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Abstract

In this article using the principles and relationships governing fracture mechanics and finite elements cracking in the first
mode for reinforced concrete beams reinforced with FRP sheets are analyzed and modeled. In this method to simulate the
crack in reinforced beams, the relations for determining the stress intensity coefficients with the presence of rebars and
reinforcement sheets are developed. Here, it is assumed that a composite sheet is completely bound to the bottom surface of
the beam under pure bending moment. In the proposed method beam components are divided into two categories, including
components without cracks and components with cracks. In components without cracks, relations, equations, and the
conventional stiffness matrix governing the beam are used, taking into account the changes in the moment of inertia caused by
the presence of reinforcements and FRP sheets. In the finite component with a crack, the crack profile is simulated by creating
a geometric defect in the beam section. So that the reduction in the hardness of the component with a crack is equivalent to the
change in the dimensions of the discontinuity. Here, the changes in the hardness of the cracked component are calculated and
presented as a function of the modified stress intensity coefficients. To ensure the correctness and accuracy of the presented
method, all the analyzes are implemented in Abaqus software. The comparison of the obtained results shows that the
presented method is a suitable method for the analysis of reinforced concrete structures resistant to cracking. So that it can be
extended and developed for other models with proper accuracy. © 2017 Journals-Researchers. All rights reserved.
(DOl:https//doi.org/10.52547/JCER.5.1.1)
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to repair, rebuild or replace damaged structures all
over the world. So that millions of dollars are spent
annually to repair and replace these structures. In an
official statistic, the cost of repairing damaged rebar
corrosion and cracking of reinforced concrete

1. Introduction

Many cracked reinforced concrete structures

suffer from basic damage and crack growth due to
contact with corrosive factors and cyclic loading until
finally the effects of complete failure and exit from
access appear in them. This issue causes a lot of costs

structures in the United States is estimated at 1 to 3
trillion dollars. In different regions of Iran, the
destructive effects of crack growth and, as a result,
the effect of corrosive factors in the foundations and
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beams of bridges, dams, reinforced concrete
channels, etc., cause heavy costs for the restoration
and reconstruction of these buildings. Using epoxy
coating on steel parts and rebars, injecting polymer
into concrete surfaces and cathodic protection of
rebars are some effective techniques to prevent the
growth of cracks and corrosion of steel in concrete.
Research results show that each of these techniques
has been only partially successful. Today, researchers
have proposed the idea of replacing steel parts and
steel bars with new materials that are resistant to
stress concentration caused by cracking and erosion
of reinforcements. The use of new materials,
especially composites instead of steel, has been
highly favored by researchers in the last decade.
Composites consist of an adhesive material (mostly
epoxy) and an appropriate amount of fibers. These
fibers may be carbon, glass, aramid, etc., the
composite obtained with these fibers is called AFRP,
GFRP, CFRP respectively.

1.1. Cracking in concrete structures reinforced with
rebar

One of the first studies on the modeling of reinforced
concrete structures using the finite element method
was done in 1973 by Krishnamoorthy [1] and by
presenting a computer program to investigate the
behavior of a reinforced concrete frame. Next,
Zdenek et al [2] presented an analytical model based
on the determination of structural stresses using
previous methods to calculate the elasticity of
cracked reinforced concrete beams. Since the
nonlinear behavior of these structures has a special
role in static and dynamic analysis, Hu and William
[3] conducted one of the first studies on the nonlinear
analysis of cracked reinforced concrete structures in
1989. A suitable and efficient model for modeling
these beams is to use the torsion spring model. This
method can even be generalized to model cracking in
structures with fiber concrete reinforced with FRP
sheets, which was presented by Krawczuk [4] in
1995. In this method, by determining the stress
intensity coefficients, the stiffness of the torsion
spring is determined and corrected. The use of stress
intensity coefficients to model the behavior of
reinforced concrete structures with cracks was
strongly considered by researchers, so studies in this

field have continued until now and extensive research
has been done on this topic [11-5]. With the progress
of science, many numerical methods based on
Computer programming have been developed for
modeling cracks in reinforced concrete structures and
in the field of analyzing the behavior of these
structures [12-16].

