mm and water absorption of 8.53 percent. Recycled fine aggregate (RFA) was used in this study,
0-4.75 mm. Also, the percentage of water absorption was 9.94 %, softness modulus 3.39 and has a uniform
grain. Natural and recycle coarse aggregate and Natural and recycle fine aggregate Grading used in this
research are based on the ASTMC33 standard. The grain size distribution of natural and recycle coarse
aggregate, natural and recycle fine aggregate is shown in Fig. 1.

b
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d

Figure 1. aggregate size distribution; a) natural coarse aggregate; b) natural fine aggregate;
c) recycle coarse aggregate; d) recycle fine aggregate.

Due to the high absorption percentages of RAs compared to NAs, to compensate for the effect of
reducing the concrete properties in fresh state of recycled aggregate mixes, after calculating the percentage
of water absorption of natural and recycled aggregates, the difference in the water absorption percentages of
these two types of aggregates is as extra water, to the final mixes contain of RA were added. The used material
of natural and recycle coarse aggregate, natural and recycle fine aggregate, Cement, superplasticizer (SP)
and fiber can be viewed in the Fig. 2.

c

Figure 2. Materials; a) natural and recycle coarse aggregate; b) natural and recycle fine aggregate;
c) cement; d) superplasticizer (SP); e) fiber; f) limestone.

2.2. Mixing ratios and specimen preparation

First of all, according to the concrete properties target, a mix for starting the work is chosen. Reference
concrete is completely made with natural material. The acceptance criteria of final mixture composition are
firstly the compressive strength and also the proper performance by checking the slump flow. Finally, the
reference concrete mixture composition was selected and then, according to this mix, the other mixes were
made and tested. In the manufacture of specimens, use 0 %, 25 %, 50 %, 75 %, and 100 % RAs are replaced
by NAs and also were used 0.1 %, 0.2 %, and 0.3 % by volumes of concrete of fiber. Overall 20 mixture
compositions to investigate the effect of RA and polypropylene fibers were made in SCC, finally fresh and
hardened concrete tests on them. Details of concrete mixes are given in Table 2.
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Table 2. Proportions of mix compositions (kg.m3).

Natural aggregate Recycled aggregate
Mix . extra i i
No Mix code Cement w/b water Limestone Fiber SP
’ Coarse Fine Coarse Fine
aggregate  aggregate aggregate  aggregate
1 100NA 450 043 - 501.9 1075.5 i : 215.1 - 405
2 100NA- 450 043 - 501.9 1075.5 - - 2151 091 4.05
0.1PP
3 100NA- 450 043 - 501.9 1075.5 - - 2151 182 405
0.2PP
4 100NA- 450 043 - 501.9 1075.5 - - 2151 273 405
0.3PP
5 WP 450 043 247 376425 806625 125475 268875 2151 091 405
6 OWIOZPP 450 043 247 376425 806625 125475 268875 2151 182 405
7 NLOSPP 450 043 247 376425 806625 125475 268875 2151 273 405
g OOMAOIPPT 450 043 494 25095  537.75 25095 53775 2151 091 405
o OONAOPP uso 043 494 25095  537.75 25095 53775 2151 182 405
10 CONADSPPT 450 043 494 250095 53775 25095 53775 2151 273 405
1 PNADIPPT 450 043 742 125475 268875 376425 806625 2151 091 405
12 PNADEPPT 450 043 742 125475 268875 376425 806625 2151 182 405
13 PNADSPPT 450 043 742 125475 268875 376425 806625 2151 273 405
14 0.10P- 450 043 989 - - 501.9 10755 2151 091 405
100RA ' ' ' ' ' ' '
15 0.2PP- 450 043 989 . . 501.9 10755 2151 182 405
100RA ' ' ' ' ' ' '
16 0.3PP- 450 043 989 - - 501.9 1075.5 2151 273 405
100RA ' ' ' ' ' ' '
17 75NA-25RA 450 043 247 376425  806.625 125475 268875 2151 - 405
18 S50NA-50RA 450 043 49.4 25095  537.75 25095  537.75 215.1 - 405
19 25NA-75RA 450 043 742 125475  268.875 376425  806.625 2151 - 405
20 100RA 450 043 98.9 : : 501.9 1075.5 2151 - 405

How to name the mixes as follows:
NA: Natural aggregate, RA: Recycle aggregate, PP: Polypropylene fibers

The numbers behind each of the signs represent the percentage of each of them in the mixture
composition. For example, this mix code 75NA-0.3PP-25RA means it contains 75 percent natural aggregates,
0.3 percent polypropylene fibers, and 25 percent recycled aggregate.After completion of the manufacturing of
mixes, specimens are cured in the laboratory conditions for about 24 hours, after that keeps them in water
with a temperature from 18 to 23 centigrade for about 28 days. In this study, the compressive strength test
was performed on cubic specimens of 100x100x100 mm, Tensile strength test on cylindrical specimens with
dimensions of 150x300 mm, Flexural strength test on prismatic beams specimens in the dimensions of
100x100x500 mm and for doing the impact test first concrete shape disks to diameter 152 mm and a height
63.5 mm or cylindrical specimens 150300 mm were cut which was used the second method in this
experiment. The behavior of SCC in the fresh state, including the Slump Flow test, J Ring test, V Funnel test,
and L Box test was evaluated.

2.3. Setting and test methods
2.3.1. Compressive strength test

According to the structure mentioned in Table 2, each mixing design with different percentages of RAs
and polypropylene fibers three cube specimens with dimensions of 100x100x100 mm were used in
accordance with standard BS 1881-116 [43] for the evaluation of compressive strength and depicted in Fig. 3a.
In total sixty cubic specimens were manufactured and the effect of different percentages of RA (0 %, 25 %,
50 %, 75 %, and 100 %) and polypropylene fibers (0.1 %, 0.2 %, and 0.3 %) was investigated.
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2.3.2. Tensile strength test

For doing this test, an indirect method was used to do splitting tensile strength of the cylindrical
specimen of 150x300 mm in accordance with the ASTM C 496 [44] standard, which is horizontally along its
axis in accordance with Fig. 3b in the test device the compressive strength is placed. From each mixture
composition, two specimens and a total of forty cylindrical specimens were made. Then, the load is continuous
with steadily speeding within the concrete tensile stress range and between 0.66 to 1.38 MPa/min it applies
until to the failure of the specimen.

2.3.3. Flexural strength test

For the analyses of the performance of SCC were made of RAs and polypropylene fibers, a number of
forty prismatic beams (100x100x500 mm) were tested in accordance with ASTM C 293 [45] standard under
the three point bending test. The test setup used to evaluate flexural assesses is depicted in Fig. 3c. The
flexural loading on the beams was applied with a loading rate of 0.3 mm/min.

For the calculating modulus of rupture, using the below equation:
3PL

R=
2bd?

, 1)

where Ris modulus of rupture, psi, or MPa;
P is maximum applied load indicated by the testing machine, Ibf, or N;
L is span length, in., or mm;
b is average width of specimen, at the fracture, in., or mm;

d is average depth of specimen, at the fracture, in., or mm.

For each mixture composition, the two numbers of the specimen’s prismatic beam were manufactured.

2.3.4. Impact drop weight test

The drop weight Impact test was conducted based on ACI Committee 544 [29]. This device is depicted
in Fig. 3d. A steel hammer with 4.45 kg weight from 457 mm height on the steel ball with 63.5 mm diameter is
fall. This steel ball is in contact with the central surface specimens. In total, sixty concrete disks with 150 mm
diameter and 65 mm height from cylindrical specimens of 150x300 mm at the age of 28 days in accordance

with Fig. 3d are cut.
For the calculating absorption energy, using the below equation:
Impact energy (EN) = NxW x H (2)
While N is the number of blows, W is the weight of the steel hammer with a mass of 4.45 kg, H is the
height of fall.
To evaluated disks, resistance under drop weight impact load, while for each group of mixture
composition three specimens were tested.
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machine
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[
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=
<
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Figure 3. a) Cylindrical specimen and how to place the specimens; b) cubic specimens and
apparatus of compressive test; ¢) Prismatic beams and test setup for the execution of three point
bending test; d) Disks and apparatus of impact test.
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3. Results and Discussion
3.1. Fresh mix properties

In order to measure the performance of SCC containing fiber and RAs, SCC measurement parameters
have been used in accordance with European EFNARC [2] regulation. Fresh state concrete test results are
depicted in Table 3.

Table 3. The test results obtained by measurement of fresh concrete.

Slump-flow test J-ring test V-funnel test L-box test
Mix No. Mix code

cm Tso (Sec) Ah (mm) T (sec) T (5min) Ho H1
1 100NA 78 1.6 3.75 4.1 6.6 0.92
2 100NA-0.1PP 69 2.2 6.75 5 8 0.82
3 100 NA-0.2PP 62 3.1 7.5 5.7 9.8 0.72
4 100 NA-0.3PP 53 9.8 9.5 6.5 11.3 0.6
5 75 NA-0.1PP-25RA 68 2.4 6.75 6 8.2 0.79
6 75 NA-0.2PP-25RA 62 4.7 8 6.7 10.1 0.68
7 75 NA-0.3PP-25RA 51 12.4 13.75 7.5 12.3 0.59
8 50 NA-0.1PP-50RA 68 2.5 7 6.7 8.3 0.77
9 50 NA-0.2PP-50RA 61 51 7.5 7.1 10.6 0.65
10 50 NA-0.3PP-50RA 51 15.3 15.5 7.7 12.5 0.57
11 25 NA-0.1PP-75RA 65 2 7.5 6.8 8.6 0.73
12 25 NA-0.2PP-75RA 59 51 9.5 7.1 11.3 0.64
13 25 NA-0.3PP-75RA 49 - 16.5 8 13.1 0.55
14 0.1PP-100RA 64 2.9 8.5 7.1 8.9 0.72
15 0.2PP-100RA 59 4.1 9.25 7.6 11.6 0.64
16 0.3PP-100RA 45 - 19.75 8 13.6 0.52
17 75 NA-25RA 76 1.9 4 4 6.8 0.9
18 50 NA-50RA 75 1.9 5 4.3 6.9 0.89
19 25 NA-75RA 73 2 5.5 4.4 6.9 0.86
20 100RA 73 2.2 7.25 4.6 7 0.85

The slump flow test is one of the widely used to measure the SCC properties to evaluate the flow ability
of the SCC and resistance to segregation. This test accordance to EFNARC does and the average diameter
of spread concrete in two directions perpendicular and also the time of reaching to 50 cm in diameter, is
recorded based on the marking on the surface of the slump flow test. Test results are present in Fig. 4a and
Fig. 4b.

As shown in the Fig. 4a it can be seen, mixes the number of 3, 6, 9, 11, 12, 14 and 15 in the category
of SF1 concrete for unreinforced concrete structures or less rebar such as concrete slabs and also in small
sections it does not need a long horizontal flow of concrete like piles is applicable. Mixes number 2, 5, 8, 18,
19 and 20 in the category of SF2 concrete it is suitable for many commonly use concrete applications. Number
designs 1 and 17 in the category of SF3 concrete for vertical sections concreting, full rebar structures and
complex structures are applicable. Finally, mixes numbers 4, 7, 10, 13 and 16 were not included in the SCC
category because of a sharp drop in the slump flow. The maximum reduction in the slump flow occurred when
100 percent RA and 0.3 by volume percentages polypropylene fibers were used at the same time and resulting
in a 42.31 % decrease in the slump flow. As can be seen, increasing the percentage of recycled aggregates
decrease the slump flow This result agrees with the results of the reference of [39].

J Ring test based on EFNARC regulation was used, in order to determine the attribute to passing ability
fresh state concrete through the rebars. The height difference between inside concrete and outside the J ring
was a dimension in four points and averaging which expresses the ability to pass the concrete. Test results
are depicted in Table 3 and Fig. 4c.

According to Fig. 4c, the height difference between inside and outside of the J ring with increased by
consuming the amount of fiber and RA was increased. Generally, it can be said most of the mixes are included
within the allowed range (Ah mm =<10) and only the mixes containing 0.3 % polypropylene fibers are not
included within the allowed range of this test.

According to EFNARC regulation, the L box test was designed to investigate the capability of the fresh
concrete flow and blocking phenomenon due to the presence of the rebars. In this test, the first and end of the
height of the L box after that passing through the fresh SCC between rebars was dimension and according to
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the results of the passing ability and blockage that is estimated. Test results are present in the Table 3 and
Fig. 4d.

The charts from the L box test, when an increase of fibers and RA in each mixture composition, the rate
of flow concrete on the horizontal surface of L box was decreased. In other words, it is possible to mention
reduce the ability of concrete to passing through from the rebars network of L box. While the mix contained
100 % RA and 0.3 % fibers, concrete was hardly reached the bottom of L box.

According to EFNARC regulation, V funnel the time of the concrete release from the funnel is measured
and is used as a criterion in determining the filling ability and viscosity of concrete. Test results of the V funnel
are depicted in Table 3 and Fig. 4e. It can clearly be seen, increase in the percentage of RA will increase the
time of concrete releases from the V funnel, therefore, increase of fibers cause of the higher the viscosity while
the amount of fiber consumed increases and this led to longer passing times of concrete from the V funnel. In
the mixes contain 0.3 % fiber, the concrete release time increases sharply after 5 minutes from V funnel. But
in general, most of the mixes based on the EFNARC regulation range. The notable drawback lack of water
throwing of all the mixture's composition of including the fiber was in the V funnel after five minutes, this
indicates shows that the fibers can prevent water thrown in concrete. In Fig. 4e, the concrete release times
from the V funnel are shown on the graph after 10 seconds and 5 minutes. It is observed that in the mixed
number 1, it contains 100 % NA and the lack of fiber, the difference of the concrete release times from the V
funnels after 10 seconds and release time after 5 minutes is equal 2.5 seconds. While in the mixed number
16 contain 100 % of RA and 0.3 % is fibers this difference is reached in 5.6 seconds.

c d
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Figure 4. Effect of different fiber and recycled aggregate percentages contents on:
a) slump flow; b) slump flow T50; ¢) J ring; d) L box; e) V funnel.
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3.2. Properties of hardened concrete
All test results of hardened concrete are present in Table 4.
Table 4. Results of compressive strength, tensile and flexural strength tests.

) . Flexural strength Blow number Impact energy (En)
Mix Mix code Cf{;g;‘;ﬁwe Srrir’]‘ssltf‘ Energy First  Ultimate First Ultimate
No. (MPa) (MPa) N (MPa) abs%;)ntion crack crack crack crack
1 100NA 51.5 3.17 10126.42 7.59 2585.64 143 146 2910.56 2971.62
2 100NA-0.1PP 52.3 3.74 9933.2 7.44 3733.53 160 167 3256.57  3399.04
3 100NA-0.2PP 53.67 3.99 11537.89 8.65 5458.23 172 186 3500.81  3785.76
4 100NA-0.3PP 48.63 3.94 8861.61 6.64 5845.8 187 198 3806.12  4030.01
5 75NA-0.1PP-25RA 49 3.81 6309.02 4.73 2465.29 137 144 2788.44 2930.91
6 75NA-0.2PP-25RA 50.2 4.02 5575.93 4.18 3032.77 148 159 3012.33 3236.22
7 75NA-0.3PP-25RA 48.27 3.56 6476.60 4.85 4275 159 171 3236.22 3480.46
8 50NA-0.1PP-50RA 40.1 3.66 5855.21 4.39 2302.31 122 128 2483.13 2605.25
9 50NA-0.2PP-50RA 42.2 3.01 5735.17 4.30 2886.6 128 141 2605.25 2869.85
10 50NA-0.3PP-50RA 42.73 3.45 9795.63 7.34 5223.28 133 141 2707.02 2869.85
11 25NA-0.1PP-75RA 33.4 2.88 6987.29 5.24 2110.45 90 97 1831.82 1974.29
12 25NA-0.2PP-75RA 35 2.92 7692.6 5.76 2876.89 103 114 2096.41 2320.30
13 25NA-0.3PP-75RA 36.73 2.70 8867.92 6.65 4429.78 115 128 2340.66 2605.25
14 0.1PP-100RA 22.03 1.98 6081.38 4.56 1695.68 75 81 1526.51 1648.64
15 0.2PP-100RA 28.7 2.55 5636.55 4.22 1548 89 101 1811.46 2055.71
16 0.3PP-100RA 35.57 3.19 6769.78 5.07 1627.65 108 122 2198.18 2483.13
17 75NA-25RA 46.75 3.76 8697.55 6.52 2529.28 116 126 2361.01 2564.55
18 50NA-50RA 41.33 3.15 8731.11 6.54 1975.75 101 108 2055.71 2198.18
19 25NA-75RA 34.65 2.62 6977.26 5.23 1866.68 88 92 1791.11  1872.53
20 100RA 26.72 1.84 5588.99 4.19 1661.01 52 55 1058.38 1119.44

3.2.1. Compressive strength

As previously mentioned, Compressive strength test for different ratios 0, 25, 50, 75 and 100 percent
replacement of recycled coarse and fine aggregate with natural coarse and fine aggregate and polypropylene
fibers with proportions 0.1, 0.2 and 0.3 by volume percent of concrete was applied to 100x100x100 mm cube
specimens. This device is compressive the type of hydraulic and has a capacity of 300 tons. The results are
presented in Table 4 and Fig. 5a.

Similar to the results of the reference of [36], in this study can also be said In general, increasing the
percentage of RAs are causing reduce the compressive strength of concrete. Also, using the fibers in SCC to
a certain amount can improve the compressive strength. The reason for this increase could be the reduction
of fine-grained concrete in the concrete transfer area. Adding a lot of polypropylene fibers in SCC cause reduce
the strength of specimens because were many fibers efficiencies and the flow of SCC was reduced and
causing the remaining amount of air in the concrete to increase. So this reason will reduce the strength of the
concrete.

According to the Table 4 and Fig. 5a, increasing the use of recycled aggregates as coarse and fine in
new concrete, decreasing in the compressive strength of the specimens is observed. So that in the mixes
number 17 to 20 containing 0 %, 25 %, 50 %, 75 % and 100 % RA respectively, causing reduced of the
strength 9.22 %, 19.75 %, 32.72 % and 48.12 % to comparing with mix number 1 which contain 100 % NA.
The reason for this reduce less resistance RAs than to NAs, first of all, is in during mixing the weakest parts
of concrete into smaller pieces, to this case increases the fine aggregate (FA) in the concrete mixture, finally
the concrete strength to drop. The other one, old mortars stick to RAs that have less resistance than to NAs,
to this issue reduces the compressive strength of concrete containing RAs. This result indicates that if
choosing reference concrete with high resistance, the possibility of manufacturing recycled concrete with a
complete replacement of RA in a way resistance is a desirable level, so it is easily accessible. The results in
Table 4 and Fig. 5a, are shown in mixes are contains 100 % and 75 % NA (mixes number 1 to 7) presence of
fibers until 0.2 % can improve the compressive strength of concrete. While the percentage of fibers reached
to 0.3 %, we are confronted to drop of the resistance which reason of this drop of the resistance can reduce
efficiency and flow of SCC due to a lot of addition the polypropylene fibers can increase the remaining amount
of air into the concrete and causes the drop of the resistance. In the mixes that include NAs less than 50 %
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(mixes number 8 to 20) their compressive strength in mixes containing 0.1 % polypropylene fibers (mixes
number 8, 11 and 14) than to mix lack of fibers with that corresponding (mixes number 18, 19 and 20) are
lower. While in the mixes containing 0.2 % and 0.3 % polypropylene fibers (mixes number 9, 10, 12, 13, 15
and 16) than to the mix lack of fibers with that corresponding (mixes number 18, 19 and 20) polypropylene
fibers compensate for the lost compressive strength by RAs.

3.2.2. Tensile strength

The Tensile strength results of mixtures composition, manufacturing with different percentages of
recycled fine and coarse aggregate and polypropylene fiber are depicted in Table 4 and Fig. 5b.

The results are shown as totally in all mixes using fiber can cause improve the tensile strength of
specimens and tensile strength of all mixes include fiber are higher than the other mixes lack of fiber. This
finding is consistent with the results of the reference of [37]. Although, the increasing of the RA causes the
decrease of tensile strength, which has the highest drop is relatives to the mixed number 20 it is containing
100 % RA and this drop than to mix number 1 which contains 100 % NA it is equal to 41.96 %. As can be
seen, the best tensile strength was when used fiber 0.2 % by volume of concrete, but in the presence of 0.3 %,
fiber has little effect on the tensile strength and cause slightly reduced in tensile strength. So, in the mixed
number 3, which contains 100 % NA and 0.2 % by volume of concrete is fiber it can improve the tensile
strength about 21 % than to mix number 1 which has only NA. What can happen, when the increase the tensile
strength is due to the use of polypropylene fibers can be explained the fiber when spread between the split
sections of the concrete matrix, can withstand a greater tensile strain through the transfer of tensions from a
concrete matrix to the fiber. As a result, an increase in tensile strength is observed. The appropriate spread of
polypropylene fiber in the concrete matrix can be another reason for more load tolerance.

3.2.3. Flexural strength

A flexural strength test was performed to determine the rupture modulus of concrete in three point
bending method on prismatic beams specimens of 100x100x500 mm. The results on the flexural strength of
the mixture composition made with different percentages of replacement of the recycled fine and coarse
aggregate and polypropylene fibers are shown in Table 4 and Fig. 5c.

The results of the flexural strength are shown with increasing the proportion of RAs in new concrete the
flexural strength concrete up to 45 % decrease. Similar to the results of the reference of [34], when adding
fiber to the concrete, it is possible to achieve the concrete with a higher flexural strength than reference
concrete .Therefore, the effect of these fibers will be investigated by adding different percentages of
polypropylene fibers. The presence of fibers in mixes containing 100 % NAs until to 0.2 % by volume of
concrete respectively, causing increases the flexural strength up to 12.25 % compared to non-fibers. However,
the presence of 0.3 %, by volume, of fiber cause the flexural strength is reduced 12.52 % than to the mix lack
of fiber.

Compressive strength
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Figure 5. Effect of different fiber and recycled aggregate percentages contents on:
a) Compressive strength; b) Tensile strength; c) flexural strength; d) impact resistance.
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Unlike the concrete lack of fiber, concrete containing fiber is not broken immediately after the first crack
and its tolerance the load of the fiber and can cause energy absorption. This point is confirmed in the results
of the flexural strength test of this study. Even in cases, flexural strength was reduced than to concrete lack of
fiber, the amount of specimen energy absorption was more after the first crack. The flexural durability is shown
below the surface curved of load-displacement. The other hand the most important effect of the fiber in the
concrete is the increase in the ductility and energy absorption, it is necessary to measure flexural durability.
For this purpose, in this study concrete prismatic beams specimens with dimensions of 100x100x500 mm at
the age of 28 days were tested for flexural and load—displacement chart was drawn for them. Fig. 6 Show the
results of the flexural test for mixture’s containing 0, 25, 50, 75 and 100 percent replacement of RAs with NAs
along with 0.1 %, 0.2 % and 0.3 % by volume of polypropylene fiber.

The total stored and released energy in the element can be obtained by calculating the area under the
load-displacement charts. The total energy absorption by each of the beams is presented inTable 4.

Overall, the use of fibers has increased the energy absorption of the beam. So, using 0.1 %, 0.2 % and
0.3 % polypropylene fibers in mixes containing 100 % NA (mixes number 2, 3 and 4), the energy absorption
than the lack of fibers mix (mix number 1), respectively 44.4 %, 111.1 %, and 126.1 % are increasing. The
percentage of energy absorption with the presence of the percentage of different fiber and RAs is variable so
that the presence of RA is increasing; the percentage of energy absorption is decreasing.
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0 1 2 3 4 5 6 4 8
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75NA - 25RA 75NA - 0.1PP - 25RA
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Figure 6. Load-displacement charts:
a) SCC containing 100 % NAs and various percentages of polypropylene fibers;
b) SCC contains 75 % NA and 25 % RA and various percentages of polypropylene fibers;
¢) SCC contains 50 % NA and 50 % RA and various percentages of polypropylene fibers;
d) SCC contains 25 % NA and 75 % RA and various percentages of polypropylene fibers;
e) SCC containing 100 % RA and various percentages of polypropylene fibers.
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According to the load-displacement diagrams, it is observed in all designs with increasing polypropylene
fibers, surface below the curve and hence the energy absorption capacities of the specimens are increasing.
Specimens lack of fiber, have more fragility behavior and effect of applied load and after reaching the final
resistance specimen completely cracked and the resistance reaching to zero. But, in the specimens containing
fiber, when the applied load reaches to the maximum value (load tolerance by section) the load capacity is not
reached zero and the specimen will still be able to load tolerance. It should be noted that the higher presence
of the percentage of fiber, the more energy absorption in specimens is observed.

3.2.4. Impact resistance

This test was done on the concrete shape disks specimens to diameter 150 and a height 65mm at the
age of 28 days. The results test for the manufacturing of mixture composition with different percentages of
recycled aggregate and polypropylene fiber is shown in Table 4 and Fig. 5d. As shown in Fig. 5d the effect of
different percentages fiber and RA. Fiber improves the performance of concrete in this test. This is consistent
with the results stated the reference of [30—33]. According to increasing 0.1 %, 0.2 % and 0.3 % polypropylene
fiber in mixes include 100 % NA (mixes number 2, 3 and 4) compared to mix number 1 the lack of fiber
increased by 11.88 %, 20.28 %, and 30.77 % respectively of the impact resistance against the first crack.
While recycled aggregate causing reduces the concrete impact resistance against to the first crack. So that
replaced by 25 %, 50 %, 75 % and 100 % RA (mixes number 17, 18, 19 and 20) instead of NA (mix number
1) in the mixes lack of fiber, respectively 18.88 %, 29.37 %, 38.46 %, and 63.63 % were decreased impact
resistance against the first crack.

4. Conclusion

1. The test results of the flow slump are shown, with the increase of recycled aggregate, flow slump is
decreased slightly while adding the fibers causing to the flow slump decreased rapidly.

2. The presence of the 0.3 % polypropylene fibers in mixes has to lead the steep drop of the flow slump,
so it can be said that none of them not including in the categories of self-compacting concrete. Hence, the
presence of polypropylene fibers until to 0.2 % in the mixes is allowed (for cement consumption: 450 kg/cm?).

3. The processing of decreasing the passing ability and filling ability self-compacting concrete in the
other concrete fresh state test is slightly change confirmed.

4. By increasing the use of recycled aggregate in new concrete, it can be seen compressive strength,
Tensile strength, flexural strength and impact resistance of the specimens are decreasing.

5. The using of the polypropylene fibers up to 0.2 % in the mixes containing 100 % natural aggregate
causes to the slight increase of the compressive strength. While increasing 0.3 % of the fibers in the mixes,
causing a decrease in the compressive strength of concrete.

6. Using 0.1 % of polypropylene fibers have not more effect on the compressive strength in different
percentages of recycled aggregate. While in the mixes including 0.2 % and 0.3 % polypropylene fibers with
the presence of 25, 50, 75 and 100 % recycled aggregate causes to increase the compressive strength. In
other words, the fibers can to some extent compensate the drop of strength from the presence of recycled
aggregates.