1.2. Cracking in concrete structures reinforced with
FRP sheet

Due to the excellent resistance of FRP composites
against corrosion and cracking, these materials have
been highly regarded by researchers. So that there
have been extensive studies on the modeling and
analysis of cracked reinforced concrete beams with
the application of FRP sheets [17]. These studies
show that the bending strength and fatigue life of the
cracked concrete beam increases greatly after
strengthening with reinforcement sheets. In their
studies, Biokosturik and Hernig [18] theoretically
proved that the vyield of concrete beams after
strengthening by FRP sheets is significantly reduced.
Recently, the research conducted by Ardini and Nani
[19] prove that by using reinforcement sheets, the
final bending capacity and the stiffness of concrete
beams with a rectangular cross-section can be
significantly increased. Tammy et al. [20] and Zhi
and Gerstel [21] investigated and presented cracking
propagation in a beam under three-point bending
without strengthening methods. They proved that
these theoretical predictions cannot be extended to a
strengthened beam. Talgestin [22] and Terin Taflo
[23] introduced methods to solve stress problems in
FRP-reinforced concrete beams. They focused on
determining the shear stresses and stresses that lead
to the separation of the epoxy material. In these
studies, it was found that the modulus of elasticity,
thickness, and geometry of the reinforcement sheet
affect the maximum shear stress and stress in the area
of the glued sheet. In the current studies, if the crack
is located in the middle of the beam, a common
method for determining the tensile stresses of the
sheet has not been provided. Therefore, it is
necessary to provide a simple method to determine
the stresses on the FRP sheet in order to evaluate the
resistance of the sheet to prevent the propagation of
cracks. Composites are widely used as a new
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advanced material in strengthening cracked concrete
structures. While these materials are light in weight,
they have high tensile strength and hardness. They
also have high fatigue resistance against cyclic
loading. Since concrete is a material with low tensile
strength (about 1/10 of the ultimate compressive
strength), the need for a reinforcing member to
overcome this limitation is always felt. In this article,
the effects of using FRP reinforcement members on
the yield of cracked concrete beams are discussed by
presenting a theoretical method. The use of
composite reinforcement sheets causes geometrical
changes in the beam section and consequently
changes in the formulation for determining stress
intensity coefficients and correcting the moment of
inertia of cracked and uncracked sections. In this
method, assuming the existence of a composite sheet
on the lower surface of the beam, the relations of
stress intensity coefficients are developed for this
state. Using these modified stress intensity
coefficients, crack modeling is done based on the
creation of a geometric defect in the beam section.
Finally, using a finite element method, the cracked
reinforced concrete beam reinforced with FRP sheets
is analyzed in static mode and its results are
compared and verified with the simulations
performed in Abaqus software.

2. An overview of previous research

One of the accurate and basic methods for analyzing
beams with cracks is using the principles of fracture
mechanics and  determining  stress intensity
coefficients. In general, this method is based on the
changes of strain energy and the changes of the
second moment of the surface, before and after the
creation of the crack. In this method, first, the
geometric characteristics of the crack are simulated
by reducing the cross-sectional area of the beam
according to Figure (1). Then, the released energy
rate is calculated due to the strain energy changes in
the complete and cracked section.

In this method, the released energy is related to the
values of stress intensity coefficients based on the
relationship proposed by Erwin [25-24]. This
coefficient for a beam with a rectangular section

under pure bending is obtained from equation (1).In
this method, the released energy is related to the
values of stress intensity coefficients based on the
relationship proposed by Erwin [25-24]. This
coefficient for a beam with a rectangular section
under pure bending is obtained from equation (1).

L}
El, El, El,
el
L

e X
Figure 1- Reducing the cross-section of a cracked beam with
changes in the moment of inertia
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where Kr is the stress intensity coefficient of the
beam under bending moment, M is the bending
moment, b is the thickness of the beam, E is the

modulus of elasticity, {o is the moment of inertia of

the cracked section and /¢ is the moment of inertia of
the cracked section.

By creating a deep link between the principles of
fracture mechanics and the finite element method,
this model can respond to the static, vibrational,
buckling, and dynamic behaviour of composite
structures with cracks. Since reinforced concrete
structures are among the composite materials, as a
result, the present method seems appropriate for the
analysis of these structures. The relations presented
by Kinzler [26] for calculating stress intensity
coefficients were developed by Yokoyama [27-28]
and Rice [29] as follows.