7. Totally, the presence of the polypropylene fibers causes the increase in the tensile strength of
concrete. With the increase, the polypropylene fibers up to 0.2 % are significantly increased.

8. With the increasing by volume of percentage the polypropylene fibers in the mixes including recycled
aggregates, the flexural strength of concrete were decreased. The specimens that have a lack of the fibers
are fragile behavior and in the effect of applied load and after reaching the maximum resistance and the whole
section are surrendered. While in the specimens containing polypropylene fibers after the applied load reaches
to the maximum value load tolerance by section suddenly not surrender and the specimen will still be able to
load tolerance.

9. By investigation, the load-displacement charts, it can be seen the presence of polypropylene fibers
generally improves the energy absorption.

10.Using the polypropylene fibers has changed the specimen failure from Fragile to gradual failure.

11.Generally, it can be said that the presence of 25 % recycled aggregate; there was no significant drop
in tests. It can easily good replacement for natural aggregate and at the same time causes less environmental
degradation.

12.As the results of this study show, the presence of fibers improves the mechanical properties of
concrete. This is similar to the results of other researchers.
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Abstract. As objects for study samples of cement concrete exposed to biological growth-around have been
used. A physical and mathematical model of diffusion processes in system "cement concrete-biofilm-liquid",
taking into account the kinetics of the processes of growth, reproduction and death of microorganisms, has
been developed. The model of mass transfer in an unlimited two-layer plate in the form of a system of partial
differential equations of parabolic type with boundary conditions of the second kind at the boundary of concrete
with liquid and the fourth kind at the boundary between concrete and biofilm is considered for the first time.
The mathematical model takes into account the kinetics of the change in time of the thickness of the biofilm
due to the birth and death of populations of microorganisms. The results of calculations of dimensionless
concentrations of “free” calcium hydroxide by the thickness of a concrete structure and biofilm are presented.
The results of the numerical experiment showing the influence of mass transfer criteria (Furier, Kirpichov) on
the dynamics of corrosive destruction processes have been analyzed. With an increase in the mass transfer
criteria of Kirpichov and Furier, large concentration gradients appear. It has been established that carrying out
work on cleaning concrete and reinforced concrete underwater structures from biofouling once every 5 years,
in conjunction with other scheduled preventive measures, will increase the time between repairs between 1.5
times. Practical recommendations were developed to monitor and increase the corrosion resistance of
concrete and reinforced concrete structures in biologically active environments.

1. Introduction

Microbial destruction of concrete and reinforced concrete structures has increasingly attracted
scientists' attention as a major problem related to structural integrity and durability of bridge constructions and
different hydro facilities. Practically all building materials are subject to microbiological corrosion. Itis estimated
[1] that not less than 20 % of all corrosion damages are caused by activities of microorganisms.

An analysis of literary sources [2-8] has shown that to date, a large amount of scientific data on
corrosion processes in concrete has been accumulated in building materials science: the basic schemes of
chemical reactions have been established and investigated; mathematical descriptions of some corrosion
processes are given; created a system of regulatory documents on corrosion protection. However, the process
of concrete biocorrosion remains a poorly studied problem both in Russia and abroad [2-8]. Mathematical
models to predict the durability of concrete structures with biological corrosion are completely absent [3, 5].

Prediction of wear of concrete and reinforced concrete structures resulted from corrosion is a complex
task whose solution requires looking for new methods and approaches. It is appropriate to evaluate the effect
of different exploitation conditions of a structure on its durability through mathematical modeling and
conducting on its basis numerical experiments. The efficiency of methods of mathematical modeling as an
integral part of successful predictions of premature wear of structures has been proven by high practical
applicability of the obtained results [1-3].

The problem of exposure of underwater concrete and reinforced concrete structures to bio-growth-
around is still burning. Although a variety of methods for protection from bio-growth-around are already applied,
until now no efficient methods have been found [4, 6]. Traditional methods of corrosion prevention prove to be
low-efficient as far as bio-corrosion is concerned.
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Studies in the field of microbic influence on concrete [5, 7, 8] showed that microorganisms participating

most frequently in bio-destruction of concrete include bacteria, cianobacteria, fungi, seaweed and lichens.

Their growth and development depend on composition, porosity, water resistance of material exposed to

corrosive destruction as well as on environmental conditions [9]. The danger of microbiological corrosion is

related to the fact that microorganisms tend to intensively multiply, easily adapt to changing physical and

chemical conditions of the environment. It was found out that most of microbial activity proceeds on the

concrete surface. The researchers note a logarithmic reduction of microbial populations with the depth of
concrete due to the limited entrance of hydrogen sulfide and oxygen [6].

Bio-destruction of concrete structures contributes to the increase in concrete porosity and acceleration
of diffusion processes in it which boosts corrosive processes. The main component that accelerates the
general corrosion process in concrete is a mixture of organic acids (C¢HgO-, C4HsOs5, etc.), which is the product
of the vital activity of microorganisms [7].

The aim of the study is to develop a physical and mathematical model of the diffusion process of the
target component of “free” calcium hydroxide in the solid phase of cement concrete and in a biofilm formed by
microorganisms in a liquid medium, which will allow solving the boundary-value problem of mass transfer in
the system of “cement concrete — biofilm — liquid”, which together will make it possible to develop a calculation
method with the aim of monitoring the mass transfer processes in the field of monitoring the biodegradation of
cement concrete in liquid media.

An integral part of mathematical modeling is conducting a numerical experiment with the purpose to
establish the influence of mass transfer criteria of similarity (Furier, Kirpichov) on the dynamics of corrosive
destruction processes.

2. Methods

As objects of the study of corrosive resistance sample cubes with 0.03 m brink made from Portland
cement CEM | 42.5 N with 0.3 water/ cement ratio were used. The system under study was composed of
tightly fitted plates with a size of 1x3x3 cm. After 28-day preliminary consolidation (consolidation conditions:
temperature 20 +/- 2 °C and relative humidity 50—70 %) the samples were contaminated with microorganisms
suspensions (Aspergillus niger van Tieghem, Bacillus subtilis) and were kept for 28 days in conditions optimal
for their growth. After that the samples were immersed in water with 1000 cm? volume. As reactive medium
for studies of corrosive processes distilled water (pH = 6.6) was used. Five surfaces of the studied system
were isolated. Only one surface remained open for interaction with an aggressive liquid. After certain time
intervals, the samples were taken out of the container and the content of Ca?* ions was determined in each of
the plate elements, as a result, the concentration distribution curves along the coordinate were built.

In this case, mass transfer processes from the point of view of mathematical formalization are presented
as occurring in an unlimited plate. From an experimental point of view, this made it possible to solve not only
the problem of studying the kinetics of processes in the liquid phase (determining the time variation of the
concentration of Ca?*ions), but also studying the dynamics of processes in the solid phase. Based on the data
obtained, the coefficients of mass conductivity and external mass transfer were calculated.

3. Results and Discussion

While conducting experiments it was established that on the 28" day of keeping the samples in water,
microorganisms form a biofilm (Fig. 1). Later a gradual increase of biomass takes place.

Figure 1. Pictures of the surface of the cement stone on the 28" day of the experiment.

Forming of biofilms as a rule starts with introducing bacterial cells into the subtract. The growth of
heterotrophic organisms that follows is provided in this case due to metabolites of primary organisms and
organic compounds from outside [6]. Biofilms change electro-chemical conditions along the border of the
division of the phases “concrete — liquid® that bring about the corrosion [7].
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With the beginning of mass transfer processes between the concrete and the liquid environment, the
concentration of dissolved Ca(OH)2 in concrete pores begins to decrease causing the dissolution of “free”
calcium hydroxide crystals. A decrease in the content of calcium hydroxide as a result of "washing-out” it out
of concrete leads to the decomposition of hydrosilicates, hydroaluminates and calcium hydroferrites, etc.

The size of the biofilm is essentially influenced by particularities of hydrodynamics of the liquid flow in
the area of reinforced concrete support [1, 3]. It was [3] established that the size of biofilm thickness depends
on the opposite processes of biomass birth and death. Kinetics of those processes, in its turn, depends on
hydrodynamics of liquid stream flowing around bridge supports [4].

In case of biological corrosion, the proceeds of liquid corrosion are worsened by additional effect of
microorganisms-destructors.

Fig. 2 shows physical and mathematical model of mass transfer process of “free” calcium hydroxide
from solid phase (concrete) to liquid phase (water) with the account of the effect caused by microorganisms

[2].

The system “cement concrete — biofilm — liquid” is represented by two unlimited plates being in touch.
The concrete o1 thick is covered with biofilm & thick on the right side (Fig. 2). The task comes down to
determining the changes in concentration of “free” calcium hydroxide for time (7) by the thickness of the
structure (X).

The presented physical and mathematical model of mass transfer in half-limited two-layered plate can
be presented as differential equations with boundary conditions of second kind on the border between concrete
and liquid and those of the fourth kind on the border between concrete and biofilm.

Clx, | i

C(x,74)

T 77
C(x,7) \/ / ’/’/< 7 3

Z 72
e
> ///,/// _
- O 061 X, M

Figure 2. lllustrates the model of concrete structure bio-growth-around:
(1) — concrete; (2) —biofilm; (3) — liquid.

2
oC (%) _ .0 G7) 750,-5,<x<0, @
or ox?
2
C%7) _, TG +50,0<x<5, @
or G

where Cl(X, T) is concentration of “free” calcium hydroxide in relation to CaO in concrete at the time moment
at an arbitrary point with coordinate x, (kg CaO/ kg concrete); CZ(X,T) is concentration of “free” calcium
hydroxide in relation to CaO in biofilm at the time moment at an arbitrary point x, (kg CaO/ kg biomass); k1,2

are coefficients of mass conductivity, m#/s; 51 is thickness of concrete structure, m; 52 thickness of
biofilm, m.

Initial conditions:

C1(%,7)| 0= C1(x,0) =Cy o 3
Co(x, T)‘z'=0= Cyo(x,0)=Cy @)
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where Cl,O is initial concentration of “free” CaO, kg CaO/ kg concrete;

C270 initial concentration of free CaO,kg CaO/ kg biomass.

Boundary conditions. Left:
0C (X, 7) _
o hea=0 ®)

At the point of contact of concrete and biofilm. The balance in the system follows the Henry law:
C_|_(X, T)| x=0—" m- CZ(X’ T)| x=0° (6)

where Mis Henry equilibrium constant, kg biofilm/ kg concrete.

0C,(X,7) 0C,(X,7)
—Poon " Ka - CLT| x=0=~Ppiom Kz - 28—X| x=0 1 )
where Peony Priom are densities of concrete and biomass, kg/m?>.
On right:
0Cy(X,7)
_k .—2 ! = T). 8
2T o % 0y (7) ©)

2l

where Qy (7) is density of mass flow leaving the biofilm for the liquid flow.

The system of equations (1) — (2) is of a linear type, coefficients of mass conductivity being variable
values in common case and dependent on concentration are brought out of signs of mathematical
differentiation operators. With the use of zonal method of calculation or “method of micro-processes® the whole
process is divided into N elementary micro-processes, within each of which coefficients of mass conductivity
are meant as constant. So the non-linear problem of mass transfer comes down to the totality of N linear
problems.

Since on the left border of concrete structure there is no substance flow, the boundary condition (5) is
represented as a condition of the second kind.

Boundary conditions (6) and (7) are conditions of the fourth kind and illustrate the fact that at the point
of plates' contact the concentrations of “free” calcium hydroxide are equal and densities of mass flows are
equal as well.

To solve the system (1) — (8) Laplas's method of integral transformations was used which got a good
reputation while solving problems on heat mass transfer [10-13].

Mathematically the problem of mass transfer (1) — (8) in a dimensionless form can be presented as the
following system of equations (9) — (16):

8Z,(X,Foy) _ 9°Zy(X,Fop,)

,Fo,>0,-1<X<0. 9
For po m ©)
— 2 —
0Zy(X,Fom) _ 0°Zp(%,FOm) 1 £ 5 0,0<x<K,. (10)
oFo,, %2 kot m d
Initial conditions:
(X, Fom)‘ Fa,=0 = Z1,0(X); (12)
Zy(X, I:Om)‘ For=0 = Z2,0(X). (12)
Boundary conditions:
0Z;1(X, Fom)
_— | = 13
= %=|-1 0, (13)
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Z,(X, Foy)| -0 = Zo(X, For) | %0 (14)
0Z, (X, Fo 0Z-(X, Fo

1( m)|x 0= %M:O’ (15)
0Z-(X,Fo %

%| ks =Kiy, (16)

where Z;(X, Fo,,) is dimensionless concentration of the transferred component by the thickness of concrete;
Z,(X,Foy,) is dimensionless concentration of the transferred component by the thickness of biofilm;
X =X/ & is dimensionless coordinate; Ky =Kk, /kj; Ks =0,/05;;0y are density of mass flow leaving the
biofilm for liquid flow; M is Henry' s constant (kg biofilm/ kg concrete); N = (piom - Ko) / (Ocon - Ki - M) is

coefficient ~ considering  characteristics of  phases; FOm:(kl-T)/512 is  Furier criterion;

Ki; _ 9 “Peon M- Ky

2 Poiom K2 Co

It is possible to take into account the complex mechanism of growth, reproduction, and death of
microorganisms by introducing the coefficient N, which takes into account changes in the biomass density.

is Kirpichov's mass transfer criterion.

Kinetic equations describing the growth, reproduction and death of microorganisms, taking into account
natural mortality, taking into account the stochastic nature of these processes, for a system of isolated cells
can be represented as [13, 14]:

‘L_rt“ = u(®)m=U;(m,C), (17)
N _ sy (t) =U,(m ), 8)

dt
where mM(t) is the mass of an individual cell at time t (M is a determinate value); t is the cell division time;
Ui2(m, C) is cell growth rate; C is the concentration of the substrate; £ is the mass transfer coefficient;
S = Dwm/d, Dw is the molecular diffusion coefficient depending on the temperature of the culture fluid; dis the

thickness of the “boundary film”, depending on the hydrodynamic situation in the vicinity of the cell; t) the
outer surface of the cell at time t.

After system of equations (9) — (16) was transferred in the area of complex numbers where the solution
of the system was obtained and then the solution was transferred in the area of the originals. The general
solution of the mass conductivity problem describing the dynamics of concentration fields looks as follows:

A2
Z,(X,Fo,,) = m{l— NK 5 + NKiF, {Fom + (1_2)() + ¢(Kio N, K(S)”+
k™o
423, (1 S 1| 0OS(117%) €0t Ky K 5) ~ K K5 SN X) S(uin K K ) |- (19)

—1/Unl//1 (/Un)

__N % .
\/K>k cos( 14y, (1+ X)) exp(— 4, Fop,).

1 .k .x
Z,(X,Fo,)=——— (1- NK; + Kit, [Xx = Fo. Ky, K]+ NKiry ((Ky,N, K 5) -
2(X,Fop,) 1+NKkK5( s+Kig| mKi Ks | H (P(Ky s)
1+ K X2 ©
_—k)_zz—(ﬂmsnﬂmcos[ﬂm\/ k(Ks = X):|

2 e L (L)

(20)

SiN(zm K K )[NCOSﬂmCOS(um X) + ——==SIN iy, SIN( 1y X)}
N A o JKx

> — 1 . . _
+Kiy {N COS i, Cos(ﬂm\/ Ky X) + anﬂm Sm(/um\/ Kk X)}exp(_ﬂrankFom)’

k
where /i, is roots of characteristic equation:
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1
1+ K K5 (3K 5 +3N + NK K3)
J=1Z coS 1-£)|dé,
5L NK.K,) £ Lo(&) cos 1y (1-£)]dE

1Qtm = N\/K_ktg(:um\/K—chS)-

The expressions (19) and (20) make it possible to calculate the dynamics of mass transfer of the target
component of the structure's inner layers towards the border of the division of the phases (concrete/ biofilm)
[15, 16].

Table 1. The changein the values of the concentration of "free" calcium hydroxide in the solution
of the pores of the sample from time to time and coordinates.

(K, N, Ks) =
(21)

Time Concentration, kgcao/kgset -10* at the point with the coordinate
Experimental values Estimated Values
X1 =0.005 m X2=0.015m x3=0.025m x;=0.005m x=0.015m x3=0.025m
1 n 14 days 2.47 2.23 1.93 2.52 2.29 1.99
2 1 28 days 2.38 1.98 1.76 2.42 2.01 1.79
3 T3 42 days 2.16 1.81 1.48 2.26 1.97 1.62
4 14 56 days 1.88 1.53 1.23 2.01 1.67 1.39
5 15 70 days 1.68 1.45 1.20 1.81 1.53 1.25

For the evaluation of the influence of mass transfer parameters, a numerical experiment was
conducted illustrating the influence of similarity criteria (Furier, Kirpichov) on the dynamics of corrosive
destruction process [17].

Fig. 3illustrates the dependence of dimensionless concentrations on Kirpichov's mass transfer criterion.
It was established that with the increase in Kirpichov's mass transfer criterion large gradients of concentration
appear. Curves (picture 4) illustrate the dynamics of dimensionless concentrations of the transferred
component with different values of Furier mass transfer criterion.

The obtained dependencies make it possible to solve the reverse problem when the available
experimental data allow with the help of this model to predict the numerical value of “free” calcium hydroxide
by the thickness of the structure and the film [13, 16, 18].

Z(%, Foy) ] Z(%,Fom) I
0.7
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0z 06 N\
/ N I I %
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08 - \ ; -_,‘é///\ \4
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03 el \\2 o e e el
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Figure 3. Profiles of dimensionless Figure 4. Profiles of dimensionless
concentrations by the thickness of concrete concentrations by thickness of concrete and

and biofilm with biofilm with K, =1 K; =01 N =1 Kir, =05

Kk =L Ks=0.1N =1, Fo,, =1 and different
. and different values FO,:1-0.5;2-1;3-1.5;
values Ki,;:1-0.5;2-1;3-15;4-2,5-2.5; 4-2:5-256-3.
6-3.

The results of mathematical modeling are confirmed by the results of experimental studies of concrete
biocorrosion of the scientific school of Professor V.T. Erofeeva [8]. The obtained expressions allow to
determine concentration values of the transferred component by thickness of both the concrete structure, and
in the biofilm itself at any period of time, and also make it possible to calculate concentration of “free” calcium
hydroxide in liquid phase, the kinetics of the process in solid, liquid phases and in biofilm which eventually
allows with minimal error to predict durability and reliability of building structures [19-23]. However, those
calculations are possible only with availability of objective information about characteristics of mass transfer —
coefficients of mass conductivity and mass giving away of particular corrosive processes that can be obtained
in the course of experimental studies.
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Based on the results of mathematical modeling, practical recommendations were developed to monitor
and increase the corrosion resistance of concrete and reinforced concrete structures in biologically active
environments, which were used during the industrial examination of LLC «Basic Engineering» (lvanovo,
Russia) [24]. The economic effect amounted to 8.9 % of the estimated cost of work.

In the future, the generality of the mathematical description will make it possible to disseminate the
developed mathematical model and the proposed calculation method for various types of concrete
biocorrosion, taking into account experimentally determined mass transfer coefficients depending on the
taxonometric composition of biofouling.

4. Conclusion

1. A physical and mathematical model of diffusion process of target component of “free” calcium
hydroxide in solid phase of cement concrete and biofilm formed in liquid medium has been developed which
allows to obtain a solution of the boundary problem of mass transfer in the system “cement concrete — biofilm
— liquid” which in totality makes it possible to monitor the processes of mass transfer in the field of controlling
bio-destruction of cement concretes.

2. A numerical experiment has been conducted to illustrate the influence of similarity criteria (Furier,
Kirpichov) on the intensity of the process of corrosive mass transfer. With an increase in the mass transfer
criteria of Kirpichov and Furier, large concentration gradients appear.

3. Practical recommendations were developed and implemented to monitor and increase the corrosion
resistance of concrete and reinforced concrete structures in biologically active environments. It has been
established that carrying out work on cleaning concrete and reinforced concrete underwater structures from
biofouling once every 5 years, in conjunction with other scheduled preventive measures, will increase the time
between repairs between 1.5 times. The economic effect was 8—-15 % of the estimated cost of work.

4. Since abiotic environmental factors change over time, only the joint application of the obtained
solutions using the zonal calculation method will allow continuous monitoring of bio-corrosion damage and
manage them in the field of scheduled preventive repairs.
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Abstract. The paper is devoted to the perspective trend of researches on estimation of physical and
mechanical characteristics of dispersive soils by means of non-destructive methods of in-situ testing by wave
analysis. The paper presents the results of comparison of the values of the transition coefficient between the
soil dynamic elastic modulus, which can be calculated from the results of in-situ tests by means of non-
destructive technique of Multichannel Analysis of Surface Waves, and the soil deformation modulus.
Application of such a transition factor makes it possible to estimate the soil deformation modulus according to
the soil elastic characteristics determined using modern non-destructive express techniques of wave analysis
of the low velocity zone of the upper part of the profile. Due to the application of such express methods, labor
and time costs of field investigations are significantly reduced during preliminary geotechnical site assessment.
Comparison of different values of the transition factor was made on the basis of the results of laboratory
standard triaxial tests and numerical experiments with the values calculated on the basis of dependencies
proposed by the results of in-situ tests with Plate Load Tests and Multichannel Analysis of Surface Waves in
previous in-situ studies. The results of standard triaxial tests on samples of cohesive and non-cohesive soils
confirm the dependence of the transition factor on the soil unit weight, obtained in the previous stage of in-situ
researches. The values of the transition factor based on the results of numerical experiments do not exceed
the results obtained by field research methods. The results of the research will be useful in estimating the
physical and mechanical properties of the soil during preliminary geotechnical calculations of the foundations.
All in-situ investigations are carried out using non-destructive technique. No permits or approvals are required
to perform the work according to the proposed methodology.

1. Introduction

At present, obtaining initial data about soils strata and also physical and mechanical characteristics for
geotechnical calculations can take quite a long time, and application of conventional test methods requires
relatively large labor costs at the preparation and execution stages. These disadvantages are clearly apparent
when conducting an express preliminary geotechnical assessment of the soil base of a future or existing
building or structure. The task of reducing the labor and time required to conduct a preliminary geotechnical
situation assessment at the pre-design stage is relevant. To solve this problem, modern non-destructive wave
methods can be used, in particular, Multichannel Analysis of Surface Waves (MASW).

MASW is a modern non-destructive technique of wave analysis of the low velocity zone at the upper
part of soil profile, which allows obtaining a velocity profile of the surface wave distribution in the upper section.
MASW was first presented in the Park et al paper. [1]. Different researchers (C.B. Park, J. Xia, S. Foti, J.N.
Louie, N. Ryden, K. Suto, R. Miller, M. Carnevalle, Z. Lu, B. Mi, A. Levshin, C. Li et al. [2-14]) continue to
improve the technique, increasing the speed of the in-situ procedure and the resolution of velocity profiles.
The results of MASW are generally used for dynamic (elastic) soil calculations [15-19], but they can also be
used for preliminary geotechnical assessment of soil bases. In the Russian Federation, the Regulation SP 11-
105-97 "Engineering geological site investigations for construction. Part VI. Regulations for geophysical
surveys" presents several empirical dependencies to determine the deformation modulus (calculated by
service limit state) as well as cohesion and the internal friction angle (calculated by ultimate limit state) based
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on longitudinal and/or transverse wave velocities for different types of dispersed soils. No such dependencies
are given for the surface wave velocity that can be determined using MASW.

Conventional Plate Load Tests (PLT) are used in the Russian Federation to determine the deformation
modulus of the soil base during engineering and geological surveys. Deformation modulus corresponds to the
straight-line section of the load-settlement curve of PLT in accordance with the State Standard GOST 20276-
2012 “Soils. Field methods for determining the strength and strain characteristics”. The straight-line section
ends at the fourth point of the load-settlement chart, counting from the point of accepted initial pressure. In
previous papers of the authors [20, 21], based on comparison of the in-situ PLT and MASW tests, the
dependence (1) was proposed to estimate the deformation modulus E using the initial shear modulus Go and

transition factor Ks. Non-dimensional transition factor Kg can be calculated by means of empirical relation (2)
as a function of the soil unit weight.

E=ksGo (1)
ke = —0.005286)° +0.314254y 2 — 6.248530y + 41.723895 @

where E is deformation modulus, corresponding to the PLT deformation modulus Ep.T for a 5000 cm? round
plate, MPa; Go is the initial shear modulus, MPa, it can be estimated using (3) [22] via density (unit weight)
and surface wave velocity based on MASW results [20, 21]; y is the soil unit weight, kN/m3, it can be estimated
using (4) [22] via surface wave velocity, proposed on the basis of known empirical relationships for shear wave
velocity [23, 24].

Gp =1.096-10°° pV5, MPa 3)
V3.61 3
y=In 2%7 +0.166372,kN/m @

where p is soil density, kg/m?, calculated via soil unit weight; V is surface wave velocity, m/s; Zis soil base
depth, m.

To increase the accuracy of dependence (2) inferred from in-situ tests it is necessary to compare it with
the results of deformation modulus determination on the basis of triaxial tests, because of all laboratory tests
only triaxial tests simulate the behavior of soil under load most closely to the actual behavior [25]. In addition,
itis also necessary to carry out numerical experiments based on the results of triaxial tests, since the numerical
modeling at preliminary geotechnical assessment of soil bases allows us to eliminate the need for costly and
lengthy field tests and, at the same time, to calculate the parameters required for engineering calculations.

The purpose of the paper is to compare the values of transition factor between the elastic modulus and
the deformation modulus obtained by means of field tests [20, 21], laboratory triaxial tests and numerical
experiments.

2. Methods

2.1. Triaxial tests

Comparison of the values of transition factor between the elastic and deformation moduli was performed
based on the results of standard drained triaxial tests of cohesive and non-cohesive soil samples with
predescribed parameters at a full water-saturated state (Table 1, soils a and b). The tests were carried out
with a triaxial compression unit GT 2.0.9 manufactured by NPP Geotek, LLC (Penza City, Russian Federation),
and pressure control panel GT 2.0.11 with static and kinematic loading modes, maximum load of 1 ton (10 kN).
Tests were performed in the triaxial compression cell GT 2.3.8 of type A (isotropic compression), the test data
was processed using the ASIS automatic software.

To reduce the amount and time of triaxial tests, an analysis of the provided results of triaxial tests on
the samples of cohesive soils was performed. The results were provided by NPP Geotek, LLC and the “MIKS”
Center for Technological Innovation and Modernization in Construction at PNRPU (Table 1, soils ¢ — g).

The summary list of soils studied in laboratory conditions:
a is fine, saturated, dense sand;

b is heavy, tough clay;

¢ is medium-hard, light, silt clay;

d is very soft sandy clay;
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e is very soft sandy clay;
f is soft, silt clayey sand.
Table 1. Physical parameters of the studied soils.

Soil z W WL Wp Ip I P Ps P € S
(m) (g/cm®)  (glem®)  (g/emd)
a 1.5 0.22 - - - - 2.01 2.66 1.68 0.58 1.00
b 1.5 0.24 0.39 0.11 0.28 0.47 1.85 2.74 1.65 0.66 1.00
c 6.5 0.25 0.40 0.22 0.18 0.15 1.98 2.73 1.59 0.72 0.94
d 25 0.22 0.27 0.11 0.16 0.69 1.79 2.54 1.47 0.73 0.77
e 45 0.23 0.27 0.12 0.15 0.73 1.85 2.54 1.50 0.69 0.84
f 3.9 0.24 0.26 0.23 0.03 0.33 1.97 2.58 1.59 0.62 0.99

Z+is sampling depth, for soils a and b the depth is specified; W is water content; WL is liquid limit; Wp is plastic limit; Ipis
plasticity index; I, is liquidity index; p is density; ps is particle density; pqdis dry soil density; €is void ratio; S is degree of
saturation.

The samples with prescribed parameters were formed according to State Standard GOST 30416-
2012 “Soils. Laboratory testing. General”. Before installation on the cell base the samples of sandy soil were
previously stabilized at a negative temperature for 1 hour. The formed sample was squeezed out of the holder
using a special device and installed in the triaxial cell.

To restore the assumed natural state of the studied soils, the reconsolidation of the prepared samples
was carried out by the phase state restoration method (a special case of the backpressure method) in
automatic mode, according to Appendix E of State Standard GOST 12248-2010 “Soils. Laboratory methods
for determining the strength and strain characteristics”.

Cell pressure increment and stabilization period were assigned according to Table 5.4 of State Standard
GOST 12248-2010 (Table 2). Due to the fact that in-situ tests were conducted at a shallow depth in the low-
velocity zone, a "sensitive" model at low cell pressures was adopted for triaxial tests.

Table 2. Parameters of triaxial tests.

Parameters a b
Vertical overburden pressure o1 (kPa) 30 30
Cell pressure 03 (kPa) 30 30
Cell pressure increment (kPa) 30 30
Stabilization period of PSR method (min) 5 30
Stabilization period (h) 0.5 18
Loading/unloading rate (mm/min) 0.001
Unloading stages by deformation value (%) 0.05; 0.10; 0.15; 0.20; 0.30; 0.40; 0.50; 1.00; 2.00; 3.00;
4.00; 5.00
Sample sizes, h x d (mm x mm) 100x50

The deformation curve obtained as a result of triaxial tests was used to determine the soil deformation
modulus E. The deformation modulus is not a constant value. Its values depend on the loading interval [25]
determined by the future load on the soil from the foundation. At a preliminary estimation of the deformation
modulus, the future loads are not yet known, therefore, like the assumption about the first four points of the
load-settlement curve in State Standard GOST 20276-2012, deformation modulus was determined for the
initial linear section of the deformation curve directly from the charts. The first point of the deformation modulus
interval corresponds to overburden pressure in accordance with State Standard GOST 20276-2012, so when
defining the deformation modulus from deformation curves, the initial point was taken as zero deviatoric load
odev = 0. The end point of linear approximation by the deformation modulus is taken for relative deformation

&1 = 0.005. The deformation modulus was calculated according to formula (5).

E = Jdev )
&

For further calculation of the transition coefficient, the static elastic modulus Eo« was also determined.

For this, an unloading-reloading of the samples was carried out at different relative deformations (Table 2) to
determine the values of recovering strains at specific pressure, and the unloading modulus was taken equal
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to the static elastic modulus, similar to [26], at a relative strain of the order 10 (restored strain being not more
than 10#).Then the dynamic elastic modulus Eodyn was estimated based on the value of static elastic modulus
using coefficient K which is the ratio of dynamic and static moduli of elasticity according to (6) and Fig. 1
proposed in [26]. The dynamic modulus of elasticity was taken for deformations of less than 10, which occur
during the field tests by MASW method.

EOd n
K=—2" 6)
Ep«
100
S
~ 10
=3 '
L§ Cohesive
Granular
1 | _
10 102 108 10*

Static moduls of elasticity (Eost) [kg/cm?]

Figure 1. Empirical curve of dynamic and static elastic moduli ratio proposed in [26].

To shorten the test time, the kinematic loading mode was adopted. To create a “sensitive” model, the
smallest loading rate of 0.001 mm / min possible for the device was taken (Table 2). Tests were carried out
until the destruction of the sample or up to the maximum relative deformation of the sample of 0.15 according
to paragraph 5.3.6.13 of State Standard GOST 12248-2010.

Provided results of triaxial tests on cohesive soils (Table 1, soils c—g) did not contain unloading stages,
S0 it was not possible to determine the static modulus of elasticity directly, and the dynamic elastic modulus
could not be estimated from Fig. 1 either. Therefore, the dynamic modulus of elasticity was estimated

indirectly. First, the surface wave velocity VR was estimated using formula (4). Further, the initial shear
modulus Gp was calculated from the theory of elasticity using a well-known formula (3). Finally, the dynamic
elastic modulus Eogyn was estimated via formula (7) using dynamic Poisson's ratio.

Eoayn = 2Go (1+Vgyn ), MPa ™

where Go is the initial shear modulus, MPa; Vgyn is the dynamic Poisson’s ratio assumed by Appendix G of
Regulations SP 23.13330.2018 “Foundations of hydraulic structures”.

2.2. Numerical modeling

Numerical modeling to determine transition factor values was carried out by modeling in-situ PLT tests
by a plate of 5000 cm? (diameter D =80 cm) in the conditions of natural soil occurrence at the depth of
sampling. It was performed in the PLAXIS 2D software package. The geometric model is axisymmetric,
3.0x3.0 m, boundary conditions are standard. The finite element mesh is very fine. Two vertical distributed
loads were applied to the geometrical model: the first was the overburden pressure; the second was a variable
step load applied to the plate. Loading was made by stages accepted in accordance with State Standard
GOST 20276-2012 depending on the soil type and void ratio.

Numerical experiment was carried out using the model of Hardening Soil [27] with Small Strains (HSSS)
[28, 29]. The initial shear modulus Go was estimated using formula (7) through the dynamic elastic modulus
Eo,dyn, which in turn was calculated using formula (6) through the ratio K of the dynamic and static moduli of
elasticity. The ratio K was estimated using the empirical chart in Fig. 1 [26]. The unloading/loading modulus
Eur was assumed to be equal to the static elastic modulus Eog, which in turn was taken for abraded soils

according to the results of triaxial tests, and for intact soils was Eo« = 6-7 Eso (Eso was taken from triaxial
tests) according to recommendations [30]. The power coefficient m of HSSS model [29] was adopted
according to recommendations [29] and [31], depending on the soil type. According to [31], the coefficient m
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is usually assumed to be 0.5 for sand; 1.0 for clay; and intermediate values are assumed for sandy clay and
loam.

To improve the accuracy of soil behavior modeling, the parameters of model deformation curves were
calibrated in the PLAXIS software module SoilTest on the parameters of triaxial test curves according to the
method proposed in [32]. The calibrated soil model parameters are presented in Table 3.

Table 3. Parameters of numerical soil models.

Parameter a b c d e f
Soil model HSSS HSSS HSSS HSSS HSSS HSSS
Material type Drained Drained Drained Drained Drained Drained
Punsat (KN/m?3) 20.075 20.069 19.404 17.542 18.130 19.306
Psat (KN/m3) 20.075 20.069 19.653 18.534 18.713 19.342
e 0.58 0.66 0.72 0.73 0.69 0.62
E50ref (kN/m?) 14000 10000 7100 4300 7000 8800
Eoedref (kN/m2) 14000 26400 7100 4300 4000 8800
Eurref (kN/m?) 160000 60000 49700 25800 24000 61600
m 0.5 0.9 0.9 0.8 0.8 0.6
C (kN/m?) 12 135 83 10 39 30
0] 41 7 22 19 21 23
W 0 0 0 0 0 0
Go (KN/m2) 140000 170000 66400 45000 43000 77000
Yo.7 2.00E-04 1.00E-05 1.00E-05 8.84E-05 3.51E-04 1.47E-04
P (kN/m2) 30 30 150 100 100 77
R 0.9 0.9 0.9 0.9 0.9 0.9

Yunsa iS Soil unit weight; ysa is saturated soil unit weight; €is void ratio; Es0™ is the secant deformation modulus at 50 % of
the maximum deviatoric stress; Eced™ is tangent modulus for primary oedometer loading; Eurref is unloading/reloading
modulus; Mis power coefficient; C is cohesion; ¢ is angle of internal friction;  is angle of dilatancy; Go is initial shear
modulus; yo7 is shear strain level at which shear modulus is reduced to about 70 % of Gg; pref is reference pressure; Ry is
failure ratio [23].

The deformation modulus E was calculated according to State Standard GOST 20276-2012 using
formula (8) from load-settlement curves obtained during numerical experiments.

E:(l—vz)K k,D2P ®)
P AS

where v is Poisson’s ratio; Kp is the specific-conditions-of-use factor according to paragraph 5.5.2 of State

Standard GOST 20276-2012; K1 is the coefficient that depends on the plate shape, for a round plate

Kp =0.79; D is the plate diameter, cm; AP is pressure increment P, — Po, MPa, P is the end of the chosen

load interval, Po is the initial point of the chosen load interval, according to State Standard GOST 20276-2012,

Po is usually taken equal to the overburden pressure; ASis settlement increment that corresponds to AP, cm.

2.3. Transition factor Kg

After determining deformation and elasticity moduli, the transition factor was calculated. For ease of
comparison, instead of the transition factor kg, the transition factor ke (9) between the dynamic elastic modulus
Eo,ayn and the deformation modulus E was calculated in the same way [26]. Dynamic elastic modulus can be

calculated using the well-known formula (7). The relationship between transition factors kg and kg is
represented by the formula (10).

E = keEpayn )

1
Ke =kg
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where Vgyn is dynamic Poisson’s ratio that can be evaluated by means of wave analysis or estimated using
Appendix G of Regulations SP 23.13330.2018.

3. Results and Discussion

Deformation curves obtained from triaxial tests are shown in Fig. 2. Elastic parameters of soils
determined and evaluated during standard drained triaxial tests are presented in Table 4. Accepted loading
intervals for the calculation of deformation modulus and its values, as well as obtained values of the transition

factor ke are given in Table 5.

a b
c d
e f

Figure 2. Deformation curves obtained by means of standard drained triaxial tests,
the figure letters correspond to soil type letters.

Table 4. Estimation of elastic parameters based on triaxial tests.

Soil Oov ’ Eos K Eoayn Veyn Go
(MPa) (KN/m3) (MPa) (MPa) (MPa)
a 0.030 20.075 154.000 2.5 385.000 0.48 130.068
b 0.030 20.069 187.000 2.5 467.500 0.45 161.207
c 0.150 19.404 - - 550.915 0.46 188.669
d 0.045 17.542 - - 121.083 0.44 42.043
e 0.082 18.130 - - 217.542 0.44 75.535
f 0.077 19.306 — — 423.139 0.45 145.910
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oovis overburden pressure; y is soil unit weight; Eqg is static elastic modulus; Kis ratio of dynamic and static elastic moduli
according to (6) [26]; Eogyn is dynamic elastic modulus; Vayn is dynamic Poisson's ratio estimated using Appendix G of
Regulations SP 23.13330.2018; Gy is initial shear modulus.

Table 5. Estimation of elastic parameters based on triaxial tests data Ke from triaxial tests.

Soil a €1 E Eodyn ke

(MPa) (MPa) (MPa) triaxial
a 0.0884 0.0050 17.680 385.000 0.046
b 0.0268 0.0050 5.360 467.500 0.011
c 0.0439 0.0047 9.282 550.915 0.017
d 0.0279 0.0050 5.571 121.083 0.046
e 0.0550 0.0060 9.167 217.542 0.042
f 0.0557 0.0054 10.352 423.139 0.024

o is deviatoric stress; €1 is axial strain, corresponding to the deviatoric stress o.

The total calculation of the deformation modulus from numerical experiments is shown in Table 6. It was
assumed that the tests were performed in the borehole, so, according to State Standard GOST 20276-2012,

the Kp coefficient is assumed to be 1.0. Calculation of transition factor ke values based on the results of
numerical experiments is presented in Table 7. Final comparison of obtained transition coefficient ke values

based on the triaxial tests and numerical experiments with the values according to proposed formulas (1) and
(2) on the results of PLT and MASW is presented in Table 8 and Fig. 3.

Table 6. Calculation of deformation modulus E from numerical experiments.

Soi hpLT v P1 P4 S S E
(m) (MPa) (MPa) (cm) (cm) (MPa)
a 15 0.30 0.030 0.180 0.18 0.67 17.61
b 15 0.42 0.030 0.060 0.29 0.37 18.37

c 6.5 0.42 0.150 0.300 5.80 6.66 9.11

d 25 0.35 0.045 0.120 1.08 1.78 5.98

e 4.5 0.35 0.082 0.157 4.15 4.94 5.31

f 3.9 0.30 0.077 0.227 2.23 3.09 9.98

heLt is plate depth; Vis Poisson’s ratio; K, is specific-conditions-of-use factor; P1 and Pa are first and fourth points of load-
settlement curves; S and S, are settlements at P1 and P4 respectively; E is deformation modulus.

Table 7. Evaluation of transition factor Ke from numerical tests.

Soil GO den EO,dyn E kE
(MPa) (MPa) (MPa) numerical
a 140.000 0.48 414.400 17.606 0.042
b 170.000 0.45 493.000 18.371 0.037
c 66.400 0.46 193.888 9.111 0.047
d 33.000 0.44 95.040 5.985 0.063
e 36.300 0.44 104.544 5.305 0.051
f 77.000 0.45 223.300 9.985 0.045

Table 8. Overall comparison of different values of transition factor Kg.

Deviation of the Deviation of the
triaxial numerical
Soil plT_ET triak;m Ke from the PLT one numkelzzrical Ke from the PLT one

(%) (%)
a 0.050 0.046 -8.5 0.042 -15.3
b 0.051 0.011 -77.6 0.037 -27.3
c 0.056 0.017 -69.7 0.047 -15.6
d 0.091 0.046 -49.3 0.063 -30.7
e 0.075 0.042 -43.8 0.051 -32.4
f 0.057 0.024 -57.1 0.045 -21.6
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Figure 3. Overall comparison of different values of transition factor Kg.

The comparison of different values of the transition factor confirms its dependence on the soil unit
weight.

The lowest values of the transition factor Ke (and, accordingly, the deformation modulus E) were
obtained for the triaxial tests, and the highest values were obtained for formula (10) on the basis of the
dependencies derived from in-situ tests with PLT and MASW. The deviation of the triaxial test results from the
in-situ dependencies does not exceed 78 %.

The results of numerical simulation do not exceed the calculated in-situ dependencies, and the deviation
of numerical values from the calculated in-situ ones does not exceed 33 % to the lesser side.

A comparison with the results of experiments performed by other researchers is not given in the article
because the transition factor between the elastic modulus and the deformation modulus are determined by
the results of MASW for the first time.

4. Conclusions

1. Standard drained triaxial tests allow evaluating dynamic and static modulus of elasticity during a
single experiment.

2. The triaxial tests on cohesive and non-cohesive soil samples confirm the dependence of the
transition factor on the soil unit weight.

3. The deviation of triaxial test results from in-situ dependencies is not more than 78 %.

4. The comparison of the transition factor kg from the dynamic modulus of elasticity to the deformation
modulus based on the results of in-situ tests and numerical experiments showed that the deviation of the
numerical experiments results is not more than 33 % to the lesser side. Values of the transition factor ke by
the results of numerical experiments are less than values of this factor by the results of in-situ tests. This
indicates sufficient accuracy of the proposed dependencies (1) and (2) for express assessment of the soll
deformation modulus based on the wave analysis by MASW at a preliminary geotechnical site assessment.

5. Correctness of numerical modeling depends on the adequacy of adopted soil model, which requires
calibration of input parameters and, accordingly, of the model deformation curve on the experimental
deformation curve based on standard triaxial tests.
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Abstract. Weathered rock or IGMs (Intermediate Geomaterials) is still a controversy in designing the bearing
capacity of the drilled shaft. At present, Viethamese standards separately defined the load capacity of the pile
in soils and rocks. That leads to both underestimation and overestimation in case IGMs assumed to be soil
and rock, respectively. In this paper, a case study of a project in central Vietham basing on experienced
equations, finite element method (FEM), and field measurement was conducted. The static loading and pull-
out tests were conducted for drilled shaft with 0.8 m in diameter installing in the weathered rock. In these tests,
instruments were installed including the displacement device, strain gage, and extensometers, which were
distributed along the drilled shaft to measure the side and tip bearing capacity of the piles. In addition, FEM
was employed to simulate the static loading and pull-out tests of the piles. The obtained results indicated that
FEM had a similar behavior at the medium loading stage compared to the field tests (static loading and pull-
out tests). Thus, FEM could be a potential method that can be used for calculating and estimating the bearing
capacity of the drilled shaft in the IGMs layer. An empirical equation was proposed for computing the side
resistance of the pile in the IGMs layer. Finally, this study could help to choose properly the pile length in the
design of the pile placed on IGMs layer so that the safety and cost-effective problems can be optimized.

1. Introduction

At present, estimation of the bearing capacity for a drilled shaft is divided into two cases. For the first
case, when the pile is placed in the soil, the formulas related to the resistance of the ground are used, such
as the internal friction angle of loose soil and unconfined compressive strength in the undrained condition Qu
for cohesive soil, based on the field test results such as Cone Penetration Test (CPT), Standard Penetration
Test (SPT). For the second case, when the pile is placed on the rock, the formula is used based on the
compressive strength Qu of the rock. However, for some cases, the pile tip of the drilled shaft located in a
strong weathered rock that has the strength is smaller than that of rock but much larger than that of soil. This
leads to difficulties in using the equation specified in standards as well as monitoring and acceptance. In order
to address these issues, several researchers have introduced the concept of Intermediate Geomaterials
(IGMs) into the design [1-4]. The results of SPT-N experiment or unconfined compression test can be used
to determine the bearing capacity of the pile in this case [5-8]. Several authors have proposed some methods
to compute the bearing capacity of the drilled shaft that placed into the IGMs layer [4, 7, 9, 10].

It is known that load-bearing capacity and settlement of drilled shaft affected by axial compressive load
and depended on many different factors such as physic-mechanical properties of soil, characteristics of piles,
mechanism load distribution in piles, and interaction between pile and soil [1, 7, 11-17] These mentioned
factors cannot be completely simulated in the calculation formula, thus the best method to predict the load-
settlement relationship of the drilled shaft is to use the static loading test and pull-out tests. In general, the
bearing capacity of the drilled shaft is determined through the static loading and pull-out tests on site. The
static loading test for measuring axial displacement along the pile has been applied since 1969 for precast
reinforced concrete piles. It was then applied in many countries around the world to determine the level of
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friction mobilization along with the pile [1]. In the 1980s, experimental studies on the drilled shaft were also
carried out in order to propose inverse analysis methods for determining the loading transfer line in the pile,
thereby determining the side resistance as well as the tip resistance of the single pile [1, 11, 18, 19]. However,
many case studies in the United States showed the static loading test can only determine the bearing capacity
of the entire pile rather than determining the side resistance and tip resistance of the pile. It means that this
test is not enough to evaluate the behavior of the pile [19, 20].

It is noted that the pile resistance in the rock is mobilized at a displacement of less than 13 mm and the
shear strength will mobilize residual and strain-hardening to the maximum value of displacement exceeding
38 mm [21]. Thus, it is needed to consider the side resistance of the pile in this case. In addition, there are
several studies on the bearing capacity of the drilled shaft with the measurement of pile deformation were
conducted [8, 11, 13]. In Vietnam, for many central regions, drilled shaft constructed in the IGMs layer (see
Appendix 1). However, there are almost no studies concerning bearing capacity of the pile that has the pile tip
located in IGMs layer. In general, in Vietnam the calculation of the pile placed into the IGMs layer employed
the formula used for soil or rock. This calculation method caused underestimated bearing capacity for the case
of the pile located into rock layer and overestimated bearing capacity for the case of the pile placed into soil
(i.e. clay or soil). As a result, the pile length will be too short and too long, which leads to both safety and cost-
effective problems. A proper calculation for the pile place into this IGMs layer must be done to have a suitable
design. Thus, it is necessary to study the bearing capacity of drilled shaft constructed on the weathered rock
layer (IGMs) in Vietnam with different and specific geological conditions.

Therefore, this study aims to investigate the bearing capacity of the drilled shaft on weathered rock
layers through the static loading and pull-out tests for a case study in Vietnam (i.e. Quang Tri province); in
which deformation devices attached at the side and tip of the pile to determine stresses and strain. From the
obtained deformation values along the side of the pile during the static loading and pull-out test and some
hypotheses, it is possible to determine not only the load distribution in the pile, the side friction distribution,
unit friction resistance, pile tip resistance, but also the relationship curves between displacement/pile diameter
and side friction/maximum side friction (t-z curve). Simultaneously, this study also simulated the static loading
and pull-out tests using the finite element method (FB-MultiPier software) for the piles those having the pile tip
placed in the weathered rock layer (IGM) for comparison. Finally, a comparison between the results obtained
from actual tests and modeling was done to evaluate the feasibility application of FEM model. Based on the
results of this study, an empirical formula was proposed for calculating the bearing capacity of the pile in the
IGMs layer in geological of Vietham. As a result, the pile length will be determined properly so that the safety
and cost-effective of projects will be well designed.

2. Materials and methods

2.1. Geological condition

The case study is conducted for the drilled shaft with a diameter of 0.8 m belonging to the construction
project of a reinforced concrete bridge (bridge length is 36.2 m). The geological condition consists of three
layers: layers 1 to 3 are sandy clay and layer 4 is claystone (strongly weathered rock). Their thickness and
other properties can be found in Table 1 and Fig. 1.

Table 1. Geological conditions and soil parameters.

Unconfined
i Undrained strength Unit weight compressive
Layer Thickness (m
g ckness (m) Si (kPa) (MM Strength for rock

layer (kPa)
1. Sandy clay 2.2 24 18 -
2. Soft clay mixed with sand 1.3 36 18 -
3. Sandy clay mixed gravel 8.1 180 18 -

4. Claystone, strong weathered
5.6 - 19 4800

(RQD = 20 %)

2.2. Static loading test and pull-out test

To estimate the strength of the pile and bearing capacity of the weathered rock layer, static loading and
pull-out tests were conducted. The deformation, as well as strain, were measured using the devices attached
along the pile to assess the results.
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2.2.1. Static loading test

The static loading test was conducted for a drilled shaft according to ASTM D1143 standard [22]. The
diameter and length of the pile are 0.8 m and 14.5 m, respectively. The load was applied to the pile head. The
design load for the drilled shaft is 153 tons calculated according to AASHTO LRFD 2010 standard [23]. The
maximum load for the static loading test is 150 % of the design load. The instruments for both static loading
and pull out the tests are installed along with the pile. For each pile, measuring devices including pile head
displacement, loadcell, pile deformation measurement, extensometers are shown in Fig. 1.

Figure 1. Soil profile and installation of instruments along with the drilled shaft.

a. Displacement

Displacement measuring device (DT-100A; KYOWA, JAPAN) with an accuracy of 0.01 mm and
maximum displacement of 10 cm, is connected to the data logger system and fixed to the standard beam.
There are 4 displacement measuring devices installing around the top of the pile (Fig. 2). Displacement
devices were used for measuring the displacement of the pile head.

Figure 2. Pile head displacement measuring device.

b. Extensometer

In order to measure the displacement of the pile at a different depth, the extensometer was employed.
Extensometers were steel bars and were installed at the top, center, and tip of the pile (Fig. 3). These
instruments were used for measuring the displacement of the pile along the pile’s length.

Figure 3. Extensometer equipment for measuring the displacement of pile.
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c. Strain gage

In the static loading test, the displacement of concrete was measured using strain gage (GT-VG4200
GEOTECH, Taiwan). The strain gage is usually used for monitoring the change of strain in either reinforced
concrete or mass concrete structure during the construction period. This strain gage is high accuracy and
good precision with a measurement range up to 3000 pe. For the drilled shaft, strain gages were arranged at
4 different depths and 2 strain gauges were attached to each depth. A total of 8 strain gages were used for
measuring the displacement of concrete. Strain gage was attached to the main reinforced bar as shown in
Fig. 4.

Figure 4. Strain gage for measuring concrete displacement.

2.2.2.Pullout test

The pull-out test was conducted according to ASTM D1143 standard to determine the bearing capacity
at the pile body under tension condition [24]. This experiment will be analyzed in conjunction with the static
loading test to be able to evaluate and provide the bearing capacity of the pile in accordance with the actual
condition. Fig. 5 shows an overview of the pull-out test at the site condition and the schematic of the pull-out
test for 0.8 m in diameter of the drilled shaft.
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Figure 5. Overview (left) and a schematic (right) of the pull-out test.

2.2.3. Analysis data from static test and pull out test

The deformation of concrete and displacement of the pile at loading stages can be used for analyzing
side resistance and tip resistance. The applied force at each depth is calculated according to the formula:

P= &c Ec A(; (1)

where, Ac is the cross-section area of the pile and the area of reinforcement, Ec is the elastic modulus of
concrete, and & is the deformation of concrete at each depth is determined by the sensor (strain gage).

Based on the correlation between Ec and the deformation of concrete at each depth (at each loading

level), the stress of the pile at each loading stage is calculated. The side resistance fi (of pile segment i) is
calculated according to the following equation:
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where, Pi and Pi-1 are the applied forces at the depth of I™" and i-1™ and are calculated by E.q (1). A is the

surface area of pile side (m?), Di is the diameter of the pile (m), and Li is the distance between two strain gage
mounting positions (m).

2.3. Finite element method

FB-MultiPier is a nonlinear finite element analysis program that can analyze multiple bridge pier
structures interconnected by bridge spans. The program was developed by Bridge Software Institute and the
University of Florida [25]. FB-MultiPier are widely used to deal with analyzing of pile foundations with the case
of nonlinear soil models for axial, lateral, and torsional problems [26—28]. In FB-MultiPier, the “p-y” and “t-z”
methods were employed to calculate lateral and axial soil-pile interaction, respectively. Each method uses
nonlinear springs to represent the resistance between surrounding soil and the pile. These springs are
combined into the equations to model the interaction between pile and the surrounding soil [26]. The resistance
to lateral displacement of the pile caused by the surrounding soil was described via the “p-y” curve proposed
by Matlock and Reese [26, 29]. The characteristics of “p-y” curve are depended on the soil types including
clay, sand or rock [26]. While the “t-z” curve is employed to describe soil resistance provided to an axially
loaded pile (frictional and end bearing resistance) against corresponding vertical (axial) displacement. FB-
Multipier was used for modeling the static loading test and pull-out test of the drilled shaft (Fig. 6). In this study,
layers 1, 2, and 3 can be modeled as clay. Thus, in this model, soil—pile interaction can be modeled as “p-y”
curve and “t-z” curve. For the fourth layer, the soil is classified as strongly weathered claystone, which is
modeled as a weak rock (Reese) model with the calculation method (Axial/Torsional) form of Drilled Shaft IGM
and Hyperbolic in FB-MultiPier. The main parameters of soils (layers 1, 2, and 3) used for modeling are unit
weight, undrained strength S, (see Table 1). While the parameters of the IGM layer are the following:
Unit weigh=19 kN/m?3, RQD = 20 %, Modulus = 398 MPa and unconfined compressive strength = 4.8 MPa. In
this modeling, the pile was divided into 16 embedment nodes and 5 free length nodes. The nonlinear springs
(p-y curve) are applied to get the resistance of soil-pile for all layers.
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Figure 6. Model of the drilled shaft in FB-MultiPier.