)

K =M \Jlb_fu I, 1 equation (1-2)
oM __ -
Ky = 5z VIaFy(§) 0§06, =+

Wogﬂ +0.199 [1 —sin (%‘f)r

Fy(§) = [[—)tan 3
A g 2 cos (n_f)
equation (2-2)
3.99M
,0e=<f<1

K, =——
™ phyR(1—2)3
equation (3-2)
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where a is the depth of the crack, h is the height of
the beam, and is defined as the ratio of the depth of
the crack to the height of the beam.

Although extensive studies have been conducted on
cracking in unreinforced beams and beams reinforced
with steel reinforcements, limited research was done
in the field of strengthening cracked beams by
external reinforcements. A model for analyzing the
problems of fracture mechanics of steel-reinforced
concrete beams is the use of the stress intensity
coefficients method, which was first presented by
Carpentry [30]. In this method, the stress intensity
factor in the reinforced concrete beam is determined
by two independent factors. The stress intensity
coefficient is caused by the external force (KM) and
the stress intensity coefficient is caused by the tensile
force of closing the rebars (Fs), which is denoted by
(KF). As a result, the stress intensity factor for the
cracked reinforced concrete beam reinforced with
steel bars is presented as follows.

K;= Ky — K¢ equation (3)

3. Crack modeling formulation in reinforced
concrete beams reinforced with FRP sheet

In this method, one-dimensional finite elements
are used to model cracks in reinforced concrete
beams reinforced with FRP sheets. The limited
components of the beam are divided into two
categories as shown below. The first category is
components without cracks, which are simulated with
finite elements equivalent to reinforced concrete and
FRP sheet. These components are considered once
using the transformed section method, integrated with
the modulus of elasticity of concrete and by
increasing the cross-sectional area at the place of the
reinforcements. And once again, the cross-section of
FRP sheet is equated with concrete and finally, they
are considered as a single cross-section. The second
category is the finite component with a crack, which
is equated using a geometric defect. Due to the
presence of a crack in this limited component, the
cross-sectional area of the beam at the place of the
crack decreases as much as the depth of the crack.

1 ' 1
U:—fgx'ade—bU:—

The schematic representation of this category is
presented in figure (2).

-
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Figure 2- Cracked and uncracked finite elements in reinforced
concrete beam reinforced with FRP sheets

3.1. Formulation of finite element method for non-
cracked components with FRP sheet

The finite element method for non-cracked
elements is investigated according to the Euler-
Bernoulli beam theory. So that the basic equations
can be defined by ignoring the effects of shear force
and rotational inertia in the form of relations (4-1)

and (4-2).
du _ dug #w  duy 8w
= = — - —= — =7 —
* Ar Ax Ax® ' Ax 0 Ex z Axt
equation (4-1)
du | dw _ 0 u=u 7 dw
rE A= P -0 A

equation (4-2)

where &, is the axial strain, u is the axial
displacement, w is the vertical displacement and ¥,
is the shear strain.
According to equations (4-1), the structural equations
for an elastic Euler-Bernoulli beam are defined as
equation (5).
2w
2

g, =Ese, —» g, =—F equation (5)

dx
where %x is the axial stress and E is the modulus
of elasticity of the beam.

In the Euler-Bernoulli beam theory, one-
dimensional finite elements are used to analyze the
finite elements of beams. The stiffness matrix of the
beam without cracking is determined using the
potential energy equation according to equations (4)
and (6).

Le Fw_ . *w
f El,( Y (=—)dx,w =[N]u
ax?

2 2 Jy dx?

equation (4)
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where U is the potential energy, l,is the length of
the element and N is the function of the Hermitian
shape according to []. By placing relation (5) in
relation (4), the stiffness matrix of a limited
component of the beam is obtained, which can be
generalized for other components.

lg
Ky = Ezgf [N“1T [N""]dx
0 equation (6-1)

12 6, —12 6l,
_EL| el 4.° -6l 2L°
0T B |-12 —-6l, 12 —6l,
6l, 21,° —e6l, 4L°

equation (6-2)

where K, is the stiffness matrix of a finite
component of the beam without cracking.

What is important here is the changes in the
moment of inertia caused by the presence of
reinforcing armatures and FRP sheets in the structure.
whose effects should be considered in relation (2-6).
For this purpose, the idea of a transformed cross-
section according to Figure (3) is used. In this
method, the cross-section of the reinforced concrete
beam with a compressive area above the neutral web,
and a tensile area below the neutral web, equals 74- 1
to the cross-sectional area of steel and n,- 1 to the
cross-sectional area of the FRP sheet. As the
compressive strength of concrete is known, according
to lIran's concrete regulations, the modulus of
elasticity of concrete is determined according to
equation (1-7).