3. Results and Discussion

3.1. Loading test and pull-out test result

Based on the measured value of strain gage and displacement, the side and tip resistance with depth
as was shown in Fig. 7. Generally, it can be seen that the side resistance increased with increasing in depth.
Besides, the side resistance increased with the magnitude of loading from 25 % to 150 % at different depths,
particularly in the IGMs layer. The side resistance at the pile tip in the IGMs layer achieved the highest value
of approximately 0.116 Mpa. The maximum value of side resistance in this study (0.116 MPa) is smaller than
that recommended in previous studies [30, 31]. Tan and Chow summarized the side resistance of drilled shaft
for the IGMs layer in Malaysia conducted, and they recommended that for the RQD value smaller than 25 %,
the allowable side resistance is 0.3 MPa [30].
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Figure 7. Side resistance versus depth for static loading test.

Similar to the case of the static loading test, the side resistance in the pull-out test is calculated based
on the measured value of strain gauge and displacement, the side resistance with the depth of the pile in the
pull-out test is depicted in Fig. 8. The side resistance was almost stable or slightly increased from 3 m to
around 7.5 m for all loading conditions because the soil from 3 to 7.5 m is the soft clay and sandy clay.
However, at the tip of the pile, the side resistance increased significantly even from 25 % of loading to 200 %
of loading. Because the tip of the pile was placed in the IGMs layer. The maximum value of side resistance
was approximately 0.17 MPa for the cases of 175 % and 200 % loading. From the results of Figs. 7 and 8, it
is clear that for the load level from 25 % to 75 % of the design load, the side resistance at the pile tip of the
pull-out test was almost the same as that of static loading test. The results of this study agreed well with
previous studies [2, 32—34]. However, for the case of the load from 100 % to 150 % of design load, it can be
seen that the side resistance at the pile tip of the pull-out test was higher than that of the loading test, this is
different from with the case of the load level from 25 % to 75 % of design load and the previous study [33].
The difference may be explained as follows. In the previous study, the final layer is gravelly soil that has lower
unconfined compressive strength as well as modulus compared to the IGMs layer in this study.

Side resistance gs (MPa)

0.00 002 0.04 006 008 010 012 014 016 0.18

Figure 8. Side resistance versus depth for pull out test.

Fig. 9 shows the load versus settlement curve of the static loading test. It can be seen that there is no
settlement at the tip of the pile. The maximum of settlement in the center of the pile was approximately 0.5 mm
at the loading of 250 tons. This result of the pile head in this study agreed well with the results of the previous
study of drilled shaft placed in the IGMs layer, which had the displacement of pile head was smaller than the
allowable value [6, 35]. Fig. 10 presents the load versus displacement curve of the pull-out test at the pile
head, center, and tip. For the maximum pull-out load of 260 tons, the displacement was approximately 2.0 mm,
5.8 mm, and 11.3 mm for the bottom, center, and head of the pile, respectively.
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Figure 9. The load-settlement curve
for static loading test.

Figure 10. Load-displacement for pull-out test.

3.2. FEM method results and comparison with measured results

From FEM results, load and displacement curves for static loading and pull-out test are presented in
Fig. 11 and Fig. 12, respectively. For the case of the static loading test, at the pile tip, the maximum value of
the settlement was approximately 0.75 mm; and the center of the pile was around 1.25 mm, while the pile
head achieved the biggest value of 2.1 mm. Compared to the results of the actual test (field test), the model
results give a greater value of settlement than the actual results at the final load level (Fig. 11). The difference
might be related to the degraded and reworked geomaterial on the borehole wall, which decreased the
modulus of geomaterial mass, as indicated in a previous study [36]. However, these values are not much
different, thus, the calculation model can be considered acceptable. Fig. 12 shows the load-displacement
relationship in the pull-out test. The displacement of the pile tip was approximately 1.2 mm for the maximum
load, while it was around 1.7 mm for the center of the pile. The biggest displacement was observed for the
case of displacement of the pile head, the displacement value was 4.5 mm for the maximum load condition.
From Fig. 12, we can observe that the settlement values of the pull-out tests in the modeling were similar to
that of the actual field test for the cases of small and medium load conditions.

The results of actual and modeling show that the results of the settlement and the load of the pile are
quite similar to that of small and medium loads. However, for the case of the pile head, there was a big gap
between the actual value and model value, the displacement of the actual value was much bigger than that of
the modeled one. In summary, we can see that both static loading and pullout tests showed that the values of
the settlement and displacement of the pile into the cracking weathered rock (IGMs) were quite small,
indicating that the strength of IGMs layer is quite large. Thus, when designing the load capacity of piles in
many cases, if it is considered that the weathered stone layer (IGMs) as a sand layer and using the formula
of the sand layer to calculate the load-bearing capacity as current will lead to underestimating the bearing
capacity of the pile that prone too safety and also causing the difficulty to drill deep into the weathered rock
fractured in the field.
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Figure 11. Comparison between the results
of FB-MultiPier software and actual results

for static loading experiments.
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Table 2 shows the comparison between the results of the static loading test calculated by FEM (FB-
MultiPier) and actual results measured on-site. It is obvious that for the IGM layer 4, the results of side
resistance and tip resistance of the pile calculated using FB-MultiPier was almost similar to that measured on-
site. This indicates that FEM (FB-MultiPier) can be used to calculate the bearing capacity of the pile in the IGM
layer with high accuracy. The table also shows the comparison results of the pull-out test; it is clear that for
IGM layer 4, the side resistance of the pile is consistent for 3 methods, whereas the tip resistance for the LRFD
method is higher compared to other methods. From Table 2, we can also observe that the tip resistance results
for the pull-out test of the LRFD method also was higher than that of the measured value and FEM method.
However, static loading and pull out the tests showed that the value of the settlement and displacement of the
pile into the weathered rock is quite small.

Table 2. Comparison results between modeled and for the static loading and pull-out tests.

. Static loading test Pull-out test
Resistance
for layer 4
(IGM) Measured LRFD Measured
LRFD method value FEM result method value FEM result
Side
resistance 0.1728 0.1096 0.1118 ; - ;
as = fs
(MPa)
Tip
resistance 0.7094 0.48 0.5542 0.1728 0.1662 0.1511
gp (MPa)

3.3. Side resistance correlation

According to AASHTO standard, side resistance of pile in IGM layer can be calculated as the following
equation.

Os= @@ Qu (3)

where Qu is unconfined compression strength of IGM Several correlations have been developed by various
authors for estimating unit side resistance in IGM layer and relationships to unconfined compressive strength
Qu as well as SPT N blow count. The methods adopted by AASHTO using Quas the main design parameter
as shown in equation 3. Base on the testing result from static load test (Fig. 6), s can be corrected to Qu as
equation below:;

gs(correction) = 0.81 o ¢ Qu (4

4. Conclusions

Based on the obtained results of the static loading test and the piling test with the measuring devices
attached along with the pile and the FB-MultiPier pile testing model, some main conclusions can be drawn as
follows:

1. The results of the experiment and modeling showed that side resistance is similar for all methods.
However, the LRFD method provided a higher value of side and tip resistance.

2. The static loading and pull-out tests with strain gauge along with the pile body could produce a more
accurate calculation of the bearing capacity of the drilled shaft into the weathered rock layer.

3. FEM method using FB-MultiPier software can be used to estimate the load capacity, the result of
FEM is quite similar to the actual static loading and pull-out tests when the load applied at small and medium
levels.

4. A correction value for drilled shaft into the weathered rock layer (IGMs) in a case study in Vietham
is proposed. However, more field tests should be conducted to provide a precise result for practical design as
well as validate the results of simulation using FEM software.

5. Based on the results of this study, the pile length placed into the IGMs layer in Vietham geological
condition can be designed properly so that the safety and cost-effective problems can be optimized.

This study investigated the bearing capacity of drilled shaft placed into the IGMs layer, the side and tip
resistance of the pile could be obtained using the deformation devices attached to the pile. The finding of this
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study indicated that FEM (FB-MultiPier) could be used to estimate the bearing capacity of the drilled shaft
placed into the IGMs layer. In addition, this study also proposed an empirical formula to calculate the side
resistance of the pile in this case. However, this study only conducted for a case study, thus, it is needed to
extend this study for many projects as well as different geological conditions to validate the application of FEM
method as well as the proposed equation.

Appendix 1. Distribution of the weathered rock (IGMs) in the central of Vietnam

Province Name of bridge  Type of sail/rock SPT value Rock quality Thickness (m)
Design
Danang CauDo Shale - 0% 24
(National road
1A)
Qua Giang Shale - 0-10 % > 36.5
(National road
1A)
CoCo Shale and 50-100 0% >22.5
limestone
Nguyen Tri Shale — 0-27 % 29.0
Phuong
Hoa Phuoc Shale and 70-100 0% 52.5
limestone
Tran Thi Ly Shale - 10-30 % 36.7
Hoa Xuan Shale > 100 0-10 % > 30
Cau Kmb5 at ring Shale > 50 0% >10
road
Quang Binh Sao Vang Limestone — 10-20 % 2.5-7.3
Elevated bridge Sandstone — 8-15 % 1.4-6.2
QuangTri Song Hieu Limestone > 50 15-25 % 20.5-27.5
Khe Luoc Limestone > 50 0-10 % 0.45-0.9
Bridge at 2 Sandstone > 50 0% 5.0-7.3
district 2, Dong
Ha
Quy Thien Siltstone > 50 0-12 % 11.6-13.
An Mo Shale > 50 5-18 % 1.8-9.1
Thanh Co Sandstone, 39-56 <25% 1.1-10.2
Siltstone
Nhan Bieu Sandstone, > 50 0-15 % 10,8-13.7
Siltstone
Lai Phuoc Sandstone, > 36 8-20 % 5.5-7.0
Siltstone
Ben Loi Sandstone, 47-55 0% 2.2-2.4
Siltstone
Ai Tu Claystone 20 % 0% 1.8-5.6
Phuoc My Sandstone, > 50 0% 1.1-2.0
Siltstone
Lai Phuoc 2 Siltstone > 50 0-18 % 2.8-31
Cau Ai Tu 2 Claystone 33-54 0-20 % 3.4-7.3

Note: — means N/a

From the data collected through the geological survey results of bridge construction in the Central
region. We can see the geology of the central region and Quang Tri province has a relatively thin cover layer
with a thickness from 1-5 m thick, followed by fractured weathered rock (IGMs) with a relative thickness of 4—
25m.
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Bending torsion in ['-shaped rigid and warping hinge joints
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Abstract. This paper investigates the effect of bending torsion which is the cross-sectional warping of thin-
walled rods at plane frame joints in the framework of the “semi-shear” theory of V.I. Slivker. Studied are the
shell finite element models of rigid and “warping hinge” joints in thin-walled bar structures, designed and
calculated in the software package Ansys Workbench. The correlation of the geometric characteristics of
thin-walled profiles and the connecting plate is considered towards the change in the value of normal stresses
and bimoments when the cross-sectional axis is rotated. The obtained ratios of the bimoment stresses before
and after the rotation of the cross-sectional axis of the joints are presented. The study concentrates the
distribution of the bimoments and warpings in the plane frame with rigid joints with and without the
consideration of the coefficient of the cross-sectional axis rotation. The comparison of the obtained results for
both cases is shown.

1. Introduction

This article is an extended version of the report presented on the International Scientific Conference on
Energy, Environmental and Construction Engineering (EECE 2019) [1].

Nowadays thin-walled systems play a significant role in the civil engineering industry. This technology
has a wide range of applications in the construction. The development of light gauge steel structures (LGSS)
counterbalanced by the insufficiently research-supplied normative documents awakes interest in the scientific
world and challenges engineers and scientists to take efforts in order to establish the most rational and
universal methods of design for such structures. In recent years there have been dozens of publications
concerning different types of problems.

Today, one of the most applicable and appropriate approaches in the design and analysis of thin-walled
systems is the «semi-shear» theory of V.I. Slivker, which was firstly published in [2]. In the framework of this
theory V. Lalin et al. developed the cycle of numerical methods, concerning the stiffness matrices of various
thin-walled finite elements [3, 4].

The variational formulations and the finite element method are the fundamental issues of the analysis
of the structures [5, 6]. The finite element analysis of the thin-walled cold-formed Z-purlins supported by
sandwich panels using finite elements in the software package MSC Nastran were described by O. Tushina
[7, 8]. The numerical examples in the framework of the problems of geometrically nonlinear dynamic analysis
based on the corotational finite element formulation were presented in [9].

The study [10] proposed the methods of parametric optimization of thin-walled structures together with
presenting the results of this optimization.

There were several papers dealing with the finite element models of cold-formed thin-walled steel
profiles with solid and slotted webs. The papers [11, 12] presents results of numerical experiments about
elastic shear buckling and ultimate shear strength. The derived equations demonstrate high accuracy results
compare to the finite element simulation results. More detailed numerical parametric study concerning cold-
formed thin-walled steel profiles was conducted in [13, 14], where the different geometric parameters and
types of boundary conditions were varied in order to understand their influence on stress-strain state of the
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constructions. The effects of boundary conditions on the elastic shear buckling load and the ultimate shear
strength were investigated.

The buckling analysis of thin-walled steel frames with rigid joints based on the Generalised Beam
Theory (GBT) was performed in [15, 16]. The shell finite element models were designed in the program
package ANSYS to conduct analysis. One of the goals of these studies was simulating the warping
transmission at frame joints connecting two or more members using a GBT-based beam finite element. Based
on the same theory the post-buckling analysis of the thin-walled L-shaped frames and symmetric portal frames
was studied in [17]. For validation proposes, most analytical results were compared to the numerical values
obtained in the program package. The GBT-based (beam) finite elements were applied by authors of [18].
These finite elements were combined with the shell finite elements in order to propose a general and efficient
approach to model thin-walled members with the sophisticated geometries and/or connected through joints.
To validate the obtained results full shell finite element model solution were presented, confirming the high
accuracy and excellent match.

The describing of the buckling of thin-walled structures was shown in [19]. This paper studies the
buckling of the thin-walled two bar frame, loaded by a dead force at the joint. Various warping constraints at
the bar ends are considered and the relevant buckling modes and loads are numerically evaluated.

The influence of the rotational stiffness of the beam to column connection on the strength and the
stability of thin-walled structure was considered in [20]. The surrogate models and the basic techniques of
their construction to calculate initial rotational stiffness of welded rectangular hollow section (RHS) joints were
discussed in study [21]. Rectangular hollow section T-joints were vastly investigated in the context of axial and
initial in-plane rotational stiffnesses, employing finite element modelling in order to test the existing calculation
approaches; new equations, describing the chord stress behavior were derived and validated as well [22, 23].

There were investigated some methods of solving problems of bending torsion avoiding sophisticated
calculational process [24]. The suggested formula makes it possible to calculate the bimoment using the
previously known values of the bending moment and the eccentricity of the applied load. The paper [25]
focused on the determination of the torsional characteristics. These parameters plays a significant role in the
process of design of members subjected to the bending with respect to lateral torsional buckling.

Also, it is important to note that one of the core problems in creation of a universal algorithm for
calculating random thin-walled rod systems is the determination of boundary conditions in joints.

One of the approaches aiming at the consideration of the boundary conditions on the ends of thin-walled
rods neglects the warping of them [26]. The hypothesis within the framework of the A.R. Tusnin theory is that
the warping is equal for each rod intersecting in a joint [27, 28].

The work of V.V. Yurchenko and M.A. Perelmuter disproves the Tusnin theory and states that the
warping is different for each intersecting rod and does not have any dependencies [26].

The goal of the present work is the analysis of the stress-strain state of shell finite element models of
the rigid and «warping hinge» joints designed in the software package Ansys Workbench and the search for
the approach, considering the warping in terms of the stress transition from one element to the other in the
rigidly connected plane frame joints within the framework of the V.I. Slivker theory.

Object of the research is thin-walled plane bar systems.

Subiject of the research is the stress-strain state of thin-walled plane bar systems under the transverse
bending load with an eccentricity.

2. Methods

The computational model is considered to be the '-shaped joint of a plane frame, made of thin-walled
profiles.

The following symbol is introduced for further reference.

K, is the coefficient of the cross-sectional axis rotation that characterizes the ratio of bimoments in

cross-sections on each side of the joint:
_B

KCO
B,

1)

where B; is the value of the bimoment in the cross-section of the loaded thin-walled member; B, is the value
of the bimoment in the cross-section of the load-free member.
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The ratio of bimoments in the joint cross-section is equal to the ratio of the normal stresses:

M
o =—+—Lz +—Z%

A Vi | i 2

y I, ®

It is known from literature review [2, 9, 28] that tangential stresses, appearing in the cross-sections of
the joint elements, are considerably (more than 10 times) lower than normal stresses — the effect is negligible.
Longitudinal force is not applied to the elements, therefore, for the estimation of the bimoments only normal
stresses are accounted for:

B, o,

0~Ea)—>Kw:—:— (3)

Iw a. 01

This paper investigates 3 different shell finite element models of joints in bar structures. One of them
represents a rigid joint, and others are the so-called «warping hinge» joints (Fig. 1). Under “warping hinge” a
bar fixation which does not correspond to the rotation of the support cross-section is assumed (the cross-
section is fixed against rotation of the longitudinal axis), wherein the cross-section can get freely warped out
of its plane (sectorial longitudinal forces (bimoment) are not present). This definition was firstly introduced in
[29]. These models were designed and calculated in the software package Ansys Workbench.

Figure 1. “Warping hinge”.
2.1. Rigid joint

The Table 1 provides main geometric parameters of the rigid joint corresponding to the Standards of
the Organization 83835311.001-2015 (Russia).

Table 1. Geometric parameters of the rigid joint.

Characteristics Value Unit of Measurement
Basic dimensions of the profile 200x50x1.5 mm
Length of the “beam” 105 mm
Length of the “column” 450 mm
Basic dimensions of the connecting plate 300%x300%6 mm
Steel density p 7858 kg/m?3
Young's modulus E 2-10%t Pa
Poisson’s ratio 1% 0.3 mm

The rigid joint is a '-shaped joint (Fig. 2), made of two thin-walled profiles with identical cross-sections
wherein the corresponding flanges of the “beam” and “column” are extended to each other. The “beam” and
“column” are rigidly assembled by non-thin connecting plate. The connection between the cross-sections of
the “beam” and “column” are considered firm during the calculation. The bottom of the “column” in all of the
cases is rigidly fixed.

The applied load is linearly distributed over the flanges of the cross-section simulating the action of the
bimoment. The load is applied to the nodes of the finite elements (Fig. 3). The modulus of the maximum
magnitude of the applied linearly distributed load is equal to 1000 N.
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Figure 2. Finite element model of the rigid joint. Figure 3. Applied load.

Researched are the normal stresses in the cross-sections of the “beam” and “column” one finite element
(5 mm) away from the connecting plate under different parameters:

1. The thickness of the connecting plate;
2. The linear dimensions of the connecting plate;
3. The thickness of thin-walled profiles.

Table 2. Value of the coefficient of the rotation with varying connecting plane thickness
for the rigid joint.
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Table 2 contains the normal stresses in the «beam» and «column» in the case of the unchanging cross-
section of the thin-walled profile 200x50%1.5 mm and the plate with lineal dimensions 300x300 mm with
varying connecting plane thickness (t =4 mm, t = 6 mm, t = 8 mm) for the rigid joint. The numbering of cross
section points is shown in the Fig. 4, Fig. 5.
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D2

Figure 4. Calculational points in the “beam”. Figure 5. Calculational points in the “column”.

The obtained ratios of the bimoment stresses before and after the rotation of the cross-sectional axis of
the rigid joint are reflected in the Table 3.

The graphs of the influence of the various geometric characteristics on the ratio of the normal
stresses/bimoments for the rigid joint are shown in Fig. 6, Fig. 7, Fig. 8.

Table 3. Ratio of bimoment stresses in the “beam”and “column” cross-sections, depending on
different geometric factors for the rigid joint.

_ Connecting plate
Profile 200x50x1.5 mm 300x300%x6 mm

Connecting plate Connecting plate

Profile 250x50 mm
300x300 mm t=6mm

t=4mmt=6mmt=8mm250x250 mm 300x300 mm 350x350 mm t=1mm t=1.5mmt=2mm

o bottom/bottom 4.35 5.17 6.35 4.79 5.17 5.08 5.61 5.17 5.00
o topltop 5.34 5.70 6.67 6.67 5.70 5.42 5.84 5.70 5.83
8.00
4
2=
3 5 7.00 6.67
5
E® » 6.35
2 9 6.00 .70
£< 5.34 =@ bottom flanges
- @
o &
0 500 o top flanges
© g 517
®3 435
< 4.00
t=4 mm t=6 mm t=8mm

Thickness of the conneting plate

Figure 6. Dependence graphs of the bimoment change
on the connecting plate thickness for the rigid joint.

Figure 7. Dependence graphs of the bimoment change
on the connecting plate linear dimensions for the rigid joint.
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Figure 8. Dependence graphs of the bimoment change
on the thin-walled profiles thickness for the rigid joint.

Based on the obtained results, the next conclusions were made:

1. The ratio of the normal stresses/bimoments before/after the rotation of the cross-sectional axis of
the rigid joint are compatible for the top and bottom flanges;

2. The change of the normal stresses and bimoments of the rigid joint with varying connecting plane
thickness has a linear dependence;

3. The change of the normal stresses and bimoments of the rigid joint with varying linear dimensions
of the connecting plate has the linear dependence for the top flanges of the cross-section and has a constant
value for the bottom flanges of the cross-section;

4. The change of the thickness of thin-walled profiles of the rigid joint has a negligible contribution to
the value of normal stresses/bimoments before and after the rotation of the cross-sectional axis.

2.2. “Warping hinge” joints

The paper investigates two configurations of the “warping hinge” connection. The Configuration 1
represents a -shaped node of two thin-walled profiles of the same cross-section firmly assembled by non-
thin connecting plate (Fig. 10). The Configuration 2 is a ['-shaped node of two thin-walled profiles of the same
cross-section wherein the upper point of the “column” coincides with the level mark of the upper “beam” shelf
(Fig. 11).

The connection between the flanges is not considered while the calculations — the connection
represents the so-called “warping hinge” joint, which is achieved by the spacing one finite element wide (5 mm)
in-between the flanges. Since the flanges of the “column” and the “beam” are not connected to each other, the
connection is realized through the webs, the flanges can get freely warped out of their planes (there are no
normal stresses on the ends of the flanges because the ends of the flanges are not loaded with bimoment or
other axial loads). The Fig. 9 demonstrates the distribution of sectorial coordinates, which justifies the
applicability of the selected models for calculation [30]. According to the graph it is clear that values along the
web are equal to zero.

Figure 9. Distribution of sectorial coordinates.

The Table 4 demonstrates general geometric characteristics of the “warping hinge” joints corresponding
to the Standards of the Organization 83835311.001-2015 (Russia).
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Table 4. Geometric parameters of the “warping hinge” joint.

Characteristics Value Unit of Measurement

Basic dimensions of the profile 200x50x1.5 mm

Length of the “beam” 105 mm
Configuration 1 250

Length of the “column” ] ) mm
Configuration 2 450

Basic dimensions of the connecting plate 300x300%6 mm

Steel density p 7858 kg/m3
Young's modulus E 2-101! Pa
Poisson’s ratio \% 0.3 mm

Figure 10. Finite element model of the “warping  Figure 11. Finite element model of the “warping
hinge” joint (Configuration 1). hinge” joint (Configuration 2).

The applied load has an equal value and character as it was realized with the rigid joint.

The whole algorithm of analyzing the “warping hinge” models is the same as for the rigid joint.
Researched are the normal stresses in the cross-sections of the “beam” and “column” one finite element
(5 mm) away from the connecting plate in the Configuration 1 and in the same points in the Configuration 2
under different parameters.

The obtained ratios of the bimoment stresses before and after the rotation of the cross-sectional axis of
the “warping hinge” joints are reflected in the Table 5.

The graphs of the influence of the various geometric characteristics on the ratio of the normal
stresses/bimoments for the “warping hinge” connections are shown in Fig. 12, Fig. 13, Fig. 14.

Table 5. Ratio of bimoment stresses in the “beam” and “column” cross-sections, depending on
different geometric factors for the “warping hinge”joints.

Connecting plate 300x300x6
mm

Profile 200x50x1.5 mm

Connecting plate Connecting plate

Profile 250x50 mm
300x300 mm t=6mm

t=4dmmt=6mm t=8mm 250x250 mm 300x300 mm 350x350 mmt=1mmt=15mmt=2mm

Configuration 1

o bottom/bottom 9.58 11.13 13.38 10.51 11.13 11.65 12.22 11.13 10.62
o topltop 12.68 12.67 14.44 14.04 12.67 12.81 12.70 12.67 13.15

Configuration 2

o bottom/bottom 5.58 5.93 7.98 4.75 5.93 7.10 6.56 5.93 6.36
o topltop 5.52 6.40 7.93 4.74 6.37 7.54 6.51 6.40 6.30
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Figure 12. Dependence graphs of the bimoment change
on the connecting plate thickness for the “warping hinge” joints.
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Figure 13. Dependence graphs of the bimoment change
on the connecting plate linear dimensions for the “warping hinge” joints.
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Figure 14. Dependence graphs of the bimoment change
on the thin-walled profiles thickness for the “warping hinge” joints.

Based on the obtained results the following conclusions can be drawn:

1. The reduction coefficient should be regarded when the rotation of the axis of the “warping hinge” in
considered;

2. The relation between the normal stresses/bimoments before/after the rotation of the cross-sectional
axis in case of the Configuration 1 has a divergence for low and upper flanges of more than 15 %. For the
Configuration 2 these ratios have approximately the same values;
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3. The change of normal stresses and bimoments under different geometrical characteristics of the
connecting plate (when measuring the thickness and linear dimensions) has a linear dependency in case of
“warping hinge” connection;

4. The change in the profile thickness does not have a significant influence on the ratio between the
normal stresses/bimoments before/after the rotation of the cross-section.

3. Results and Discussion

Within the framework of the Tusnin theory [26] the rotation cosine of the warping measure is equal to 1,
which means that the warping does not depend on the coordinate system.

For the comparison with the Tusnin theory let us assume the bimoment to be a conditional vector,
rotation angle cosine of which is define as a ratio of the bimoment after the rotation of the structure axis to the

bimoment before the rotation (i.e. instead of 1 assume the value of the coefficient Ka))'

The computational model is the frame consisting of three bars (Fig. 15). The length of columns is 4 m,
the length of the crossbar is 6 m. The calculation was performed in the software Maple. The parameters of the
bar cross-section are taken as for the coupled out of two thin-walled profiles PN200-50-1.5 (Fig. 16).

q=10 N/'m_e=3 4 cm

J [ I
e

(050 T2 3 4 T
Yy X

Figure 15. Computational model in Maple. Figure 16. Coupled profile PN200-50-1.5.
Below are the graphs of the distribution of the bimoments and warpings along the columns and the
crossbar for the rigid joint without considering the coefficient K, (Fig. 17, Fig. 19).

Further the K, is assumed as for the rigid connection with the value of 0.184. This value of the

coefficientis referred to as the cosine of the rotation and is exceptionally applied to two finite column elements,
adjacent to the crossbar.

Graphs of the distribution of the bimoments and warpings along the columns and the crossbar for the
rigid joint with the coefficient K, = 0.184 are presented below (Fig. 18, Fig. 20).

For the calculation with the rotation coefficient the obtained bimoments are neglected on the ends of
the columns, adjoint to the crossbar, since the area is within the joint connection.
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Figure 17. Distribution of the bimoment Fig. 18. Distribution of the bimoment
(daN-cm?) without considering the K, . (daN -em?) with the K, = 0.184
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Observing the graphs of the distribution of the bimoments (Fig. 18, Fig. 19) it is important to make next
notes.

1) Adding moduli of maximum and minimum values of the bimoment distributed along the crossbar for
the calculations with and without the rotation coefficient and equating the obtained values, the next expression
is derived:

([104.6+[216.4 ) daN - cm? = (|314.3+]6.7]) daN - cm?

321daN -cm? =321 daN - cm? 4

The identity of the shape and dimensions (4) of the distribution of the bimoment diagrams along the
crossbar indirectly confirms the correctness of the obtained results.

2) Comparing the maxima of the bimoments distributed along the crossbar for the calculations with and
without the rotation coefficient, one is observed that the maximum value of the bimoment for the calculation
considering the rotation coefficient is 31 % higher than the maximum value without considering the rotation
coefficient (5).

216.4 daN - cm? < 314.3daN -cm? (5)

Such a difference in the obtained results (5) may affect the correctness of the calculated strength of the
structure.

4. Conclusion

1. The Tusnin theory of the warping identity of all intersecting in a joint bars does not apply to the
calculation of the cross-sectional axis rotation of the thin-walled profiles.

2. The values of normal stresses and the corresponding bimoments are changed considerably with the
rotation of the cross-sectional axis (4.3-5.8 times).

3. The coefficient of the cross-sectional axis rotation linearly depends on the change of the geometric
parameters of the connecting plate.

4. The change of the thickness of thin-walled profiles negligibly contributes to the value of the coefficient
of rotation of the cross-sectional axis.

5. For the observed rigid connection the value of the bimoment with the consideration of the coefficient
of the rotation along the column length is 2.86 times reduced in comparison to the calculation without the
rotation coefficient. At the same time the value of the bimoment in the joint directly increases by 19.7 times.

6. The maximum value of the bimoment with the consideration of the coefficient of the rotation along
the crossbar length is 1.45 times bigger than the one obtained without considering the rotation coefficient.

7. The shape and the dimensions of the distribution of the bimoment diagrams along the crossbar are
identical for the calculation with and without the rotation coefficient, which confirms the correctness of the
calculations.
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Abstract. The behavior of beam-column (B-C) connections received thorough investigation during the past
decades focusing on critically-detailed connections before and after strengthening. Exposure of such B-C
connections to thermal shock due to subjected to cycles of heating—cooling such as in chimneys, concrete
foundations for launching rockets carrying spaceships, concrete near to furnace, clinker silos and nuclear
power plants, or those subjected to fire then extinguished using water would aggravate the weakness of the
high joint zone. In this study, systematic nonlinear finite element analyses (NLFEA) were conducted using
ANSYS to evaluate the effects of the level of the column axial load and thermal shock impact which is a
parameter difficult to evaluate experimentally due to limitations in loading machines and requirement for
complicated testing setups. A total of eight NLFEA models were created, calibrated and properly verified with
reputable experimental literature results. The NLFEA results showed that both level of the column axial load
and thermal shock impact significantly affect the cracks distribution, failure mode, ultimate load capacity, and
ductility of the B-C connection. Column axial load levels up to 75 % were advantageous to the behavior of
virgin B-C connections. The lateral load capacities, net drifts, hysteresis loops, cracks distribution, energy
dissipation, and failure modes were presented.

1. Introduction

One of the main reasons for collapsing of reinforced concrete frame structures is the failure of the B-C
connections by shearing of the joint or column. Critical beam-column (B-C) connection details common in
buildings constructed before 1970s and still used in third-world countries include: discontinuous bottom beam
reinforcement, lap-splicing of the column bars just above the joint, and lack of joint confinement. Proper
strengthening of the B-C joint results in improved structural behavior and failure mode transformation [1].
Failure of the joint or the column is sudden and accompanied with low ductility and energy dissipation. It leads
to dangerous local collapses that may cause progressive total collapse of the structure. The other failure mode
is a desired ductile one in the beam typically at short distance from the face of the column. It is important when
analyzing the B-C connections to consider all the aforementioned failure modes.

Recent studies focused on creating numerical simulations and modeling of the B-C joint under seismic
loading. Researchers proposed three types of B-C joint models such as: rotational hinge models [2];
component models [3-5], and nonlinear finite element analysis (NLFEA) [6]. Each model has advantages and
limitations, and there is no scientific agreement on a model that is optimal for all applications. However, NLFEA
that takes into consideration materials and geometric nonlinearities provides accurate results if properly
simulated, calibrated, and validated with reputable experimental results. It also saves tremendous amount of
time and cost compared with experimental testing [6—7]. Using a strut-and-tie model, Sasmal et al. [8] found
that most of the energy was dissipated through the development of damage in the joint region, which not safe
for the stability of the entire structure. Venkatesana et al. [6] carried out experimental tests and numerical
simulations using ANSYS software for the seismic performance of exterior B-C joints before and after
strengthening with ferrocement jackets, and found that the analytical shear strength predictions were in line
with the test results. Sasmal and Nath [7] introduced a steel bracing technique to strengthen poorly designed
B-C joints, and their NLFEA using ATENA package demonstrated the improvement in crack patterns, ultimate
load, energy dissipation, and ductility after strengthening. Lima et al. [9] modeled the exterior B-C joints as
nonlinear rotational spring elements, and their results confirmed that neglecting the effects of joints damage
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might potentially lead to non-conservative seismic assessment of existing reinforced concrete framed
structures. Ibrahim et al. [10] carried out finite element modeling of exterior beam-column joints strengthened
by ferrocement under cyclic loading found that the effect of orientation angle became less significant on the
ductility with increasing the number of ferrocement layers used for strengthening. More recent studies were
published [11-14] and provided good information toward better understanding of the behavior of the B-C joints,
which considered essential for future calibration of the design codes as well as repairing techniques.

Elevated temperatures cause severe damage for reinforced concrete (RC) structures, such as RC
beams. RC beams have been reported to loss strength and stiffness with relatively large permanent
deformations because of exposure to high temperatures [15]. These harmful effects could be attributed to the
deterioration of mechanical characteristics of concrete and steel rebars and the redistribution of stresses within
the beam due to the elevated temperatures [15, 16]. Currently, the most used technique to repair the heat-
damaged RC beams is using carbon fiber reinforced polymer (CFRP) composites. These sheets are advanced
materials that can be easily applied on the structures and characterized by outstanding mechanical and
corrosion resistance characteristics. Various studies were performed to investigate the flexural behavior of RC
beams wrapped with CFRP. The results showed that externally bonded carbon FRP (CFRP) sheets and
laminates can enhance the flexural behavior of the beams and recover, to certain limit, the flexural strength of
heat-damaged beams. Strengthening level or recovery depends on several factors such as fire resistance
[17], elevated temperature [18, 19], fiber type [20—-23], analysis type [24-28], energy integrity resistance [29],
anchored system [30], heating condition [31-33], degree of beam’s damage and geometry and type of fiber
sheet [34], and safety factors for CFRP strengthening of bridges [35].

Reinforcing concrete structures are often subjected to cycles of heating—cooling such as in chimneys,
concrete foundations for launching rockets carrying spaceships, concrete near to furnace, clinker silos and
nuclear power plants, or those subjected to fire then extinguished using water. Temperature cycles are critical
to the stability of concrete structures and require considerations upon design [36, 37]. As well stipulated, the
mechanical properties of concrete are preserved for exposure temperatures below 300 °C, yet are decreased
considerably as temperature exceeds 500 °C. Additional damage results from rabid cooling such as in the
case of distinguishing of fire with cool water due to creation of temperature gradient between concrete core
and its surface. This results in tensile stresses on the concrete surface that are high enough to crack concrete
and this considered as another source of damage results from incompatible expansion and contraction of
aggregate and surrounding cement paste. The magnitude of damage is influenced by many factors such as
the size of concrete members, the type of cement and aggregate, the concrete moisture content and the
predominant environmental factors, Those are represented in heating exposure time and rate, type of cooling,
and maximum temperature attained [38]. Different types of materials and techniques were used in
strengthening and retrofitting of existing concrete structures such as steel plates bolting, reinforced concrete
jackets, pre-stressed external tendons, and most recently FRP composite which has been used on a large
scale in different countries. FRP composites have many advantages over conventional methods represented
in ease of application, high strength-to-weight ratio, excellent mechanical strength, and good resistance to
corrosion, especially that most structures are damaged due to dynamic loads, corrosion of steel, and freeze-
thaw cycles [39, 40].

Many reinforced concrete bridges are deteriorating due to problems related to environment and increase
in load of trucks. Also, the impact of thermal shock on the behavior of deficient reinforced concrete B-C
connections must receive miniature consideration. The scientific problem considered in the study is indeed
one of the problems in the modern theory of deficient reinforced concrete B-C connections. A lack of literature
regarding behavior of deficient columns damaged by thermal shock necessitated conducting the present
investigation. In this study, NLFEA program were carried out to find the improvements in the strength and
ductility behavior of reinforced concrete (RC) B-C connections damaged by thermal shock. This parametric
study provides systematic nonlinear FEA using ANSYS software addressing key parameters related to the
behavior of B-C connections under cyclic loading. The study takes into consideration.

The study is aimed at establishing the impact of thermal shock on the structural behavior of reinforced
concrete B-C connections. As a result of the work carried out, the following tasks were solved: (1) the effect
of the column axial load up to high levels (0, 25 %, 50 %, and 75 %), which is a parameter difficult to evaluate
experimentally due to limitations in the loading machines and requirement of a special setup; (2) the significant
reduction in strength and ductility of B-C connection due to thermal shock; (3) the impact of thermal shock on
the lateral load capacities, net drifts, hysteresis loops, cracks distribution, energy dissipation, and failure
modes. Eight NLFEA models were created, calibrated, and properly verified with the experimental results
published by Shannag and Alhassan [1]. The actual loading setup, dimensions, reinforcement details,
materials properties for the concrete and steel were considered in the NLFEA models.

2. Methods

ANSYS V16 software is an effective numerical method and important tool in the analysis of complex
structures. The main benefits that NLFEA include: 1) substantial savings in the cost, time, and effort compared
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with the fabrication and experimental testing of structure elements; 2) allows to change any parameter of
interest to evaluate its influence on the structure, such as the concrete compressive strength; 3) allows to see
the stress, strain, and displacement values at any location and at any load level. Eighteen full-scale models
strengthened using CFRP are developed to carry out different investigated parameters.

AN%!.Yé% Vertical Load AN §1Y€\SO

Horizontal Load

Roller

Hinge

Figure 1. Specimen geometry, steel detailing, and schematic of applied loads setup
(dimensions are in mm) [1].

2.1. Experimental Work Review

The validation process of the finite element model is based on the experimental work performed by
Shannag and Alhassan [1]. The experimental work used in this paper was conducted by Shunnag and
Alhassan [6] and the basic NLFEA models were calibrated based on that tested specimens. A total of ten
nonlinear NLFEA models were created, calibrated, and properly verified with reputable experimental results,
therefore the actual member's dimensions and reinforcement details as shown in Fig. 1. The column was
rectangular with dimension 125x150 mm and 750 mm in cross-section and length, while the beam was
rectangular with 200125 mm and 1600 mm in cross section and length. The support was hinged at the bottom
end of the column while kept free at the other end to allow for relative drift; simple rollers supported the beams-
ends as shown in (Fig. 1).

2.2. Description of Non-linear Finite Element Analysis (NLFEA)

Concrete is non-homogenous and brittle material and has different behavior in tension and
compression. SOLID 65 element is capable to predict the nonlinear behavior of concrete materials by using a
smeared crack approach by ultimate uniaxial tensile and compressive strengths. The average compressive
strength of the cylinders before and after being damaged by thermal shock were 25.8 and 10 MPa,
respectively, and the average splitting tensile strength of the cylinders before and after being damaged by
thermal shock were 3.1 and 0.7 MPa, respectively [41]. Poisson's ratio of 0.2 and shear transfer coefficient
(By) of 0.2 for St was used in this study. Fig. 2(a) shows the stress-strain relationship for unconfined concrete
which describes the post-peak stress-strain behavior.

LINK180 element was used to model the steel reinforcement. The 3-D spar element is a uniaxial
tension-compression element with three degrees of freedom at each node with translations in the nodal x, vy,
and z directions. The element is also capable of plastic deformation. The steel in simulated models was
assumed to be an elastic-perfectly plastic material and the same in compression and tension. There are two
types of steel reinforcement in column, longitudinal bars (axial) with 14 mm-diameter and lateral bars (stirrups)
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with 8 mm-diameter and spacing of 250 mm, and there are two types of steel reinforcement in beam,
longitudinal bars (axial) with 14, 10 mm-diameter and lateral bars (stirrups) with 8 mm-diameter and spacing
of 150 mm. Poisson's ratio of 0.3 and the yield stress of undamaged and damaged columns were 300 MPa
and 0.78fy [42], respectively, as well as the elastic modulus were 200 GPa and 0.6Es [32], respectively, were
used for the steel reinforcement. Fig. 2(b) shows the idealized stress-strain relationship. The steel plates were
assumed to be linear elastic materials with a Poisson ratio and elastic modulus of 0.3 and 200 GPa,
respectively.
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Figure 2. Stress-strain curves for: a. unconfined concrete [41] and b. steel reinforcement [42].

Table 1. Maximum loads and drifts under cyclic loading.

Un-damaged/ Maximum horizontal ~Maximum horizontal

Group Specimen Axial load, %

Damaged load, kN net drift, mm
BCO0J-UD 0 14.5 7.67
BC25J-UD 25 21.8 15.05
Un-damaged
BC50J-UD 50 26.2 22.51
BC75J-UD 75 27.6 26.52
BCO0J-D 0 9.2 (0.63) 6.19 (0.81)
BC25J-D 25 14.7 (0.67) 11.85 (0.79)
Il Damaged
BC50J-D 50 18.2 (0.69) 17.21 (0.76)
BC75J-D 75 20.4 (0.74) 20.86 (0.74)

Note: C: Column, UD: un-damaged, D: Damaged

Full model was simulated to study the behavior of the control reinforced concrete B-C connection. The
bond between the concrete and reinforcing bars was assumed to be perfect (no slippage). Also, full bond was
assumed between the concrete and HPCJ to simulate strong contact interface, so coincide nodes were
merged into single node with an appropriate tolerance. A convergence study was conducted to specify the
optimum mesh size with 25 mm element meshing size as shown in Fig. 1. The boundary conditions at the two
ends of the beam were constrained vertically Uy = 0, whereas the bottom end of the column was modeled as
hinge support. The column axial load was applied at first loading step, and then the horizontal load was applied
as displacement-controlled loading to ensure that the descending part of the load-displacement response
curve is involved. This loading was applied incrementally to avoid sudden failure (solution divergence); the
more the load sub-steps within a loading step, the more stable is the analysis process. ANSYS can
automatically divide the loading into steps, but the number of sub-steps must be inserted manually. For each
loading increment, the stiffness matrix of each element is updated each iteration to achieve the nonlinear
response convergence using Newton-Raphson equilibrium iterative method with a tolerance of 0.001.

2.3. Investigated Parameters

The ANSYS program package was used to simulate the actual seismic structural behavior of the
validated specimens as shown in Table 1. After that the simulated models were expanded to provide a
parametric study in terms of the effect of column axial load level (0 %, 25 %, 50 %, and 75 %) and thermal
shock damaged (un-damaged control B-C connection damaged B-C connection). A full description of the finite
element modeling groups is shown in Table 1.
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2.4. Validation Process

The basic NLFEA models were calibrated based on the tested specimens by Shannag and Alhassan
[1] and therefore the actual members’ dimensions and reinforcement details (Fig. 1) as well as materials
properties for the concrete and steel (Fig. 2) were considered in the NLFEA models. Proper calibration was
ensured using proper mesh size, boundary conditions, rate of loading, and considering materials’
nonlinearities. Fig. 3 (top) shows the experimental load-drift hysteresis results for a virgin (top left) and
strengthened (top right) B-C connections tested by Shannag and Alhassan [1]. Fig. 4 also shows the NLFEA
results of this study for companion models. It can be clearly seen that the agreement is very good between
the experimental and NLFEA results in terms of the ultimate load, ultimate drift, stiffness, degradation during
the pushing and pulling stages of the loading. The cracking patterns, deformed shapes, and failure modes
generated from the NLFEA were logical and in good agreement with the experimental results (Fig. 5).
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Figure 4. Validation of the NLFEA results with Shannag and Alhassan [1] results.
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Figure 5. Typical cracks patterns.

3. Results and Discussion
3.1. Failure Mode

Fig. 5 shows the crack patterns and the brittle failure modes of the simulated beam-column connections.
The first crack in control beam-column connection occurred in the top and the bottom of the diagonal joint area
in the pushing part of the loading while in the pulling part crack begin to appear at the top and the bottom of
the another diagonal side. Therefore, when the displacement increased the initial cracks extended from the
joints side corner diagonally and also extended in the third direction due to the cyclic load that leads to open
and closed these crack so for that reason the strength decreased. With further load increase, the cracks
extended toward the beam and column and this caused a crushing failure in the concrete. Prior to failure, the
control beam-column connection exhibited a yielding in the tension steel reinforcement at an ultimate
horizontal load of 19.0 kN and the corresponding horizontal net drift of 9.1 mm. Fig. 6 shows the stress
contours in the concrete and steel generated from ANSYS for each model. Comparing the stress contours for
the specimens of each group show that as the column axial load increases, the intensity of the tensile stress
within the joint area are is reduced and the yielding spreads more into the beam main steel. This indicates that
the column axial load is advantageous for transforming the failure from brittle one in the joint into a ductile one
in the beam, which reflects a strong column-weak beam action.
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Figure 6. Typical Stress contours in concrete and steel.

3.2. Horizontal load-displacement hysteretic loops

The horizontal load-displacement hysteretic loops for all simulated B-C joints are shown in Fig. 7
(un-damaged) and Fig. 8 (Damaged). Inspection of Fig. 8 reveals that joint BC0J-D (axial load of 0 %,
Damaged) exhibited minimum horizontal load and displacement. Joint BC0J-UD (axial load of 0 %, Un-
damaged) (Fig. 7) exhibited higher strength and displacement than joint BC0J-D (Fig. 8) although the imposed
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lateral reinforcement in these joint region is still inadequate to transmit the failure mechanism to the RC beam.
Horizontal load-displacement loops of un-damaged joint show a considerable enhancement in the
performance in terms of horizontal load and displacement (Fig. 7 and Fig. 8) because of the un-damaged
system provided confinement to the joint rejoin by providing external cracks arresting mechanism and
improving the post cracking ductility after reaching the ultimate load capacity and displacement. Also, the axial
load level had a strong impact on the Horizontal load-displacement loops (Fig. 7 and Fig. 8) because the
compressive stress in the column increased with the increasing of axial load which leads to the initiation of
joint tensile concrete cracks that cause reduction in joint strength and maintaining the integrity of the joint
connections.
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3.3. Horizontal load-displacement envelopes

Fig. 9 shows the load-displacement envelopes for all simulated B-C joints were the maximum loads and
corresponding displacements attained in each half cycle (pushing and pulling). Inspection of Fig. 9 reveals
that the load and displacement increased with the increase of axial load percentage as well as the thermal
shock had a helpful impact on both load and displacement.
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Figure 9. Horizontal load-displacement envelopes of B-C connections.
3.4. Ultimate horizontal load corresponding net drift displacement

The assessment of beams for horizontal load corresponding net drift displacement shows the excellent
performance of B-C connections. For B-C connections, horizontal load corresponding net drift displacement
can be related to the serviceability and ultimate load limit states, respectively, as shown in Table 1. The
horizontal load corresponding net drift displacement percentages are defined as the horizontal load
corresponding net drift displacement, respectively, of damaged B-C connections divided by the horizontal load
corresponding net drift displacement, respectively, of damaged B-C connections as shown in Table 1. The
drift displacement indicates how much the un-damaged B-C connections can sustain deformations without
failure. Strength ratio also predicts the increase of load that the model can sustain.

Fig. 10 and 11 show the horizontal load corresponding net drift displacement with respect to un-
damaged B-C connections, respectively, for all simulated models. Inspection of Fig. 10 reveals that the
average enhancement percentage in horizontal load for the un-damaged is 50 %, 81 %, and 90 % for axial
load of 25 %, 50 %, and 75 %, respectively. This reflected that the ultimate horizontal load increased with the
increase of axial load percentages. Also, the average reduction percentage in horizontal load for the damaged
with respect to un-damaged is 37 % is 33 %, 31 %, and 26 % for axial load of 0 %, 25 %, 50 %, and 75 %,
respectively. Fig. 11 reveals that the average enhancement percentage in horizontal net drift for the un-
damaged is 96 %, 193 %, and 245 % for axial load of 25 %, 50 %, and 75 %, respectively. Also, the average
reduction percentage in horizontal net drift for the damaged with respect to un-damaged is 19 % is 21 %,
24 %, and 25 % for axial load of 0 %, 25 %, 50 %, and 75 %, respectively.
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Figure 10. Ultimate horizontal load of B-C connections.
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Figure 11. Ultimate horizontal net drift displacement of B-C connections.

3.5. The displacement ductility

The displacement ductility of the B-C connections was calculated from the ratio between the maximum
and yield displacements (dn/dy). Table 2 shows the maximum and yield displacements which obtained from
NLFEA results. Inspection of Table 2 reveals that the un-damaged connections BC0J-UD and BC25J-UD
exhibited poor seismic performance and due to that the joint panel failed before the beam yielding of steel
reinforcement. In contrast, BC50J-UD and BC75J-UD exhibited high displacement ductility values because of
the excellent confinement to the joint-column region by higher axial load percentage which forced the joint to
fail in a ductile behavior through formation of the plastic hinge in the beam. Also, Table 2 shows that the
displacement ductility increased with the increased of axial load. While, all damaged connections exhibited
poor seismic performance due to that the joint panel failed before the beam yielding of steel reinforcement.

Table 2. Displacement ductility values, energy dissipation, and steel strain.

Group Specimen S.teel displ\gsgnent digp?;ggr%rgm Disp_lfalcement disl,zsrilp?;%)clm,
strain, e dy, mm G mm ductility dm/dly KN.mm

BCO0J-UD 916.75 Not yielded 7.29 NA 165

BC25J-UD 1375.6 Not yielded 14.30 NA 498

BC50J-UD 1651.1 2.636 21.39 8.5 918

BC75J-UD 1742.3 2.164 25.19 12.3 1150
BCO0J-D 601.35 Not yielded 5.86 NA 75

i BC25J-D 958.55 Not yielded 11.35 NA 250
BC50J-D 1183.7 Not yielded 16.44 NA 481

BC75J-D 1333.8 Not yielded 19.73 NA 654

Note: C: Column, UD: un-damaged, D: Damaged

3.6. Energy dissipation

The energy dissipation is defined as the area under the hysteretic loop for each cyclic load so when the
building subjected to lateral loading a higher energy dissipation capability to absorb more energy. Fig. 12
shows the energy dissipation versus investigated parameter of simulated beam-column connections.
Inspection of Fig. 12 reveals that the average enhancement percentage in energy dissipation for the un-
damaged is 202 %, 458 %, and 598 % for axial load of 25 %, 50 %, and 75 %, respectively. This reflected that
the energy dissipation increased with the increase of axial load percentages. Also, the average reduction
percentage in energy dissipation for the damaged with respect to un-damaged is 46 % is 50 %, 53 %, and
57 % for axial load of 0 %, 25 %, 50 %, and 75 %, respectively.
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Figure 12. Energy dissipation of B-C connections.
3.7. Secant stiffness degradation

The secant stiffness degradation of the B-C connections is considered as a qualitative measure of the
secant stiffness in each cycle. The method of stiffness degradation calculation involved: plotting the horizontal
load-displacement hysteretic loops envelopes of each connection and then the secant stiffness for each cycle
was calculated by dividing the summation of the maximum pushing and pulling loads on the summation of the
maximum pushing and pulling corresponding displacements (the slope of the line between the maximum
pulling and pushing and loads in each cycle) as shown in Fig. 13. Inspection of Fig. 13 reveals that the sharp
reduction in secant stiffness values for damaged connections because the first crack initiated at initial stages
of loading due to connection critical reinforcement details which caused concrete strength reduction and
softening. While the stabilized reduction in secant stiffness values is clearly shown in un-damaged connections
because the high strength concrete prevented the formation of main cracks to the joint-column region. Also,
the un-damaged concrete considerably increased the initial secant stiffness of the connections and number of
cycles. The effect of the column axial load percentage on increasing initial stiffness, stabilizing stiffness
degradation, and increasing number of cycles is clear due to the increase in column compressive stress and
reduces of the diagonal tensile stresses with the increasing of axial load. In addition, Fig. 13 shows that the
secant stiffness degradation slightly increased when the axial load increased with a percentage of 4, 7, and
10 for axial load of 25 %, 50 %, and 75 %, respectively, with respect to un-damaged connection subjected to

0 % axial load. In addition, the thermal shock had an average reduction in the secant stiffness degradation of
39 %.
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Figure 13. Secant stiffness degradation of simulated connection.

3.8. Comparison of NLFEA with other results

Comparison of NLFEA with Alhassan et al. [43], in virgin B-C connections, column axial load levels up
to 75 % of its ultimate capacity were advantageous to its structural performance and substantially improve its
lateral load capacity and ultimate net drift as a result of the induced axial compressive stresses in the joint
region that alleviate the induced shear stresses by lateral loading which experienced similar behavior of
NLFEA. The use of a higher axial load results in increase in the number of hysteresis loops indicating higher
energy dissipation, enhanced ductility, and more stabilized stiffness degradation. The intensity of the stresses
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within the joint decreases and yielding of steel spreads more to the beam main steel is almost the same
performance as the NLFEA.