3
Ye\2
E. = (330{]& + 6900) (E) equation (7-1)

ES
n, =— i -
1 E, equation (7-2)
_ EF?‘p equation (7-3)

Here, ™1 and ™z are the ratio of the elasticity
coefficient of steel to concrete and the ratio of the
elasticity coefficient of composite to concrete,
respectively.

I——-+ ]
(h—dge) + tr,.,,/Z AFrp(nZ -1
b
Figure 3- The transformed section of the reinforced concrete
beam standard

According to Figure (3), the location of the neutral
web and the modified moment of inertia in the beam
reinforced with reinforced concrete and FRP sheet in
the uncracked state are determined according to
relations (1-8) to (3-8):

h
— - (7) + (A-"?'p(nz - 1)d-"?‘p)

¥ = equation (8-1
Yorry bh+ Apyp (1, — 1) Auation (8-)

h
bh (7) + (A (1 — Ddic) equation (8-2)

Yore =T ph+ A (n, — 1)
bR h e
IOFrp = E + bh(E - yORc) + As(nl - 1)(dRC - yORC)

+bh(5 - 3_’0Frp)2 + Aprp (ny — D) (dprp — }_’oprp)z

equation (8-3)

where i,__is the location of the neutral web in the
reinforced concrete beam without cracks, Iy is the
moment of inertia of the reinforced concrete beam
without cracks, A, is the cross-section of the beams,
dge is the distance between the reinforcements and
the upper web of the beam, ,__ is the location of the
neutral web in the beam reinforced with FRP sheets
in the state without Crack, Ag.., is the cross-section
of the composite sheet and Dg,, is the distance
between the sheet and the upper web of the beam.
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By inserting the equation (3-8) into the equation (2-
6), the stiffness matrix of the components of the
reinforced concrete beam without cracking is
presented according to the equation (9).

12 6, —12 6l
ket = @ 6l, 41,>° —el, 2L°
Orp TR |-12 —6l, 12 -6l
6l, 21> —6l, 4l°

equation (9)

3.2. Formulation of finite element method for the
cracked finite element with FRP sheet

The implementation of the finite element method
for the cracked (enriched) finite element is done
according to the reduced cross-section method
according to Figure (4).

// El, Lj El,
[ 1

Figure 4- Reducing the cross-section of a reinforced concrete
beam with a crack

By reducing the cross-section of the beam, the
location of the neutral web and the moment of inertia
of the reinforced concrete section at the crack
location are shown in figure (5).

fe

il
Fe

dFrp dRr _7c/3

fe s)
— I il
. T2Arp | Ferp
b
Figure 5- Cracked transformed section

As a result, by rewriting the relations (8-1) to (8-
3), the location of the neutral web and the moment of
inertia of the cracked reinforced concrete section in
the state that they are reinforced with FRP sheet, are
determined as relations (10-1) and (10-2).

h—a
B b(h—a) +— equation (10-1)
Vepe = b(h—a)
b}_’,_ﬁ = 2 .32
]c,—,,, =T+ A (dpe — Ve)° + nZAH‘p(dh'p - ¥c)

equation (10-2)

where 7. is the location of the neutral web in the
reinforced cracked beam and I, is the moment of

inertia of the reinforced cracked reinforced concrete
beam.

By placing the moments of inertia extracted for
healthy and cracked sections, according to relations
(2-10) and (3-8) in relation (1), stress intensity
coefficients for cracked reinforced concrete beam
with composite reinforcement sheet are determined as
relation (11).

M 1

K =307

M 1
b by’
3

= 2
5+ A (dpe — Fo)? + npApyy (deyp — 72)

equation (11)

After determining the modified stress intensity
coefficients, the crack-equivalent discontinuity can be
replaced by a torsion spring. So that the reduction of
the stiffness of the cracked area is equated with the
reduction of stiffness and the increase of the torsional
moment of the torsion spring. As a result, the degree
of softness of the torsion spring is presented as a
function of the stress intensity coefficient in the form
of equation (12).

1 2b(1—-v*) [* Ky,
= d
E fu( v ) da

M=KS_

equation (12)

where Ay, is spring softness, k¢ is spring stiffness, v
is Poisson’s ratio and K is the corrected stress

intensity factor for the reinforced section. By
inserting equation (10-2) into equation (6-2), the
reinforced stiffness matrix of the cracked component
of the reinforced concrete beam is presented
according to equation (13).