4. Conclusions

1. The performance of damaged beam-column connection was poor under cyclic loading simulating
earthquake excitation, while the un-damaged beam-column connection had a significant enhancement on the
seismic behavior of the weak connections. Higher horizontal load levels and larger horizontal drift
displacements were attained and higher energy dissipation were achieved, and a significant increase in the
joint strength was recorded.

2. In general, the higher axial load percentage results in increase in the number of hysteresis loops
indicating higher energy dissipation, enhanced ductility, and more stabilized stiffness degradation. The
intensity of the stresses within the joint decreases and yielding of steel spreads more to the beam main steel.

3. The energy of un-damaged beam-column connections could be dissipated by the joint before the
system loses its stability as well as it is an indication of the joint maximum capacity to be stressed until failure.

4. Thermal shock has a significant impact on the behavior of beam-column connections. The increase
in ductility is directly related to a decrease of compressive strength due to thermal shock.
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Abstract. This paper presents the results of numerical studies about the temperature regime and thermal
stress state of an erected concrete block with various design forms of formwork. The influence of formwork on
the formation of the temperature regime is considered taking into account the influence of the main factors:
the air temperature, the cement consumption per cubic meter of concrete and its maximum heat dissipation.
An assessment of the risk of temperature cracks is given for three formwork cases: metal (steel) and wooden
without thermal insulation and with insulation. Based on the results obtained, nomograms are constructed in
order to estimate the temperature difference between the center of the concrete mass and its surface,
depending on the values of the factors. It is shown that under the considered conditions during construction
from the point of view of temperature crack formation, wooden formwork is more preferable than metal (steel).
Thus, when concreting in the cold season and using a large amount of cement or large-heat cement then
formwork insulation is necessary. In this work, results from the nomograms are obtained may be used as
reference material in the design and construction of mass concrete structures such as dams, foundations,
bridge supports, etc.

1. Introduction

The heat release due to cement hydration during the construction of massive structures often leads to
significant heating of the inner zones of the concrete structure and the development of a large volume change
[1-4]. There is a large temperature difference between the outer surface and the inner zone of the concrete
mass. When this difference exceeds the allowable value then tensile stresses and cracks were formed in the
concrete structure [5-7]. Concrete is a material with a sufficiently low thermal conductivity, so the release of
heat to the outside of concrete blocks is quite slow and can last for months or years [8].

For the problem control temperature regime during construction massive concrete is very much
interested scientists [9]. The formation temperature during construction mass concrete was affected by a large
number of factors: the cement consumption per cubic meter of concrete and its maximum heat release, the
intensity of concreting, layer thickness and concrete block sizes, the temperature of the concrete to be laid,
etc. [10, 11].

In the construction period, there are many methods are used in order to control the temperature in the
mass concrete such as cooling mass - through external watering cold water or using the Internal cooling
system by cooling pipe [12]. A large temperature difference can be avoided by thermal insulation on the surface
of mass concrete, which prevents the cooling of surfaces in the winter and their heating in the summer. The
structural thermal insulation that can be used by formwork is necessary during construction. To enhance its
thermal insulation properties, materials with low thermal conductivity can be used [13].

Currently, in the construction of concrete structures, there are several types of formwork made of
different materials and are used in many applications. Common types of formwork such as wooden formwork,
metal formwork, plastic formwork and, combined formwork, etc. [14].

The traditional and oldest in-use time is the wooden formwork, currently performed using laminated
plywood. Wooden formwork is a rather time-consuming type with high costs for its manufacture. In addition,
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wooden formwork often cannot be reused multiple times. The development of concrete technology has led to
the appearance of metal formwork, which is reused many times during construction [15, 16]. Currently,
reusable plastic formwork has many applications in the construction industry and is widely used.

The choice of formwork is carried out for each specific case with an assessment of its manufacturability
and cost. Formwork is often used not only to obtain the shape of the structure but also to control the
temperature regime in the mass concrete structure. It protects the surface of the concrete block from cooling
in the winter and heating in the summer. In order to increase the thermal insulation properties of the formwork,
various types of thermal insulation materials are used [17].

The issue of using insulated formwork to control the temperature regime and the thermal stress state in
the mass concrete structures were considered in many works [18]. However, today a full-fledged analysis of
the impact of this technological measure in conjunction with other factors acting on the state of the concrete
structure during construction has not been completed. This paper presents some research results on the
influence of the formwork type and the main factors acting on the temperature regime in the mass concrete
during the construction period. Besides, this study assesses the possibility of the formation of thermal cracks
in the mass concrete depending on the combination of factors used in numerical experiments.

2. Materials and Methods

2.1. Mathematical foundations of numerical modeling
for solving the temperature problem

Numerical modeling of the temperature non-stationary problem taking into account heat release during
cement hydration is based on the solution of the well-known equation of the theory of thermal conductivity
[19-21]:

kV2T +q= pC% (1)

where T is temperature function, °C;
K is the thermal conductivity of the material, m?/s;
C is the specific heat of the material, kJ/kg.°C;
p is the density of the material, kg/m?;
g is the heat released during the hydration process, kJ/m3;
tis time, days.

Equation (1) can be written as follows:

k
S VT 4+ q
Cp Cp
The International Conference on Structural Analysis by finite element method in 1985 in Tokyo — Japan,
Tanabe was proposed to determine heat source due to cement hydration given by formulas (3) and (4). In
1986 the American Society of Civil Engineers — ASCE was agreed with the formula of Tanabe [22].

oT
=— )

1 —at
q= ~a pcKe 24 3
Tt)=K(@1-e ™) (4)

where CC is the cement consumption per cubic meter of concrete, kg/m3;
E is the maximum heat release of cement, kJ/kg;
K is the maximum temperature in concrete under adiabatic conditions, K = CC*E/c*p, °C;

o is the degree of hydration (ranges from O to 1).

The degree of hydration (a) depends on many factors such as cement content, the initial temperature
of concrete mixture, age of concrete etc. It is defined as the ratio of the heat generated from the beginning of

hydration to the time t, and the total heat generated by hydration of cement.
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The boundary condition for the case of convective heat transfer on the surface of a concrete block can
be written in the form [23]:

g= h(rs _Ta) ®)
where ( is the heat flux per unit area, W/m?;
Tsand Taare the temperatures at the surface of the block and the ambient air, respectively, °C;

heq is equivalent convection coefficient, W/(m2.°C) (depends on the type and design of the formwork).

The equivalent convection coefficient, taking into account the type and design of the formwork, was
determined by the formula [24]:

1 LY
hey = (— +3 —] (6)
hA 15 kA
where h is the heat transfer coefficient between the concrete surface and the environment
(9.9-17.9 W/(m2.°C));
A is unit through which heat transfer is occurring, and for the i-th layer;
L;is the thickness;
ki is the thermal conductivity coefficient for the i-th layer.

In the study to solve temperature problems taking into account the influence of formwork on the
temperature regime in the mass concrete, a numerical method for solving differential equation (1) was used —
the finite element method (FEM) [25]. All tasks in this work were solved using the Midas civil 2011 software
package [26, 27].

2.2. Relationship of thermal stress and temperature field in concrete mass

According to research [28, 29] indicates that the relationship between thermal stress and temperature
in mass concrete is determined by equation (7):

o =RxE({)xaxAT, (7)
where ois thermal-stresses, MPa;

Ris restraint (0 < R < 1), the restraint coefficient which is dependent on the size of the concrete mass
and the ratio of elastic module of concrete and foundation: R € f(V; EC/Ef) and can be calculated using the
computer program Midas Civil;

« is coefficient of thermal expansion,1/°C;

E(t) is concrete elasticity modulus, MPa;

AT is temperature drop, °C.

Data for example, according to standards ACI 209.2R-08 “Guide for Modeling and Calculating
Shrinkage and Creep in Hardened Concrete». A creep coefficient and an unrestrained shrinkage strain at any
time depend on [30]: age of concrete when drying starts, usually taken as the age at the end of moist curing,
days; age of concrete at loading, days; curing method; ambient relative humidity expressed as a decimal;
volume-surface ratio or average thickness, m; concrete slump, m; fine aggregate percentage, %; cement
content, kg/m3; air content of the concrete expressed in percent, %; and cement type.

The compliance function J(t,to) that represents the total stress-dependent strain by unit stress is given
by equation (8):

1+4(t,t,)

mto

J(tato) = (8)

where Ecmio is the modulus of elasticity at the time of loading to, MPa;

A1, to) is the creep coefficient as the ratio of the creep strain to the elastic strain at the start of loading
at the age to.
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The secant modulus of elasticity of concrete Ecnio at any time to of loading is given by equation (9):

15
Ecmio = 0.043y¢ Y, femto 9)
where ) is the unit weight of concrete, kg/m3;

femois the mean concrete compressive strength at the time of loading, MPa.

The general equation for predicting compressive strength at any time t is given by equation (10):

f o f

cmto = a+ht | om28 (10)
where ferps is the concrete mean compressive strength at 28 days, MPa; @, b are functions of both the type
of cement used and the type of curing employed.

2.3. Evaluation criteria for thermal cracking in mass concrete

Currently, both in Russia and in various countries of the world, there are many standards for controlling
the formation of temperature cracks in the mass concrete during construction. Each standard presents different
criteria to match the climatic conditions and construction technology in the countries' respective.

Currently, when laying concrete the possible temperature difference A7 between the surface and the
central zone of the structure is limited. The common temperature difference in the type of concrete is usually
equal to 20 °C [30].

A number of Russian regulatory documents [31, 32] somewhat share the requirements for temperature
differences. So, for example, in accordance with the standard SP 357.1325800.2017 [33] in the contact zone,
the AT drop should be no more than (16—18) °C when concreting with long blocks and (20-27) °C when using
columnar. The contact zone means a zone of construction at the base with a height equal to 0.2 of the largest

block size in the plan. In the contact, the zone is not allowed to supercooling concrete below the calculated
lowest temperatures. For concrete in the free region, the temperature difference between the core and the

surfaces of the mass concrete AT is allowed no more than (20-25) °C.

Similar requirements for the temperature regime in the mass concrete during construction are imposed
in the international construction practice. So, according to the Viethamese norms and standard 305.2004
“‘mass concrete blocks, inspection and production”, two factors are controlled during the construction of
massive concrete structures, which influence the appearance of cracks in the mass concrete. The first factor

is the temperature difference between the center of the mass concrete and its surface AT. In order to avoid
cracking, the following condition is necessary AT < 20 °C. The second factor is the temperature gradient, the
value of which should be Mt < 50 °C/m [34].

In Japan, the assessment of crack formation in the mass concrete is performed using the index of
thermal cracking and defined as follows [35, 36]. The cracking tendency is estimated by the value of the
thermal crack index based on the criteria values presented in Table 1.

_ fo(®)
MERA()

11)

where: l¢r is the index of thermal cracking;

fi(t) is tensile strength, respectively, the "age" of concrete t;
fsp(t) — maximum temperature stress caused by the process of cement hydration per day t.

Table 1. Criteria for controlling the cracking tendency in the mass concrete.

Controlled Cracking Criteria Temperature crack index (lcr)
To prevent any temperature cracks ler>15
Limited cracking possible 12<lg<15
The possibility of dangerous cracks 07<lg<12
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In accordance with the criterion for evaluation of cracking CIRIA C600 (Great Britain) standard, the

maximum temperature difference between the inner zone of the concrete mass and its external surface AT max
is defined by the formula [37, 38]:

3.7¢
AThax = p (12)

where ¢is ultimate tensile strength of early-age concrete;
o is the coefficient of thermal expansion of concrete.

After substituting the known values o = 13.10% and &= 70.10 into expression (12), we obtain the value
of the maximum allowable difference ATmax = 19.9 °C.

Thus, all the above requirements for the temperature regime in the mass concrete during construction
are reduced to one general requirement: the temperature difference between the center and the surface of the
concrete mass should not exceed 20 °C. The given requirements for temperature differences are based on
the practice during construction and do not always take into account the features of the process. In more detail,
the requirements for the temperature regime in the mass concrete during construction are established on the
basis of calculations of temperature fields and the thermal stress state of the constructed concrete structures.

3. Results and Discussion
3.1. Object of study

In this paper, we examined the influence of the formwork type on the temperature regime of the concrete
block during construction. A concrete block of size 8x6x3 m is placed on the foundation with dimensions
16x12x4 m. The structure of the studied is shown in Fig. 1a. We considered three cases for formwork on the
surfaces of a concrete block: wooden, metal (steel) and combined with thermal insulation (polystyrene foam)
(Fig. 1b).

In studies, for standard formwork thicknesses were considered: wooden — 2.5 cm, metal (steel) — 2 mm.
For the accepted thicknesses, the equivalent convection coefficient calculated by the formula (6) is:
heg= 9.9 W/(m2.°C) for steel formwork heq = 2.6 W/(m2.°C) for wooden formwork [24]. The combined formwork
(Fig. 1b) is made of wooden boards 2.5 cm thick and 3 cm thick polystyrene foam. The physical characteristics
of the materials used in the calculations are presented in Table 2.

The studies also examined the influence of the main factors in order to determine the temperature
regime of a concrete block: air temperature, cement consumption (CC) and its maximum heat dissipation (E).
There are different climate factors that must be considered: during construction in North Vietnam in summer
(with an average temperature of 26.5 °C); during construction in North Vietnam in winter (an average
temperature of 17.0 °C); during construction in mountainous Vietnam (an average temperature of 5 °C).

Figure 1. Diagrams for concrete blocks a — Dimensions of the computational domain;
b — Formwork installation of formwork combined with thermal insulation;
1, 3 - polyethylene coating; 2 — mineral wool thickness of 10 cm; 4 — 3 cm thick polystyrene;
5 —concrete; 6 —wooden formwork 2.5 cm thick.
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Table 2. The estimated physical characteristics of the materials.

o . Values
Characteristics, units -
Concrete Foundation Polystyrene foam
The coefficient of thermal conductivity (W/(m.°C) 2.60 2.00 0.029
Specific heat (kJ/kg.°C) 0.95 0.84 1.13
Density of the material (kg/m?%) 2400 2650 20
The coefficient of convective heat transfer (W/m?2.°C) 12.0 14.0 0.93
Modulus of elasticity (N/m?) 2.7x1010 1.8x1010 3.0x109
The coefficient of linear expansion (1/°C) 1x10-6 1x10-5 1x10-5
Poisson’s ratio 0.18 0.20 0.20

The initial temperature of the concrete mixture depends on the temperature of the aggregate
component. The change in the initial temperature of the concrete mixture by changing the temperature of the
aggregate components. In this study, the initial temperature of the concrete mixture is assumed to be constant
and equal to 25°C. Besides that, the cement consumption (CC) was considered in the range of
(200-450) kg/m3, maximum heat emission of cement Emax in the range of (120-350) kJ/kg. Using the Midas
civil 2011 software package, for all design cases and combinations of the factors considered in order to
determine the temperature regimes, maximum temperature and, the temperature difference between the
center of the block and its surface during construction.

3.2. Research results
3.2.1. The temperature differential in mass concrete for different types of formwork

The results of numerical experiments under the form of the temperature difference between the center
(location A) of the concrete block and its surface (location B) (see Fig. 1) for two formwork cases (wood and
metal) under various external temperature influences are presented in Tables 3-5. In these tables, color
indicates cases for which the temperature difference exceeds the value of the temperature allows 20°C. From
the results obtained, the following features can be noted.

When pouring concrete in the summer (air temperature 7air = 26.5 °C), the use of wooden formwork for
almost all the considered cases for cement consumption and its maximum heat generation do not exceed the
allowable temperature value of 20°C. The only exceptions are the cases with the maximum cement
consumption in (400—450) kg/m? and the maximum heat release of 350 kJ/kg, the temperature difference is in
the range of (20.2-23.7) °C. Metal formwork has a much lower heat-insulating ability compared to wood. It
contributes more cooling on the surface of concrete blocks. Therefore, the results lead to an increase the
temperature difference between the surface and the center of mass concrete block.

Table 3. The temperature difference in the mass concrete when Tar = 26.5°C.

Wood formwork Metal formwork

E . . . .
kJTE; CC is the consumption of cement, kg/m3 CC is the consumption of cement, kg/m?3

200 250 300 350 400 450 200 250 300 350 400 450
120 3.08 4.01 4.94 5.86 6.79 7.72 5.56 7.22 8.88 10.54 1219 13.85

180 494 632 772 911 1049 11.89 8.88 11.36 13.85 16.32 18.80 Eil28
240 679 864 1049 1135 1420 16.06 122 1549 1880 [2NE P58 BEA
300 864 1096 1328 1559 1791 P08 155 1963 PBNW PB7S1 B20E BB
350 102 1289 1559 1830 Pilod P80 153 P50 P70l B2 PGSR [BEE

As can be seen from Table 3, a much larger number of cases has an excess of the permissible
temperature difference. When concreting under the air temperature of 17 °C, temperatures across the surface
of a concrete block will drop sharply due to the influence of air temperature. Therefore, it increases the
temperature difference between the center and the surface of the concrete block. As can be seen from Table
4, wooden formwork creates a safe temperature difference for most cases.

When using metal formwork, the temperature difference is in the permissible range only for cases with
low cement content and low heat cement. For cases with cement content in the range of (200-450) kg/m?3 and
its maximum heat release from 240 to 350 kJ/kg, the temperature difference between the center of the block
and its surface significantly exceeds the permissible value and is in the range of (30.2-48.9) °C.
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Table 4. The temperature difference in the mass concrete when Tar = 17.0 °C.

Wood formwork Metal formwork

Emax

kg CC - The consumption of cement, kg/m? CC - The consumption of cement, kg/m3

200 250 300 350 400 450 200 250 300 350 400 450
120 676 7.68 861 953 1045 11.38 121 1372 1537 17.02 18.67
180 861 9.99 1138 1277 1415 1554 154 17.85
240 105 1230 14.15 16.00 17.86 19.71 187
300 123 1461 1693 1925 [FiBe B3EE B2
350 138 1654 1925 NG PA6E PWSS BN

Concreting under conditions of lowest ambient temperatures was considered. So, this worsens the
temperature regime in mass concrete and is presented in Table 5. For all cases with metal formwork, the
temperature difference in concrete blocks reaches a large value and exceeds the allowed temperature
difference. Approximately half of the cases obtained a temperature difference exceeding 30.5°C. Opposite,
when using wooden formwork was obtained satisfactory results in all cases. Only for cases with the high
cement content and high maximum heat dissipation, the temperature difference was obtained, varying from
21.3°Cto 32.1°C.

Table 5. The temperature difference in the mass concrete when Tar=5.0 °C

Wood formwork Metal formwork

Emex

kg CC - The consumption of cement, kg/m3 CC - The consumption of cement, kg/m3

200 250 300 350 400 450 200 250 300 350 400 450
120 1151 1243 13.36 1428 15.21
180 1336 1474 16.13 17.52 18.90
240 1521 17.05 18.90
300 17.05 19.36

21.67
350 18.60 [ilgS PEIS8

[EnY
o
[N
w

In order to quickly assess the temperature differences depending on the considered climatic conditions,
the type of formwork, and the factors (CC, E), nomograms were constructed to predict (Fig. 2).

The matrix of the relationship between the cement content and maximum heat emission of cement Emax
combined with the approximate evaluation criteria (temperature difference according to CIRIA C600 of Great
Britain standard) can give the following notes:

e  The use of nomograms in order to determine the maximum temperature difference between the
center and the surface of concrete blocks is made by the vertical lines from the ox (the consumption of cement)
and from the horizontal line oy (the maximum heat release) (see Fig. 2).

For example, when Tair = 26.5 °C; CC = 375 kg/m3 and E = 250 kJ/kg:

Use wooden formwork: AT = 13.40 °C; use steel formwork: AT = 25 °C.

e Preliminary prediction about the risk of forming cracks due to temperature difference in excess of
the allowable value (20 °C).

e  The use of wooden formwork can help to adequately control temperature difference values in most
climatic conditions. The exception is the cases with high cement content and high maximum heat dissipation.
For example, when CC = 450 kg/m3 and E = 350 kJ/kg, the temperature difference is 23.7 °C, 27.4°C and
32.1 °C at air temperatures of 26.5 °C, 17.0 °C and 5.0 °C, respectively.

e In order to accurately assess the formation of cracks in mass concret, it is necessary to determine
the tensile stress at any time t and compare with the permissible tensile stress.
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Figure 2. Nomograms in order to determine the temperature difference between the center
of the block and its surface, which depending on the consumption of cement and its maximum heat

release when: a) Tair =

26.5 °C; b) Tair =

17.0°C; ¢) Tair=5.0 °C.

3.2.2. The use of insulated formwork to reduce the risk of cracking in the mass concrete

Obviously, the measure to reduce the temperature difference in these cases, it is necessary to use a
formwork with thermal insulation. That will prevent the heat transfer of concrete to the air environment while
increasing the temperature on the surface of the concrete block. Calculations were performed for the case
with insulated formwork (Fig. 1b) for the case of the concrete block with the values of the factors
CC =450 kg/m3, Emax = 350 kJ/kg. Fig. 3 shows the temperature changes of the center point and surface
point of concrete blocks with air temperature conditions of 26.5 °C (Fig. 3a) and 5 °C (Fig. 3b). As is seen in
Fig. 3, the change in the temperature difference between the center and the surface of the block is also shown.
The values of the maximum temperature Tmax in the center of the block and the temperature difference AT for

all the considered formwork cases with values of factors CC = 450 kg/m3, Emax = 350 kJ/kg are presented in

Table 6.
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Figure 3. The temperature at the center and the surface of the concrete block and their temperature
difference changes over time: a —when the air temperature Tar = 26.5 °C,
b —when the air temperature Tar=5.0 °C.

Analyzing the results, we can note the following. The temperature in the center of the mass concrete
depends little on the ambient temperature. That is explained that mass concrete blocks have a large volume
of concrete and low thermal conductivity of concrete mix. The difference between the maximum temperatures
in the center of the mass concrete for all air temperature cases and formwork types does not exceed 3.4 °C
(~ 4 %). Opposite, the surface temperature of concrete blocks depends largely on air temperature and
especially depends on the type of formwork used. This is illustrated by the values of the temperature difference
(Table 6). Therefore, from a cracking point of view, concreting in the coldest period is the most dangerous

state with the following temperature difference values: for metal formwork — ATmax = 57.14 °C; for wooden
formwork — ATmax = 32.08 °C; for formwork with thermal insulation — ATmax = 19.06 °C. Thus, for the case
under consideration with high heat release (CC = 450 kg/m?3, Emax = = 350 kJ/kg), only the use of thermal

insulation of the formwork with polystyrene thickness of 3 cm to obtain the temperature difference does not
exceed the allowable temperature difference for all air temperatures.

Table 6. Maximum temperature and temperature difference of the concrete block.

_ Wood formwork Steel formwork Thermally insulated formwork
Air temperature T AT o Torex AT o Torex AT oo
Tair =26.5°C 84.68 23.70 84.76 42.43 86.52 14.04
Tair =17.0°C 83.97 27.35 84.05 48.89 86.12 16.21

Tair =5.0°C 83.15 32.08 83.21 57.14 85.76 19.06

In order to assess the formation of cracks, it is necessary to determine the maximum thermal stress
appearing at the center and surface of concrete blocks. Calculations of the maximum thermal stress of the
concrete block confirm these results (see Fig. 4). Fig. 4 shows the change in maximum thermal stress at the
surface and center points of the concrete block for three variants of air temperature. Also shown is a graph of
the change in permissible tensile stress, it is possible to assess the possibility of temperature cracks
developing in the concrete.
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Figure 4. Changes in temperature stresses in the center and surface of the concrete block:
a —for wood formwork; b —for insulated formwork.
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It can be seen on the chart that: when using wooden formwork (Fig. 4a), the possibility of forming cracks

due to stresses on the surface of concrete blocks exceeds the permissible tensile stresses. At the same time,

the wooden insulation formwork with polystyrene foam 3 cm thick helps to completely eliminate the
appearance of thermal cracks in the mass concrete blocks (Fig. 4b).

It is obvious that after removing the formwork, the surface stress increases (due to the temperature
difference between the center and the surface increases) and then decreases over time.

4. Conclusions
Based on the studies and the results obtained, the following conclusions can be drawn:

1. The use of formwork in order to reduce the risk of temperature cracking during the construction of
massive concrete structures is an affordable and economical tool. In this sense, metal (steel) formwork is
much less effective than wood formwork.

2. The use of insulated formwork is necessary not only for concreting at low temperatures but also to
prevent cracking of concrete blocks with the high cement content and high maximum heat dissipation.

3. The research results and the nomograms are obtained may be used as a reference in the design
and construction of mass concrete such as dams, foundations, bridge supports, etc.

4. It can further study the effect of the erection of formwork and their materials on the thermal regime
in the mass concrete blocks.
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Abstract. Tubular truss and column members with bolted connections widely used in construction. The object
of this research was the flange joint of a truss bottom chord. The flange joint coaxially connects two cold-
formed closed welded rectangular hollow section profiles. The flange connects with high-strength bolts of
strength class 10.9. The stress-strain state of the joint was numerically and experimentally investigated.
Experimental studies were performed on a full-size sample of a flange joint using strain gauges. Numerical
calculations were performed at ANSYS. The bilinear isotropic hardening model simulated the metal elements
performance of the joint. The “Frictional” model was chosen for the friction forces between the flanges. The
microstructure of the bolt material was studied using an optical microscope. The study results showed that the
model solution for a flanged provides a uniform distribution of stresses at the junction due to its spatial rigidity.
The presence of stiffener ribs provides the absence of the clearance between the flanges and promotes the
joint performance of welded units and high-strength bolts. The design of the flange joint using the developed
finite element model indicates that the results of numerical and experimental studies are sufficient for practical
application. The difference between finite element model calculations and experimental data in the most
loaded elements of flange joints does not exceed 10 %. It is proposed for high-strength bolts of strength class
10.9 and higher to introduce regulatory restrictions on the number and size of non-metallic inclusions that
affect the delayed brittle fracture of bolts. To improve the performance that bolts, it is proposed to use steel
grades with a bainitic or bainitic-martensitic structure, which are formed by microalloying them with
molybdenum, vanadium, niobium, titanium, boron and heat treatment.

1. Introduction

Bolted joints have been widely used in steel structures of buildings. One of the most effective of them
is bolted-flange connections with high-strength bolts. The advantages of these joints include the simplicity of
assembly, the possibility of work in any climatic conditions, high reliability, and the ability to disassemble them
without damage to structural elements [1-6]. Bolted joints may be subject to the combined action of axial
compression, bending moments and shearing under the combination of dead, live, wind loads or earthquake
action.

Flange connections in structures are subject to tension, compression, tensile bending, seismic actions,
and vibration loads with the number of cycles of constant loading up to 105 with an asymmetry coefficient of
at least 0.8 [4, 7].