12 6l —12 61,
X _Elpy| 61, 42 —6l, 21
Cp T3 |12 -6l 12 —6l,
6l 202 —6l, 42

equation (13)
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where [, is the length of the cracked area. The
stiffness matrix of the standard reinforced concrete
components in the reinforced state with the
composite sheet is combined with the stiffness matrix
of the cracked limited component, which finally
forms the final stiffness matrix of the structure.

4. Discussion and results

In this section, to check the accuracy and
correctness of the proposed model, the behavior of a
reinforced concrete beam with a crack is tested in the
form of a practical example. So that the changes in
the depth and location of the crack on the elasticity of
the elastic beam are investigated and its values are
verified with Abaqus software.

4.1. Model specifications

A reinforced concrete beam with a crack and
reinforced with a composite sheet with assumed
geometric and material specifications according to
Table (1) is examined under simple two-end
boundary conditions. The crack in the tensile web of
the beam is assumed to be constant along the
thickness. Crack depth changes from zero to 6.0
height and crack location changes in the area between
0.05 — 0.95 beam length are investigated.

Table 1- Features of the reinforced concrete beam with cracks

L=4m derp = 03m E. = 2.5e10 N/m*
=0.35m A; = wD?/4m? 7, = 2.0e1l N/m?
b = unit Ar,, = 0.00113998m* | E,, = 2.6e11N/m’
tr,, = 0.0011398 m % —0.0—06 v, = 0.25
Dy, = 3022 m o _ .05 - 0.95 v, =03
dp. = 0.27m q=fwa=4e6N/m Vepp = 0.3

4.2. Verification of crack depth changes

To check the accuracy and efficiency of the proposed
model, a reinforced concrete beam reinforced with
FRP sheet under the mentioned boundary and
geometrical conditions is considered. First, by

assuming the location of the crack in the middle of
the beam to be fixed (“’;—” = 0.5), the deflection

changes caused by the increase of the crack depth
from zero to 0.6 height of the beam are investigated
according to Figure (6) for the reinforced concrete
beam under SS-SS boundary conditions.

! L L. ’ L L L i L 1
0 o1 02 03 04 05 08 07 08 08 1

(x/L) i Llai ol

Figure 6- The effect of crack depth on the yield of the reinforced
concrete beam (SS-SS)

To ensure the accuracy of the presented model, the
obtained results are compared and validated with the
simulation results in Abaqus software according to
Table (2).

Table 2- Static analysis of reinforced concrete beam with a crack
in the middle, under SS-SS boundary conditions with changes in

crack depth
_ -0.03629 003487 | 1.49929
0.1 | -0.03705 -0.03588 2.329163
02| -0.03882 003797 | 3.327761
0.3 | -0.04436 -0.04426 5.115812
04 | -0.04992 004942 | 4.58037
05| -0.06400 006164 | 1581803
_- 0.6 | 0.083524 -0.09341 5.506505

The results from table (2) show that up to a depth of
0.5 beam height, the modeling error is around 4%.
The error growth at depths greater than 0.5 is caused
by the nonlinear behavior of concrete and steel, the
effects of which are not considered in this research.
The validation results show the appropriate accuracy

2023-vol5(1)-p 1-9
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of the presented method in the static analysis of the
elastic-reinforced concrete beam with cracks.

4.3. Checking the changes in the place of crack

In this review, the accuracy of the proposed model is
checked by assuming a constant crack depth (a/h=0.3,
0.5) and changing the crack location between -0.05 to
0.95 beam length, according to Figure (7).

| ==y ¥ (a/h=0.9)
| —a— _wsrtl (a/h=0.3)
| —0— il g\ (a/h=0.5)
| o1 (@/1=0.5)

.(;!L)); W W
Figure 7- The effect of crack location on the deflection of the
reinforced concrete beam (SS-SS)

Examining Figure (7) shows the appropriate accuracy
of the presented method, so that it can be seen that
the curves related to the results of finite element
modeling and abacus completely coincide with each
other. In this case, the reason for the error of 5.5%
seems to be not considering the effects of the shear
force in the assumptions of the Euler-Bernoulli beam
theory, which is negligible.

5. Conclusion

In this article, the static behavior of the cracked
reinforced concrete beam reinforced with FRP sheet
has been analyzed and investigated. The analysis
performed is based on the improvement of the finite
element method and by dividing the beam
components into two categories. The first category is
the standard non-cracked components that are
modified based on the modification of the moment of
inertia caused by the presence of rebars and
composite sheet with the converted section method.

The other category is the finite element with a crack,
which is modeled using the reduced section method.
Using the provided relationships, the stiffness
matrices of the standard and cracked components are
modified and the final stiffness of the cracked
structure is determined. In the current study, the
effects of the depth and location of the crack on the
yield of the beam were investigated and the results
were validated. Comparison and analysis of the
obtained results show:

A) The changes in rise caused by the depth of the
crack in the range of less than 0.1 beam height have
not been taken into account due to the lack of
influence. Also, due to the non-linear behavior of
concrete in a range greater than 0.6 beam height, the
changes in creep due to the depth of the crack are not
considered in this area.

B) The comparison of the obtained results with
changes in crack location and depth showed that the
proposed new solution for modeling cracks in
reinforced concrete beams using the finite element
method is acceptable with appropriate accuracy.

C) As the depth of the crack increases, the amount of
deflection of the beam always increases. This
increasing process gains more momentum from the
depth of 0.4 height so that with small changes in the
depth of the crack, the rise increases greatly.
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Abstract

Multi-level Pipe Damper (MPD) recently proposed by the authors is a passive control device to reduce the seismic vibration.
In this research, seismic response of steel structures equipped with MPD is studied. To evaluate the effects of the proposed
damper, typical 8 story steel buildings are modeled and their seismic responses under three earthquake excitations are
investigated using dynamic nonlinear time-history analyses by ETABS program. Results show the effectiveness of MPD to
altering the seismic response of the structures. Moreover, using MPD decreases the structural and nonstructural damages
noticeably by limiting the inter story drifts because of the secondary hardening branch of force-displacement respectively
proving the effectiveness of the proposed damper as a retrofitting technique for structures at high seismic risk areas. © 2017

Journals-Researchers. All rights reserved. (DOI:https//doi.org/10.52547/JCER.5.1.10)
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1. Introduction

Severe earthquakes impose noticeable amount of
input energy to structures and cause structural and
non-structural damages. Besides, most structural
elements show stiffness and strength degradation and
low inherent damping ratio during the first cycles of a
seismic excitation. So, utilization of new tools and
equipment is inevitable to avoid these defects by
concentrating on the plastic deformation in some
controlled locations in building structures. Using

metallic yielding dampers is one of the effective and
economical manners to improve the seismic
performance of structures by limiting the seismic
forces like a fuse and dissipating a major part of input
seismic energy. At first Kelly et al. (1972) proposed
yielding damper as an effective passive control
device. After that many metallic dampers have been
suggested by others such as ADAS device (Bergman
and Geol 1987), TADAS device (Tsai et al., 1993),
and Shear-Panel Damper (Nakashima et al., 1994).
The numerical and experimental research proved that
the above mentioned devices result in seismic input
reduction, increase in the equivalent viscous damping

* Corresponding author. Tel.: +989113927782; e-mail: Lobi_h@yahoo.com.
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ratio and damage decrease. Curadelli and Riera
(2004) conducted research on steel and concrete
frames equipped with metallic dampers. Fragility
curves of the structures show that the failure
probability of the structures may be decreased to 20%
of the initial value by adding external metallic
dampers for the cases studied. In another work,
Oviedo et al. (2010) studied the seismic response of
structure with metallic dampers. Results proved that
buildings with low vyield story drift ratio show the
largest reduction in the inelastic demand. Slit damper
is one of the other metallic dampers. Shape
optimization of the slit damper has been widely
investigated by researchers (Ghabraie et al., 2010;
Houng Xu et al.,, 2011). In addition, Saffari and
Hedayat (2013) offered suitable setting relationships
to achieve proper behavior using several cyclic
testing on 8 samples. In recent years, steel pipes are
widely used to improve seismic behavior of
Concentrically Braced Frames, CBFs. Kafi (2009)
conducted research on the effects of steel pipe to
improve seismic behavior of CBFs. The numerical
and experimental results showed main influence on
the frames ductility and delay in brace buckling.
Hollow steel pipes filled with concrete were
suggested by Maleki andBagheri (2010a) as
hysteresis dampers under shear stresses. According to
their results, stiffness and strength of the pipe
increased linearly with increasing the length but
nonlinearly with increasing the thickness and
reducing the diameter. Steel pipes filled with concrete
showed no ductile behavior caused by concrete
failure while hollow steel pipes had stable hysteresis
behavior and high equivalent viscous damping ratios.
Also, they used pipe damper to improve the seismic
performance of a bridge (Maleki and Bagheri 2010b).
Their numerical results presented a proper energy
dissipation and reduction in the forces transferred to
the foundations of bridges. Another pipe damper
proposed by Maleki and Mahjoobi (2013) was Dual
Pipe Damper (DPD). This damper consisted of two
pipes, welded to the upper part of chevron or
diagonal bracing under the lateral loading to increase
energy dissipation. The results of the cyclic tests on
four samples indicated stable hysteresis curves with a
significant increase in ductility and energy
dissipation. Besides, seismic performance evaluation
and design of steel structures equipped with dual-pipe