The disadvantages of flange connections include high requirements for the accuracy of their
manufacture since this type of connections does not have a proper compensating ability. In particular,
experience with flange connections indicates that combinations of unfavorable structural and technological
deviations, such as non-planarity of matching surfaces, displacement of hole axes, misalignment of nut and
bolt bearing surfaces, etc., increase the likelihood of their failure, especially when using bolts of the strength
class 10.9 and higher [8-10].
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The design of flange connections is a rather complicated task [10, 3, 11]. As a result, the main provisions

of the regulatory methods for calculating flange joints are formulated, which establish three types of design
models (rigid, semi-rigid and flexible), which differ in the development of fracture mechanism [12, 13].

In the case of using flexible flanges, the destruction of the joint occurs due to the development of
significant plastic deformations in the flange. The bearing capacity of the connection in this case is determined
by the bearing capacity of the flange itself, while the forces acting in the bolts do not reach their ultimate state.
When using semi-rigid flanges, their bending stiffness increases, and the destruction of the joint occurs due
to the destruction of the bolts during the partial development of plastic deformations in the flanges. For joints
with rigid flanges, the ultimate state is the destruction of a high-strength bolt, while the stress-strain state of
the remaining elements of the flange is characterized by the elastic behavior of the material. The flange
thickness has a considerable impact on the connection properties, while the bolt edge distance and the flange
edge width were found to have a smaller effect [4, 5, 14, 15].

The design rules for calculating flange joints are mainly based on the experimental results of T-shaped
joints’ models, which have been tested and refined concerning specific types of joints. For example, in the EU
countries, flanged joints with double and four-row arrangement of bolts without stiffeners are widely used,
which are more technologically advanced and less demanding to manufacture [12], however, they are
unbeneficial in terms of strength and stiffness when compared to flange joints with additional stiffening ribs. In
particular, flanged joints without stiffeners with a double-row arrangement of bolts can provide only 30...40 %
of the profile strength of the connected elements, and with a four-row arrangement can provide 60...70 % of
the profile strength [16].

It should be noted that the design rules for flange joints are valid for certain types of structural solutions
and for a limited range of flange thicknesses, which does not allow us to use them in the design of flange joints
for technically complex and unique structures. In this regard, the most universal tool for determining the stress-
strain state of flange joints, considering the combined behavior of its elements (flanges, bolts and welded
joints), is the finite element method. The use of the finite element method allows us to avoid using idealized
models and standard design models and to examine in more detail the behavior of individual elements of
flange joints considering their geometric and physical nonlinearity.

The effectiveness of applying the finite element method to consider the influence of structural factors
on the stress-strain state of flange joints is doubtless [17, 18]. At the same time, it should be noted that to
ensure the accuracy of the calculation of the stress-strain state of flange joints, it is necessary to use finite
element models validated with experimental tests. The absence of such models is one of the main factors
restraining the use of the finite element method as a method for calculating flange joints.

The calculation of the stress-strain state of a flange joint is a necessary but not sufficient condition for
ensuring its safe behavior, especially for cases in which its ultimate state is the destruction of high-strength
bolts. Single-direction high-strength bolts are mostly used in column-beam joints and conventional high-
strength bolts are mostly used in flange connections. Experimental results show that two types of the bolt have
different failure models [19]. The failure of the single-direction high-strength bolt is due to the pullout of the
bolt, which is caused by the extrusion bending deformation of its outer sleeve [19].

In flange joints, conventional high-strength bolts of strength class 10.9 and higher are characterized by
an increased tendency to hydrogen embrittlement [20, 8], in which relatively insignificant changes in the
structure, properties and stress-strain state of the bolt, if the combination is unfavorable, can initiate the
process of delayed brittle fracture.

Delayed brittle fracture of high-strength bolts is one of the most difficult to predict types of ultimate state
[21-26], for which no design rules have yet been developed. Therefore, to reduce the risk of its occurrence,
the standard [27] recommends using experimental methods for assessing resistance to delayed brittle fracture,
which allows building designers to properly choose a material, manufacturing technology, and anticorrosive
protection of bolts.

It follows from the review that the connections of steel structures with rigid flanges, stiffening ribs and
high-strength bolts have not been adequately studied. In particular, there is no analysis of the influence of the
technological heredity of high-strength bolts on the general characteristics of the flange connection.
Technological heredity is the transfer to the finished product in the process of manufacturing errors,
mechanical and physical and chemical properties of the original billet or properties and errors formed in the
billets in individual operations of manufacturing the product [28].

The work aims to develop recommendations for improving the design of flange joints, as well as
recommendations for improving the standards for the quality of high-strength bolts with the risk of delayed
brittle fracture.

The objectives of the study are:

Vatin, N., Gubaydulin, R.G., Tingaev, A.



Magazine of Civil Engineering, 99(7), 2020

1. Analysis of the effectiveness of a typical solution of flange joints according to the results of
experimental and numerical studies of the stress-strain state.

2. Studies to assess the influence of technological heredity factors on the performance of high-strength
bolts, develop proposals for regulatory restrictions on the number and size of non-metallic inclusions that affect
delayed brittle fracture of bolts, develop proposals for the selection of steel grades for the manufacture of bolts.

2. Methods
2.1. The investigated flange joints

This paper experimentally investigated the flanged joint of the truss bottom chord. The flanges were
connected by high-strength bolts with a diameter of 24 mm, strength class 10.9 (Fig. 1). The section of the
bottom truss chord is made of a cold-formed closed welded rectangular hollow section profile 140x140x4 mm
of the S345-3 steel grade according to Russian State Standard GOST 30245-2012 “Steel bent closed welded
square and rectangular section for building. Specifications”.

The connection flange is made of 30 mm thick sheet steel of the same grade C345-3 steel grade. The
S345-3 steel grade is specified by Russian State Standard GOST 27772-2015 “Hot-rolled steel for building
steel structures. General specifications”. The properties of S345-3 steel are given in Tables 1, 2.

Table 1. The S345-3 steel grade chemical decomposition.

Steel Mass fraction, %
grade c Mn Si cr Ni Cu Al s )
S3453 =015 1.30-1.70 =080 =030 =030 =030 0.015-0.06 =0.025 =0.030

Table 2. The S345-3 steel grade mechanical properties.

Impact strength

Steel Thickness Yield strength oy ~ Ultimate strength  Ejongation As KC\/40
grade [mm] ou [MPa 0
[MPa] u[MPa] [%] [lem?]
4-10 2= 345 24 90 =221 =34
S345-3
20-40 = 305 = 460 =221 =34

The connection of the chord (Tag No. 287) with the flange (Tag No. 34) is made by equal-angle fillet
welds with a 4 mm leg (Fig. 2). The stiffeners (Tag No. 75) are connected to the chord by equal-angle fillet
welds with a 5 mm leg. All welds are made by mechanized welding in a protective gas medium with welding
steel wire of the steel grade Sv-08G2S with a diameter of 1.2 mm. The welding steel wire is specified by
Russian State Standard GOST 2246-70 "Welding steel wire. Technical specifications”. The quality of the welds
is confirmed by visual, measuring, and ultrasonic testing.

30 30

140

10

Figure 1. Analyzed joint.
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Figure 2. Building block of the full-scale model of the flanged joint of the bottom chord of a truss.

Additional stiffening ribs of this flange connection increase strength and stiffness and reduce its ductility.
Such flange connections are in demand for telecommunication towers, masts, frames of high-rise buildings,
and other structures. For them, the main requirements are the rotation and displacement angles of individual
elements and the structure during operation.

2.2. Experimental investigation

The study was carried out in stages. At the first stage, experimental studies of the stress state of the
elements of flange joints by strain gauges were carried out. To measure the relative strains, single-axis foil
strain gauge sensors (strain gauges) 2FKP-5x200 with a change base of 5 mm were used. The measuring
system received and processed signals of strain gauges. SIIT-3 system is designed to measure up to
100 output signals with a polling speed of at least 20 measurements per second.

The total number of sensors was 75 pcs. The number of sensors at each specific point depended on
the orientation of the main stress areas (Fig. 3). If the directions of the main stresses were known, then two
strain gauge sensors were installed: one was glued along the direction, and the second was glued across. In
all other cases, three sensors were installed according to the rosette-like outline.
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Figure 3. Location of strain gauges on the surface of the flange joint.

The tests were carried out at the South Ural State University (Russia) on the universal testing machine
MUP-100 by uniaxial static tension. The load was started from 19.6 kN and applied in increments of 98 kN up
to 314 kN. Above 314 kN, the load was applied in increments of 49 kN. The increment values were chosen on
the base on FE calculation. At each stage of loading, the readings of the strain gauges were automatically
recorded. These readings were then averaged over the results of three measurements.

Before starting the test, the bolts were previously tightened with a force of 267 kN by Tohnichi
DBEZ2100N-S torque wrench.

2.3. . FE models

The Finite element model of the joint was created in ANSYS WorkbenchFE. In the development of the
flange connection FE model, the following design features were taken into account [29-32]:

1. The bending moment and the lateral force were not considered in the joint under the applied external
load.
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2. The external load was uniformly distributed between the bolts.

3. The analytical model cannot be represented in the form of a flat beam system. Therefore, it is
necessary to take into account the spatial behavior of the joint in two orthogonal planes.

4. The stress-strain state of the flange and bolts depends on the ratio of the stiffness properties of the
connected elements.

To take these features into account, the following assumptions were made:
1. Atensile force is applied along the centerline of the chord.

2. The bolt is modeled by a cylinder. The cross-sectional area of the cylinder in the bolt’s thread
segment is equal to the net area of the bolt. The cross-sectional area of the cylinder out of the bolt’s thread
segment is equal to the gross area of the bolt.

3. The contact between the surfaces of the flanges is a tight connection of two surfaces. A shift of one
surface along another causes a friction force.

4. The contact of the inner surface of the bolt head and the outer surface of the flange does not interrupt
during loading. The friction of one surface relative to another is allowed.

5. To describe the nonlinear properties of the material, a bilinear model with isotropic hardening was
chosen. The model establishes the following relationship between load o and strain & The transition from an
elastic to a plastic state is determined by the von Mises criterion.

O'y+EI.(8—Gy/E), When ¢>o, I E

where ¢is the current value of the relative deformation of the specimen, o, is yield strength, E is the tangent

module of elasticity, E is Young's modulus. The values of the tangential modulus of elasticity E+ and Young's

modulus E; for steel grade C345-3 are taken equal to 0.92 GPa and 206 GPa, respectively, the remaining
values are taken from Table 2.

In numerical modeling of flange joints, it is important to choose the models of the contact parts of the
joint [30], [33]. ANSYS allows users to set different models for each contact pair, which are based on different
physical and mechanical conditions for the interaction of real objects. In this study, the contact between the
flanges in the joint is described using the "Frictional" model, which takes into account the sliding friction force
proportional to the magnitude of the normal reaction with a friction coefficient of 0.25. The inner face of the
bolt head and the upper face of the flange are connected by the “Bonded” contact, preventing them from
moving along the axis of the bolt. In the model of flange joint, solid finite elements with a sampling interval of
10 mm were used. The number of finite elements in the model is 130630. The number of nodes is 224048

(Fig. 4).

Figure 4. FE model of the joint.

The calculation of the model was carried out in a geometrically and physically nonlinear formulation in
the following sequence. Initially, the force of the preliminary tension of the bolts was created, then this state
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was fixed, and only after that, the design load equal to 451 kN was applied to the joint. The calculated load
was applied with a uniform distribution over the cross-sectional area of the square section profile of the test
joint. The restriction on all degrees of freedom as boundary conditions was used on the opposite side of the
joint, i.e., the opposite side of the joint was absolutely rigid fixed.

2.4. Metallographic test of bolts

At the third stage of the research, metallographic studies were carried out to assess the effect of non-
metallic inclusions on the performance of high-strength bolts. Non-metallic inclusions are a factor in the
technological heredity of bolt stock. The typical hon-metallic inclusions are oxides and sulfides. At present,
non-metallic inclusions are not regulated and are not a defect in assessing the quality of high-strength bolts.
A significant fraction of the failure of high-strength bolts is associated with contamination of steel by non-
metallic inclusions [34, 35].

The microstructure of the bolt material was studied using an Axio Observer D1.m optical microscope
equipped with a Thixomet Pro hardware-software complex for image analysis. The Estimation of the amount
and shape of non-metallic inclusions was studied on etched thin sections. To identify the microstructure, the
bolt samples were etched in a 4 % solution of nitric acid in ethanol. The hardness was measured by FM-800
microhardness tester with a load of 300 g and by Rockwell hardness tester TP 5014.

3. Results and Discussion

3.1. . Experimental and numerical studies

The results of experimental and numerical studies of the stress-strain state of the analyzed joint are
compared in Fig. 5-10. In these figures, the numerator shows the results of the experiment, and the
denominator shows the results of numerical calculation.

experiment

Figure 5. Scheme for marking the surfaces of Figure 6. Stress values
the sample. on surface B, MPa.
Figure 7. Stress values on surface C, Mpa. Figure 8. Stress values on surface D, Mpa.
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Figure 9. Stress values on surface F, MPa. Figure 10. Stress values on surface E, Mpa.

Fig. 7-10 show that tensile forces act in along direction on the part of the chord which is above the
stiffening ribs. Those forces create stresses of 160—220 MPa. Compressive forces act in the transverse
direction to the chord. The compressive forces create stresses of up to 35 MPa. On the transition area from
the free chord to the area with stiffening ribs, the tensile stresses decreased to 120—-160 MPa. In this case,
the stress created by the compressive forces remains at approximately the same level. Partial unloading of
the chord in this section is due to the performance of stiffening ribs, which are in the complex stress state.

It should be noted here that the main stress plates in this case do not coincide with the axes of the strain
gauges glued to the stiffening rib. Therefore, the stress values shown in Fig. 7 are somewhat different from
the stresses acting in the main stress plates. In particular, the main tensile stresses at this point are 75 MPa,
and compressive — 15 MPa. In the other areas, where the rosette of the sensor sticker was used, no significant
differences were found.

Maximum stresses in the flange occur in areas under the head and nut of high-strength bolts. The
magnitude of these stresses is about 170 MPa (Fig. 11) and is due to the preliminary tension of the bolts. In
other parts of the flange, the stress level is much lower and does not exceed 35 MPa. The maximum clearance
between the flanges is observed at the installation site of the stiffening ribs, and is 0.2 mm. Under the square
section profile, it is slightly smaller and does not exceed 0.15 mm.

The external force applied at one bolt is much less than the force of its preliminary tension. So, for
example, when a load of 608 kN is applied to the assembly, only 76 kN falls on one bolt, which is 3.51 times
less than the force of its preliminary tension. Due to this fact, any significant changes in the stress-strain state
of the bolts were detected neither by experimental nor numerical methods. The clearance between the flanges
under the bolts did not appear. The maximum stresses arise in the body of the bolt and is about 600 MPa
(Fig. 12).

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 3
07.06.2017 23:07

1.4338e-8 Min

Figure 11. von Mises equivalent stresses on the flange surface [MPa].
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Equivalent Stress
T;pe: Equ:v:!ent (von-Mises) Stress
Unit: MPa

Time: 3
06.06.2017 1:53.
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Figure 12. von Mises equivalent stresses in Fasteners [MPa].
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Figure 13. von Mises equivalent stresses in the joint [MPa].

From the analysis of the stress-strain state, it follows that the joint has a large safety margin of strength
and that the stress-strain state is non-optimal by the distribution. For example, the most part of flanges and
stiffening ribs turned out to be unloaded in comparison with the square section profile. In the chord itself, in
the area where the stiffening ribs are adjacent to the profile, in its upper part, the stress is 1.5 times greater
than in the rest of the section (Fig. 13).

In most elements, the calculated and experimental values of stresses practically coincide. The maximum
difference between them in the most loaded elements does not exceed 10 %. To illustrate the capabilities of
the developed finite element model in the studied unit, the thickness of the flanges and the diameter of the
bolts was reduced to 20 mm, and the height of the stiffening ribs was increased to 210 mm. From the
calculation results it follows that when the design load is applied, the clearance between the flanges under the
bolts did not appear, the material of the flange joints behaves elastically.

The increase in the height of the stiffening ribs (L) to the value recommended in [36] with L > 1.5 H, but
not less than 200 mm, did not significantly affect the stress-strain state of the horizontal cross-section (Fig. 14).
Where H is the cross-sectional depth of the horizontal cross-section.

The decrease in the thickness of the flanges led to an increase in the equivalent stresses in them under
the hydraulic fracturing to 62 MPa (Fig. 15), and the clearance between flanges increased to 0.3 mm. The
clearance between the flanges under the stiffening ribs has not changed. Thus, it can be stated that the
optimized assembly is in a completely operable state and provides material savings and a reduction in the
diameter of the bolts.
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160,65 A8 14402 3

Figure 14. von Mises equivalent stresses in a modified joint [MPa].

0.068219 Min

Figure 15. von Mises equivalent stresses on the surface of a modified joint flange [MPa].

3.2. Metallographic studies

The performance of a flange joint depends on the bearing capacity of high-strength bolts. Bolts are
critical elements for this type of flange connection. The determination of the bearing capacity of a bolt during
its viscous destruction is regulated by current regulatory documents and does not cause difficulties. Problems
arise when evaluating the performance of a bolt in the presence of a risk of delayed brittle fracture. Such
destruction depends on the saturation of the metal with hydrogen diffusion, the magnitude of tensile stresses,
the structure of the steel, and the contamination of its non-metallic inclusions.

Delayed brittle fracture of high-strength bolts is a dangerous type of fracture. It occurs at hominal
stresses below the creep limit of the material and is determined by the strength of the grain boundaries in the
metal. The state of metal grains depends on several internal factors and varies over time. The main causes of
damage are non-metallic inclusions, the size and gquantity of which are not regulated by the current regulatory
documents for the manufacture of high-strength bolts [34, 35].

Fig. 16 shows the surface crack formed under the head of the M30x160 10.9 bolt. The bolt was made
of steel of the Russian grade 40X (Table 3). The crack was detected by visual inspection of the quality of the
anti-corrosion coating applied by electrolytic galvanizing.

Table 3. The chemical composition of the steel according to Russian State Standard
GOST 4543-2016 “Metal products from structural alloy steel. Technical specifications”.

Steel Mass percentage, %
grade C Mn Si Cr Ni Cu S P
40X 0.36-0.44 0.5-0.8 0.17-0.37 0.8-1.1 >0.30 >030 >0.035 >0.035

From the results of metallographic studies, it was found that the microstructure of the bolt material is
troostosorbite tempering, which preserves the needle orientation of martensite (Fig. 17). The steel at the crack
is not decarburized, the hardness of the bolt meets the requirements of 1ISO 898-1-2014. The bolt’s crack is
radial, sinuous, and runs along the grain boundaries. Opened and closed cavity cracks are associated with
sulfide inclusions lines. The beginning of the crack lies on the surface of the bolt rod.
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The studies of non-etched samples taken from the bolt showed the presence in it of many sulfide

inclusions lines. The inclusions identified by Russian State Standard GOST 1778-70 “Steel. Metallographic

methods for the determination of non-metallic inclusions” as 2-3 points (Fig. 18, inclusions type 1). Most of

these inclusions are located near the crack. In the remaining fields of view of the sample, mainly point oxides
and sulfides are present and identified as 2 points (Fig. 18, inclusions type 2).

It can be assumed that crack formation occurred during bolt hardening as a result of the separation of
grain-boundary sulfides from the metal matrix under the action of tensile stresses. The final crack opening
appeared, most likely, at the stage of electrolytic galvanizing of the bolt due to diffusion of atomic hydrogen
into the prefracture zone, which led to a decrease in the cohesive strength of the interphase boundaries
between the metal matrix and nonmetallic inclusions.

BRS¢ n )
! )

I e 14 b g
sulfides \

Figure 17. The microstructure of the bolt with a crack passing

through the grain boundary inclusions.

X500 | X500
Figure 18. Sulfide inclusions lines under the head of a bolt on alongitudinal non-etched section.

Vatin, N., Gubaydulin, R.G., Tingaev, A.



Magazine of Civil Engineering, 99(7), 2020

Fig. 19 shows a photograph of the fracture surfaces of bolts M30-6gx160 of strength class 10.9 made
of steel 40X. The destruction occurred as a result of the separation of the heads in the process of tensioning
the bolts with a force less than the designed.

Studies have shown that the main reason for the failure of bolts is the low quality of bolt stock, namely
the presence of large precipitates of sulfides along grain boundaries (Fig. 20). Initially, after rolling, the sulfides
are oriented in the rolling direction, which coincides with the axis of the bolt shaft. This is not critical for the
given scheme of loading the bolt in the seam assembly. However, during stamping of the bolt head, non-
metallic inclusions were deformed along with it and, repeating the configuration of the head, extended in the
direction perpendicular (with respect to the initial state). When a bolt is tensioned with inclusions oriented
perpendicular to the axis of the bolt, grain-boundary sulfides detach from the metal matrix at voltages lower
than the design ones (Fig. 21).

Figure 20. Sulfide precipitation along austenitic grain boundaries.

Figure 21. Cavities and cracks oriented perpendicular to the bolt axis
under the bolt fracture surface, x50.

The examples of fracture of high-strength bolts discussed above show the need to consider delayed
brittle fracture in regulatory documents for the design, manufacture, and assembly of flange joints. The quality
of steel for non-metallic inclusions can be ensured by various types of out-of-furnace processing of steel,
during which the quantity, size, and shape of non-metallic inclusions are optimized.

For bolts of strength class 10.9 and higher, it is necessary to use microalloyed steel with vanadium,
niobium, titanium, and boron. The presence of these elements prevents the growth of austenitic grain during
steel hardening, and under certain heat treatment conditions, it allows the formation of a finely dispersed
bainitic or bainitic-martensitic structure [9, 37—-40]. Such steels have high strength and toughness, better resist
delayed brittle fracture, and are not so sensitive to stress concentrators.
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Considering the influence of technological heredity on the bearing capacity of high-strength bolts
requires more in-depth study and proper reflection in regulatory documents. For example, in the current
regulatory documents for the manufacture of bolts, the shape of the hollows of the thread is not regulated and
can be either rounded or flat-cut. For high-strength bolts with a strength class of 10.9 and higher, a thread with
a rounded hollow profile is preferable, since has a lower concentration of stresses and better resists crack
nucleation [9, 41]. The presence of a small and unregulated transition radius at the base of the depression of
a plane-cut profile contributes to the formation of microcracks at medium voltages less than design.

Fig. 22 shows macro slices of a flat-section profile of a threaded cavity of a high-strength stud of strength
class 10.9 made of steel 30KhGSA in the initial state and after the destruction. The hollow of the thread shown
in Fig. 21b was in the third from the place of destruction of the pin, which collapsed after 45 days after its
installation.

b)

; B % % ’ B HEIERE
Figure 22. Flat-cut profile of the thread cavity
of the stud 2M48-6gx500 10.9 before (a) and after (b) fracture.

4. Conclusions

The flanged joint of the bottom chord of a truss made of a cold-formed closed welded square profile is
studied. The joint included rigid flanges with stiffening ribs and high-strength bolts. The stress-strain state of
the flange joint was determined by strain gauges testing the full-scale unit. The numerical simulation was
performed in ANSYS. Studies of the technological heredity of high-strength bolts were carried out by
metallographic and durometric methods.

The results obtained allow to draw the following conclusions:

1. The model solution for a flanged coaxial connection of two square section bent closed welded strip
profiles (Fig. 1, 2) provides for the most part a uniform distribution of stresses at the junction due to its spatial
rigidity. The presence of stiffening ribs provides the absence of the clearance between the flanges and
promotes the joint performance of welded units and high-strength bolts.

2. The disadvantages of this connection include the incomplete loading of flanges and stiffeners in
comparison with a square section bent closed welded strip profiles. Stresses in flanges and stiffeners do not
exceed 50 MPa. The Field tests of full-size flange joints showed that the destruction of such joints occurs
along the body of a section not reinforced with stiffening ribs.

3. The calculation of the flange joint using the developed finite element model indicates that the results
of the numerical and experimental studies are sufficient for practical application. The difference between them
in the most loaded elements of flange joints does not exceed 10 %.

4. To ensure the bearing capacity of high-strength bolts of strength class 10.9 and higher, which are
part of rigid flange joints, it is proposed to introduce regulatory restrictions on the number and size of non-
metallic inclusions that affect the delayed brittle fracture of bolts.

5. To improve the performance of high-strength bolts of strength class 10.9 and higher, it is proposed
to use steel grades with a bainitic or bainitic-martensitic structure, which are formed by microalloying them
with molybdenum, vanadium, niobium, titanium, boron and heat treatment. The strength of such steels reaches
1400-1600 MPa, while their toughness, fracture toughness, as well as resistance to delayed brittle fracture
increases.
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Abstract. At present, environmental degradation is occurring, which affects forests. Increasingly, in the trunks
of conifers there is core (sound) rot. Round timber with sound rot is left in the forest, which does not contribute
to improving the environmental situation. A new technological process is proposed for producing lumber from
round timber with sound rot for the manufacture of structural elements for construction. In the process of
cutting, the rot is removed, and the elements of the angular cross section are obtained. In the future, they are
used for the manufacture of I-beams. A method of drying elements of an angular cross section in convection
chambers of periodic action is considered. Samples were made in which the change in the angles of the inner
guarter was measured. Samples were dried to a moisture content of 6 £ 2%. During drying, the samples were
fixed in pairs using clamps (clamps). It is established that the deviation of the angles of the side of the quarter
of the bar of the angular cross section increases with increasing size of the quarter. The transverse warping
of the pressed samples is much less than that of the samples without pressure. The optimal size of the core
(core) rot should be 30-35% of the diameter of the round assortment at the top. Such rot sizes at the
corresponding quarter sizes do not lead to significant allowances for machining and loss of volumes of high-
quality structural wood.

1. Introduction

Currently, construction lumber is widely used in construction. This lumber is used in the manufacture of
elements of load-bearing building structures for industrial, agricultural construction and low-rise housing
construction. For the manufacture of structural elements, softwood, usually pine or spruce, is used.

Recently, however, environmental degradation has been occurring, which affects, among other things,
forest areas. Increasingly, in the trunks of conifers there is core (central) rot [1]. The presence of sound rot in
lumber for the manufacture of elements of load-bearing building structures is not allowed, therefore, the
technological process of cutting tree trunks with rot into sawing logs involves the removal of sections of the
trunk with rot. Sound rot primarily affects the part of the trunk located near the root system, and this section of
the trunk has the largest diameter. In this part of the tree trunk, in addition to the presence of rot, there is a
significant amount of sapwood with high strength characteristics.