dampers were investigated (Mahjoubi and Maleki,
2016). Some steel moment frames of 5, 10 and 20
stories were modeled and their seismic responses
under seven earthquake excitations were investigated
using dynamic nonlinear analyses. The results
showed that the DPD is so effective in dissipating a
considerable amount of the input seismic energy and
reducing the damage. Using two-level control
systems is one of the new methods that attracted the
researchers in the recent years. The significant idea of
these systems is to combine several control systems
with various amounts of strength and stiffness
resulting desirable energy dissipation in various
earthquake intensity levels. Balendra et al. (2001)
proposed two-level passive control system consisting
of a knee brace and a slotted connection. In service
loads, slit connection would create energy dissipation
by friction damping, while in severe earthquakes,
energy dissipation through plastic behavior of knee
member is provided. The concept of multi-level
control system was proposed and improved by many
researchers during the last decade (Hosseini Hashemi
& Alirezai 2010; Zahrai & Rousta 2013). Moreover,
Zahrai and Vosoogh (2013) suggested the dual
system using a combination of vertical link beam and
knee elements. Plastic hinge on the vertical link
within low forces, increased energy dissipation while
plastic deformation of the knee increased the ductility
and energy absorption during extreme forces to
improve seismic performance. Cheraghi and Zahrai
(2016) recently proposed the innovative Multi-level
Pipe Damper (MPD) using two steel pipes. As shown
in Fig. 1, the proposed damper consists of a
combination of nested pipes that could change
dynamic behavior parameters like strength, stiffness
and damping ratio for energy absorption at different
earthquake levels from moderate to severe
conditions. They first investigated numerical study of
the innovative damper and then performed
experimental quasi-static cyclic tests on two samples
showing suitable hysteresis curves up to relatively
large displacements and high ductility. Figure 2
displays the deformed shape of a MPD specimen at
the end of the cyclic test. Hysteresis diagrams show
multi-level behavior with variable strength and
stiffness as expected that can dissipate seismic energy
in different earthquake levels. In other word, at large
deformations, increasing the stiffness was observed
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that seems this behavior can prevent large drifts and
P-A moments in structures subjected to severe
earthquakes. Besides, achieving equivalent viscous
damping ratio of about 19-38% without use of
sophisticated tools is noticeable. In this paper, the
seismic responses of 8 story steel buildings equipped
with proposed dampers are obtained using nonlinear
dynamic time-history analyses by ETABS program.
In addition, IDA analyses are performed to evaluate
the damper effects on promoting the performance
capacity of the frames. Finally, the results are
compared with each other to find the new dampers
efficacy to alter seismic behavior and energy
dissipation.
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2.Numerical Modeling and Analysis

In this paper, to obtain the seismic performance of
steel structures equipped with proposed dampers, 8
story moment resisting steel building are modeled
and their seismic responses under three earthquake
excitations are investigated using dynamic nonlinear
analyses.

First, In order to evaluate the vulnerability of
MDOF structures (multiple degrees of freedom)
under the effect of earthquake and aftershock
sequences, an 8-story building in Tehran of medium
steel bending frame type and type 3 soil by LRFD
method based on the 10th topic of the National
Building Regulations and the 4th edition 2800
standard was designed. These structures have three 5-
meter openings in each direction, and the height of
the floors is 3.2 and the height of the parking lot is
2.7. First, the design of this building according to the
residential use and located on the area with very high
relative risk according to the definition of standard
2800 with the help of software Etabs done. And then
in the A and D frames, Multi-Level Yielding Pipe
Damper ((a) sample 1) was used.