Typically, the removal of rot occurs at the stage of harvesting round timber. At the same time, a healthy
sapwood is removed together with the wood affected by rot. As a result, a large amount of quality wood
remains in the forest. This leads not only to loss of harvested wood. In addition, wood left in the forest leads
to the formation of sound rot in growing trees. The rot remaining in the sawn timber assortment supplied to the
sawmills is removed in the process of cutting and obtaining sawn timber. The use of existing cutting schemes
for sawing assortments with sound rot results in large losses of wood [2]. Recently, technological processes
have been developed for the efficient cutting of assortments with the presence of rot. This is a method which
consists in the following. Preliminary longitudinal sawing of short round timber is carried out. Perform one or
more longitudinal cuts. From the parts of timber obtained after sawing, the core layer is removed, according
to the dimensions of the voids formed in these parts, connecting blanks are made of wood. After drying, long
timber is formed from the obtained parts of timber and connecting blanks, while the ends of the contact of
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parts of the wood are displaced one relative to the other along the length of the formed timber [3]. In addition,
there is a technological process to produce glued beams from elements of angular cross-section [4]. However,
the proposed methods do not provide for lumber for construction purposes for construction.

We have a fundamentally new way of obtaining elements of building structures from round timber with
sound rot. Production is carried out according to the following scheme. Cutting is done according to the timber
scheme. On the first pass, a two-edged beam with core rot and lateral unedged thin lumber are obtained. On
the second pass, two bars with core rot, as well as side unedged lumber, are obtained. Then, rot is removed
by milling. After milling, the bars have a corner profile. The casts of the angle profile are subjected to chamber
drying with mild regimes and their moisture content is adjusted to 14+2%. The bars are sorted so that the
quality of the wood corresponds to grade 2 according to GOST 8486, which roughly corresponds to C24
strength class according to European standard EN 338-2011 “Structural wood. Strength classes”. The bars
are glued in such a way as to obtain an I-beam. The priority for this method is fixed by the patent for the
invention of the Russian Federation [5].

I-beams made of wood are currently widely used in the construction of buildings and structures. Modern
construction experience shows the feasibility of using I-beams for flights from 2 to 6 m [6]. High installation
speed and ease of assembly increase the manufacturability of the construction of buildings and structures [7-
14]. After processing with special compounds, the wood of the beams has the necessary fire resistance, anti-
decay and insect damage. There is a great need for such beams in seismically dangerous areas of
construction.

Sawing round timber with sound rot and manufacturing lumber for load-bearing building structures
reduces the amount of wood with rot left in the forest. This helps to improve the environmental situation.
Therefore, structural lumber obtained from such timber will be hereinafter referred to as ecological structural
lumber.

The greatest difficulty in applying this method is the drying of the corner elements to operational
humidity. Drying is accompanied by lateral warping, which increases the loss of wood during further
processing. The warping of lumber in the transverse direction has been an object of research for a long time.
As early as 1878, P.A. Afanasyev [15] in his work describes the possible types of contortion, the reasons for
its appearance and factors affecting the decrease in its size. He proposed a formula for calculating the
maximum deflection boom for lateral warping of lumber:

B
fmaX:%(Wn.H _WK)(KZ_Kr)E’m (1)

where Wsis saturation limit of wood cell walls, %; Wk is final wood moisture, %; K: , K are tangential and
radial shrinkage coefficients; B is lumber width, mm.

The maximum deflection arrow will be at the board, on the lower face of which there is a core. That is,
the deflection will be the greater, the closer the sawn boards are located closer to the core of the round
assortment. From equation (1) it follows that all boards, except for radial ones, after drying will have a grooved
shape.

In 1971, G.G. Petrukhin obtained an approximate solution to the problem of structural warping of the
cross section of lumber [16]. The solution was obtained on the basis of the provisions of the theory of
deformations and the theory of elasticity. The author believes that the solutions to this problem obtained earlier
by P.A. Afanasyev, K.I. Kolenchuk, V.A. Shevchenko, M.N. Feller and the solutions contain several incorrect
assumptions and give various numerical results. He obtained equations for determining the cross-sectional
shape of warped boards:

u=-AW| K, x- (K, —Kt)y-arctg(gj

E

)

v=—AW Kry—(Kr—Kt)x.arctg(gJ mm ©)

where U, v are components of the movement of the points of the cross section of the assortment after
drying, mm; X, Y are coordinates of points before drying, mm; K, K; are radial and tangential shrinkage

coefficients; AW = Ws — Wk is moisture difference between the saturation limit of the cell walls of wood and
the final humidity (hygroscopic humidity), %.

Formulas (2) and (3) are obtained in a rectangular coordinate system X, Y with the beginning in the
center of the cross section of a round assortment.
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It is known that the main cause of warpage of lumber is the anisotropy of shrinkage due to the anisotropy
of the elastic characteristics of wood. Anisotropies of the elasticity characteristics of wood are considered in
detail in the works of E.K. Ashkenazi [17] and N.L. Leontyev [18] and others. In particular, E.K. Ashkenazi
considers wood as an orthotropic material (Fig. 1).

a(x)

o-()'y

)

(z)
Figure 1. The stress state of the triaxial equal compression hydrostatic pressure.

The magnitude of the deformation depends not only on the magnitude of the acting stresses, but also
on the direction of their action in the material. The author presents Hooke's law at first in the case of a triaxial

stress state, i.e., stress and strain components are assigned to some Cartesian coordinate axes X, Y, Z and
the elastic properties are determined by the characteristics of the elastic modulus E, transverse strain
coefficient i« and shear modulus G. Then, if Cartesian coordinates with the directions of the axes of symmetry.

Then the quantities E, u, G have their own meaning for each direction in the material, which is expressed in
the formula 4:

Ex Ex E, E “
__Hox Ty _Hoy
Y Ex E, E
:_ﬂdx_ﬂ Oz
* Ex E E
v Tyz T

Xy . .
Yy = =~ Vyz = < VT~
Yoe'"® Y G
where 7 is shear stress applicable on the sites, MPa,; y is angular deformations.

It was noted that the formulas indicate experimentally established features of the elastic deformation of
anisotropic bodies. This fact will have a negative value in the future. The full set of characteristics of the elastic
deformation of an orthotropic material consists of nine independent quantities (elastic constants). These
include lateral strain coefficients, shear moduli, and elastic modulus when the coordinate system rotates
through an angle of 45° around Z axis. The author took the advantage of the rotation of the system at an angle
of 45° alternately around each of the axes. This is necessary to obtain equations that calculate the elastic
constants.

A significant amount of research on solving the issues of transverse warping was performed by
Professor of Saint Petersburg University of Architecture and Civil Engineering V.N. Glukhikh. In [19]
V.N. Glukhikh believes that the formulas for calculating the elastic constants are difficult due to the use of a
number of experimentally determined quantities. It is known that the elastic deformation of wood is
characterized by the reciprocal of the elastic modulus and varies depending on the angle of inclination of the
annual layer to the face. The author suggests determining Exy45 elastic modulus theoretically and believes that
this would greatly simplify the task of studying the deformability of wood across the fibers. The author
concludes that “Exy45 modulus is equal to the elastic modulus in the tangential direction”. Or in other words, at
an annual layer inclination angle of 45°, the elastic modulus in the direction of X axis is equal to the elastic
modulus in the tangential direction. To study the deformability of lumber, he suggests using the function:
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1 cos’d sn'@d 3-a° . .
—= + + sin?@-sin?0 (5)

EX EI’ E[
E,

where a2 =—L; fis annual ring slope; Er, Et are modulus of elasticity of wood in the radial and tangential
T
directions, GPa.

For convenience, expression (4) is written in Cartesian coordinates:

1 a®x* +(3—a2)x2y2 +y*

E, (Xz N 2)2
B y ©)
The results of calculations by formula (5) show that for boards with a symmetry axis of the cross section
coinciding with Y axis (Fig. 2), the least deformability takes place in the middle of the face width. From the
middle to the edges of the face, the deformability increases, reaches its maximum value, and then decreases,
tending in the limit to the reciprocal of the elastic modulus in the radial direction.

Figure 2. Deformability along the width of the boards of a semi-radial cut:
1/EX is change in the value of deformability along the width of the board;
az is half the width of the board, mm.

The work also noted that “deformability of the radial boards along the width of the face changes
imperceptibly, excluding a narrow local area adjacent to the middle of the width of the board”. For tangential
boards, the deformability along the face also changes imperceptibly. According to the seam of semi-radial
boards, the deformability varies from the smallest values along the edges to the maximum value in the middle.

This, as well as a slightly higher tensile strength in the radial direction compared with the tangential,
ensures the absence of reservoir cracks during drying. The aim of this study is to develop a methodology for
compiling individual patterns for cutting round timber into sawn timber, which excludes the negative influence
of the anisotropy factor of wood during subsequent drying. The methodology for determining the greatest
deformability of the board in cross section allows you to analyze any pattern of cutting logs. In [20]
V.N. Glukhikh concludes that warping can be reduced by rationally sawing logs, since the deflection arrow in
lateral warping depends on the size of the sawn timber, the anisotropy of drying, and the moisture content of
the wood. In another work [12] V.N. Glukhikh gives a theoretical calculation and diagrams for determining the
favorable sizes of lumber and their location in the section of sawing logs. Based on the calculations, an analysis
is made of the options for cutting logs in which the quality of lumber does not suffer during drying.

Later studies [21, 22] showed that lateral warping is influenced not only by the width, but also the
thickness of the lumber. A formula was obtained for calculating the magnitude of the transverse warpage,
provided that the moisture distribution over the board section was evenly distributed (final drying period):

bZAW(az - 0(1)
= ,mm (7)
A 4S
where b is board width, mm; Sis board thickness, mm; AW is difference between the hygroscopicity limit and
final moisture content of wood during drying,%; a1, a2 are shrinkage coefficients of the inner and outer faces

of the board.

Summarizing the results of the research, the following conclusions can be drawn. The resistance of
lumber to warping increases in proportion to the square of their thickness, depends linearly on the difference
in the coefficients of drying of the layers and is in a complex dependence on their width. The farther the board
is cut from the center of the round assortment, the less its warpage.
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Studies [23—-25] showed that warpage of lumber during drying can be prevented in whole or in part using
special clamps and preset pressure forces. Elastic warping of pressed boards is insignificant compared to
warping of dried boards without pressing. In addition, warpage can be reduced by final heat and moisture
treatment, as well as the use of high temperatures at the end of drying.

However, it should be noted that in all the above studies, a rectangular cross-section of lumber was
considered. There are practically no studies of lateral warping. Therefore, conducting research on the drying
of bars of a corner profile is an urgent task.

The objective of this work is to study the possibility of drying wooden corner elements for the
manufacture of I-beams of supporting building structures. To achieve the goal, it is necessary to solve the
following tasks: determine the amount of transverse warping of corner elements and develop measures to
reduce the amount of wood loss during further processing of these elements.

2. Methods

Samples cut from corner elements were selected as the object under study. The breed of wood is pine.
Corner elements were made as follows. Initially, four-edged timber with a cross-sectional size of 160x160 mm
was cut from round assortments with sound rot with a diameter of at least 190 mm. Then, by longitudinal
cutting, four bars were obtained with the presence of rot. Overall dimensions of bars 75x75 mm. By milling,
rot was removed from these bars. The length of the samples is 550 mm (Fig.3). The smallest diameter of
round timber with sound rot, from which corner elements are obtained, is 200 mm. “Hydromette compact”
electric moisture meter was used to measure the wood moisture content of the samples. Range of
measurement of humidity is 5-20 %. To change the angles, a quadrant goniometer was used to measure
internal and external angles from 0 to 180 °C. G type clamps of 125 mm were used to provide pressure.

Figure 3. Corner profile elements production flow
a — bars with core rot; b — bars of the corner profile after removal of rot.

All bars are conditionally divided into three groups, each of which has its own quarter size: b1 = 20 mm;
b2 = 30 mm; bz = 37 mm. The dimensions of the quarter corner elements are set depending on the diameter
of the rot in round assortments. Determination of the moisture content of the wood samples before drying was
carried out using an electric moisture meter. Measurements were taken every 15 cm of the sample length.

Drying was carried out using clamps (clamps). Samples were fixed in pairs, or a bar was placed in a quarter
(Fig. 4). One group of samples, also with a quarter size b4 = 37 mm, was dried without the use of a clamp.

Figure 4. Schemes for fixing the bars during drying:
bis the width of the selected quarter along which the corners are folded when pressing.
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Samples were in the upper rows of lumber stacks. Forced drying mode. The temperature of the drying

agent is 90 °C. This mode allows you to determine the maximum values of the angle and the size of the
allowances.

Based on the conclusions given in the first section, we can assume that in the process of drying the
shape of the bar will change as follows (Fig.5).

Figure 5. Changing the cross-sectional shape of the corner element during drying:
A'is narrow surface of the selected quarter; B is wide surface of the selected quarter;
B/2 is the total width of the corner profile bar, mm;
Sis the width of the integral part of the angle bar, mm;
b is width of the selected quarter, mm; bxis bending value, mm.
The section of the bar is divided into two rectangles, which are a continuation of the boards conditionally
sawn from a round assortment. To calculate the magnitude of the transverse warpage, we use the formula (7).

Consider the deformation of the cross section of the corner element as semi-radial boards. Therefore, the
maximum strain may be at points A and B.

After drying was completed, exposure was carried out in the workshop at an air temperature of 18 °C
for 30 minutes. Clamps were not removed. Measurement of wood moisture after drying was carried out
similarly to measurements before drying.

Next, measurements were made of the angle of the quarter. Measurements were carried out with a
goniometer-quadrant at five points.

During the study, the following tasks.

1. To establish the dependence of the deviation of the angle of the inner quarter of the element from
its original position.

2. To determine the allowances for the processing of the corner element at different percentages of rot
in round assortments.

3. Toidentify the difference in the values of the deviations of the angle of the inner quarter during drying
with and without pressure.

4. To establish the validity of the assumption that during drying it will look as shown in Fig. 5.
5. The experimental plan is presented in Table. 1.

Table 1. The plan of the experiment.

Experiment number Drying method Width b, mm
1 20
2 With pressure 30
3 37
4 Without pressure 37

Based on the results of measurements of the deviations of the angle of the quarter of the sample, a
statistical analysis of the deviations of the angle of the sides of the quarter from straightness was performed.
According to the statistics obtained, we found the minimum number of measurements for the necessary
security of the arithmetic mean of the deviations. Next, we found the regression equation for the change in the
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deviation of the quarter angle depending on its width. The equation is obtained as a result of a multivariate
experiment. The output parameter is the deviation of the quarter angle of the corner element. The output
parameter is influenced by the wood species, the location of the element in the round assortment, the direction
of the annual rings, the age of the tree, the presence of defects, the shape of the blanks, the conditions and
place of growth, the anatomical structure of the wood, the percentage of moisture in the wood, the nature of
the treatment, the mode and technology of drying, the condition inter-row gaskets and the location in the stack.
Controllable factors: quarter size b1 = 20 mm; bz = 30 mm; bz = 37 mm, drying method (with or without
pressure). Factors with a constant value: drying mode and temperature of the drying agent, the direction of
the annual rings, the shape of the blanks. Disturbing factors that are not controlled: presence of defects, age
and anatomical features of wood, percentage of wood moisture. Checked the adequacy of the mathematical
model.

3. Results and Discussion

Before drying, the moisture content of the wood samples was changed. The results of changes in wood
moisture are given in Table. 2.

Table 2. Moisture values of wood samples before drying.

Sample Quarter size, Sample Number of humidity measurements, Average
number b, mm condition W. % hsuiq?gil'g/,

1 2 3 4 W. %
1 17.2 17.3 18.4 19.2 18.02
2 16.4 18.3 15.6 17.1 16.85
3 fixed 17.3 18.6 17.8 16.2 17.47
4 20 15.8 16.5 18.7 18.4 17.35
5 18.4 17.3 16.3 17.7 17.42
6 19.3 18.6 18.2 17.3 18.35
7 16.5 17.3 18.7 15.6 17.02
8 16.8 16.3 17.1 16.3 16.62
9 16.7 17.1 17.0 16.8 16.90
10 14.5 14.8 16.3 15.2 15.20
11 fixed 15.2 175 16.4 15.8 16.22
12 30 14.8 15.3 17.1 16.6 15.95
13 16.7 17.1 17.0 16.8 16.90
14 145 15.7 17.4 15.2 15.70
15 15.2 175 175 15.8 16.50
16 16.3 15.3 17.1 16.7 16.30
17 19.3 22.5 21.4 20.2 20.85
18 19.1 20.4 21.3 21.6 20.60
19 fixed 19.3 21.3 20.3 19.7 20.15
20 37 18.3 21.8 22.2 19.8 20.52
21 19.3 23.4 21.4 20.7 21.20
22 20.6 20.4 21.3 21.6 20.97
23 18.8 22.5 22.6 20.2 21.02
24 21.3 20.4 23.6 21.6 21.72
25 17.2 22.5 23.2 20.4 20.83
26 17.4 19.6 23.2 21.1 20.35
27 not fixed 18.3 22.3 24.5 19.7 21.20
28 37 19.5 18.5 22.4 22.4 20.70
29 16.8 23.1 23.2 19.7 20.70
30 17.6 19.6 21.9 20.3 19.85
31 18.1 22.8 22.7 20.7 19.85
32 16.5 19.6 22.1 21.2 21.07

Analysis of the moisture content of the wood samples before drying shows that the moisture content of
the wood is in the range from 15.2 to 21.7%. This humidity is pre-matured indoors wood.
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Next, the samples of the angle profile were dried. The results of measurements of wood moisture after

drying are given in table. 3. The moisture parameters of wood correspond to the results of studies in
publications [26—-33].

Table 3. Moisture values of wood samples after drying.

Sample Quarter size, Sample Number of humidity measurements, Average
number b, mm condition W. % hsu?rr:glt(;

1 2 3 4 W, %
1 5.3 5.1 5.8 6.2 5.60
2 8.5 8.3 9.2 8.8 8.70
3 fixed 6.2 5.3 6.2 5.8 5.80
4 20 6.7 4.8 55 6.6 5.90
5 8.3 8.3 9.6 7.8 8.20
6 5.3 5.3 6.2 5.8 5.70
7 3.3 5.3 6.7 5.3 5.60
8 4.9 4.9 5.8 6.2 5.80
9 5.2 5.0 5.3 5.3 5.25
10 5.5 5.3 5.8 5.8 5.72
11 fixed 6.1 5.0 5.3 5.3 5.47
12 30 5.5 5.3 6.1 6.1 5.80
13 5.3 5.3 5.8 5.8 5.80
14 5.2 4.9 5.3 53 5.20
15 5.0 5.1 6.1 6.1 5.60
16 5.5 5.6 5.6 5.6 5.70
17 5.3 5.3 5.5 6.0 5.50
18 4.8 6.0 6.5 6.3 5.80
19 fixed 5.6 5.3 5.5 5.8 5.50
20 37 6.5 7.2 6.2 6.5 5.60
21 5.6 5.3 5.5 5.8 5.50
22 6.1 7.5 8.2 6.1 6.90
23 5.7 6.0 6.6 5.7 5.90
24 5.6 5.3 5.5 6.0 5.60
25 4.9 5.2 5.1 5.0 5.05
26 5.5 5.7 5.6 5.5 5.60
27 not fixed 6.0 5.5 5.2 5.8 5.60
28 37 5.5 7.5 5.3 6.3 6.10
29 7.2 5.3 5.0 5.3 5.70
30 6.3 6.3 5.6 7.1 6.20
31 5.7 8.3 5.1 6.5 6.20
32 6.1 4.6 5.2 5.2 6.40

The moisture content of the wood samples after drying is in the range of 62 %. To determine the
boundaries of the values of the deviations of the angle of the sides of the quarter for such a value of the final
moisture content of the wood, we performed an estimated calculation of these values by the formula (5).

The final moisture content of the wood samples was taken equal to 6%. Wood density of the samples
is 400 kg/mé. The coefficient of radial shrinkage was calculated by the formula: Kr = 0.01p/Ws= 0.01
400/30 = 0.13. Tangential shrinkage coefficient: Kt = 0.018p/Ws = 0.018 400/30 = 0.24.

We have obtained value a2 — a1 at b = 20 mm:

oy = 20.11 75_arctg@_20arctg@ =0.048,

then bending value will make:
b’AW(ary —cq) 15070240048
4S 455

b = =1.18,mm
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We have obtained value a2 — a1 at b = 30 mm:

oy —oy =% 75arctg 150 —30-arctg 150 =0.034,
150 275 230

then bending value will make:

b*AW(ap—q) _150°0.240.034

b = =1.02,mMm
4S 455
We have obtained value a2 — a1 at b = 37 mm:
oy —oq =% 75arctg@—37-arctg@ =0.024,
150 2:75 237

then bending value will make:

b®AW(ap—cq) _150°0.240.024

A= 4S 455
The calculations show that the magnitude of the transverse warpage will have a value of about one
millimeter.

=0.87,mm

The required number of measurements was determined. In the calculation, the data of the fourth
experiment were used, since the largest value of the mean square deviation is observed there. The formula
for finding the minimum number of measurements:

£.5)?
Mmin :[Xj J ®)

where Sis mean-square deviation; t is Student criterion; A is set confidence probability.

With a confidence probability of 0.95, the number of samples will be 7.35. We accept 8 samples for
each experiment.

Further, for each sample, the angle of deviation of the sides of the quarter from the right angle was
measured after drying. We performed a statistical analysis of the angle deviation for samples of each quarter
size and the state of the sample during drying (with fixation and without fixation). In addition, the necessary
allowance was calculated to straighten one side of a quarter of the sample after drying. Statistical indicators
are given in Table. 4.

Table 4. Statistical indicators of the deviation of the angle of the sides of the quarter of the
samples.

Sample  Quarter size, Sample Statistics
number b, mm condition f’ S W, S, ¢ S K,
degrees  degrees % degrees mm
1 20 fixed 1.25 0.43 34.40 0.15 12.24 0.108 0.6
2 30 2.37 0.48 20.25 0.17 7.20 0.120 1.0
3 37 3.25 0.43 13.23 0.15. 4.70 0.108 1.6
4 37 not fixed 4.87 0.59 12.29 0.21 4.34 0.140 2.5

Designation: Y is arithmetic mean of the angle deviation; Sis mean square deviation; v is variation
coefficient; S is arithmetic mean error; £ is arithmetic mean accuracy indicator; Sis standard deviation error;
K is the amount of machining allowance on one side of the quarter.

The required prerequisites for statistical analysis are the normality of the distribution of the output value
and the homogeneity of the variances of the experiments. The homogeneity of the dispersions of the
experiments was checked with uniform duplication by G is Cochren criterion. For this, the calculated Gealc is
ratio was calculated by the formula:

2
Shax
Gy = , 9
e S +S5+...+S ©
2 2

Where § ,Sz,...S,%, are variance of experimental values 1, 2, N; S,%ax is maximum dispersion value.
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According to the selected level of significance, the number of degrees of freedom and the number of

experiments, we obtain the value Gtab. If Geaic < Gtan, then the hypothesis of homogeneity of variances is
accepted.

Check the adequacy of the regression model. Checking the adequacy of the mathematical model
answers the question of whether the constructed model of the output quantity with sufficient accuracy.

Let N be the number of series of parallel experiments, N is the number of duplicated experiments in
every series, P is the number of estimated regression coefficients of the mathematical model. We have

determined the sum of the squares characterizing the adequacy of the model Sig. With uniform duplication,
we calculate it by the formula:

N 2
Sa=nx(%-y) (10)
j=1
where 9j is average value of experimental results in the j-th series of duplicated experiments; j = 1, 2,... N;

)A’i value of the output value calculated by the regression equation for the i-th main experiment.

After the calculations, we obtained Syg= 0.42. We calculated the value of F - Fisher criterion and
compared it with the table value. Its value is 1.62. We compare the calculated Fcaic and tabular Fiap of the

value of Fisher criterion. The calculated value should not exceed the table value. Fcaic, <Ftap1.62 <4.32. Thus,
we proved that the chosen mathematical model is adequate to the experimentally obtained values.

Based on the data obtained, a point graph, a trend, and a model corresponding to the trend were
constructed. A graph of the deviation of the angle of the sides of the quarter element for different sizes of the
quarter is shown in Fig. 6. The dependence of the deviation of the angle of the inner quarter, depending on its
width, is described by a regression equation of the form:

y =0.043x? —0.1013x+1.57 (11)
R°=1
4
35
3 | /»3.25

/f 37

the deviation of the angle, degrees

15 | Jfff/, 1
0.5 I
15 20 25 30 35 40
width B, mm

Figure 6. Diagram of the deviation of the angle of the side of the quarter from its width
B is quarter width, mm.

The values of the discrepancies in the calculation results of the deviation of the angle of the sides of the
quarter of the element from straightness for different sizes of the quarters obtained theoretically and
experimentally are given in Table 5.

Table 5. The values of the discrepancy in the results of calculations of the deviation of the angle
of the sides of the quarter from straightness.

Central rot Quarter side S B, by, K, Difference
COF:;Oent, bs'ze: mm mm mm mm between K and
. mm bk, %
21 20 55 150 1.18 0.6 96.9
31 30 45 150 1.02 1.0 2.0
38 37 37 150 0.87 1.6 84.0
38 37 37 150 0.87 2.5 187.0
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Designation: Sis the size of the remainder of the bar after removing the quarter; B is width of the sides
of a four-edged bar; bk is bending value; K is machining allowance.

Analysis of the data given in Table 5 and the research results [34, 35] shows that the formula for
calculating the magnitude of the transverse warpage (5) in the case of drying samples of elements of the
angular cross section is not applicable. The experimental data indicate completely different trends in the
magnitude of the deflection and the deviations of the sides of the corner bar from straightness. The cross-
sectional shape of the bar after drying is shown in Fig. 7.

Figure 7. Cross-sectional shape of the bar after drying:
A and B - sides of the selected quarter; a - the angle between the sides of the quarter, deg.

The results of the studies show the absence of theoretical provisions for justifying the relationship
between the deviation of the quarter side angle and various factors during drying, therefore, further studies
are required for high-quality drying of the bars of the angular cross section.

4. Conclusion

Analyzing the results, we can draw the following conclusions:
1. The cross-sectional shape of the samples has changed as we expected.

2. Itis impossible to consider a section of a bar of an angular cross section as two rectangles that are
the continuation of the boards, conventionally cut from the round timber.

3. The calculation of the deviations of the angles of the side of the quarter bar of the corner cross-
section by analogy with the calculation for calculating the amount of transverse warpage for boards will lead
to incorrect results.

4. The amount of warping of the pressed samples is much smaller than that of the samples subjected
to drying without pressing.

5. The allowances for the machining of dried non-pressed bars are significantly higher than for dried
pressed bars.

6. The magnitude of the deviations of the angles of the side of the quarter of the bar of the angular
cross section increases with increasing size of the quarter.

7. The angle of the quarter side after drying the bars with an angular cross-section deviates by 2—3°
and is 92-93°.

8. The optimal size of the core (central) rot should be 30-35 % of the diameter of the round assortment
at the top. Such rot sizes at the corresponding quarter sizes do not lead to significant machining allowances.

9. ltis possible to dry wooden corner elements for the manufacture of beams of load-bearing building
structures to operating humidity without significantly changing their shape.
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