List of designed column sections

Box180x8

Box200x8

Box200x10
Box200x12
Box240x10
Box240x12
Box240x15
Box240x20
Box300x20

List of designed beam sections:

PG-W180x6-F150x8

PG-W180x6-F150x15
PG-W300x6-F150x10
PG-W300x6-F150x12
PG-W300x6-F150x15
PG-W300x6-F150x20

3D view without damper:

13

2D view designed with damper:frame A:
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2D view designed with damper:frame D:

Past studies have shown that in order to achieve a
suitable seismic behavior, the records must be scaled
to the desired risk level. In this research, from 3 The
raw accelerometer that is suitable for the type of soil
is extracted from the data of the PEER site and
according to the instructions of the fourth edition of
the 2800 peer-based standard andscaled and used
And comparisons based on HOLISTER earthquake
were shown in this article.

In Table 1, the characteristics of each of the
earthquake accelerometers and their corresponding
aftershocks are given.

Table No. 1 - Characteristics of earthquake and aftershock
acceleration maps

The name | Station | Great great spead
of the Earthquake aftershocks | shear
earthquake wave
1.HOLISTER | HOLIS | 5.6 55 198

TER
2.Imperial Holtvil | 6.53 5.01 202
Valley e
3.Northwest Jiashi 6.1 5.8 240

o @by

Function Graph

e T R A

Funclion Graph

R

1.Holister earthquake
2.Imperial Vallay earthquake
3.Northwest earthquake
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3.Comparison of the drift distribution of floors

The mentioned building has been exposed to the
seismic sequences of accelerometers introduced in
Table 1 under time history analysis and the changes
The drift of floors is shown in tables 2 and 3. As can
be seen from the graphs related to the drift of the
floors, the use of damper leads to the reduction of the
drift of the structure.

Table2. Relative displacement of floors under earthquake 1
without using damper

Output  Step
Story Case Type

9

ir. Drift

Story 7 EQ1 Max X 0.097923
Story 7 EQ1 Max Y  0.018276
Story 7 EQ1 Min X 0.081789
Story 7 EQ1 Min Y 0.018133
Story 6 EQ1 Max X 0.123716
Story 6 EQ1 Max Y 0.032681
Story 6 EQ1 Min X 0.107888
Story 6 EQ1 Min Y  0.032492
Story 5 EQ1 Max X 0.122161
Story 5 EQ1 Max Y 0.02962
Story 5 EQ1 Min X 0.108304
Story 5 EQ1 Min Y  0.029583
Story 4 EQ1 Max X 0.121894
Story 4 EQ1 Max Y 0.028441
Story 4 EQ1 Min X 0.108955
Story 4 EQ1 Min Y  0.028424
Story 3 EQ1 Max X 0.119638
Story 3 EQ1 Max Y 0.028189
Story 3 EQ1 Min X 0.107224
Story 3 EQ1 Min Y 0.02817
Story 2 EQ1 Max X 0.103495
Story 2 EQ1 Max Y  0.024689
Story 2 EQ1 Min X 0.091843
Story 2 EQ1 Min Y  0.024668
story 1 EQ1 Max X 0.049083
story 1 EQ1 Max Y  0.011208
story 1 EQ1 Min X 0.043623
story 1 EQ1 Min Y 0.011197

4- Comparison of structure periodicity time
and frequency in different modes of the structure

The 8-story building has 24 modes, which are
shown in tables 4 and 5 of the periodicity and
frequencies of the structure in different modes.
The comparison of the above tables shows that the
use of the damper reduces the period of the structure
in different modes.

Table3. Relative displacement of floors under earthquake 1 in the
case of using a damper

Output  Step
Story Case  Type Dir. Drift

Story 7 EQ1 Max X 0.067256
Story 7 EQ1 Max Y 0.015419
Story 7 EQ1 Min X 0.056153
Story 7 EQ1 Min Y 0.015257
Story 6 EQ1 Max X 0.080806
Story 6 EQ1 Max Y 0.02132
Story 6 EQ1 Min X 0.090603
Story6  EQ1 Min \4 0.021276
Story 5 EQ1 Max X 0.096639
Story 5 EQ1 Max Y 0.021438
Story 5 EQ1 Min X 0.085519
Story 5 EQ1 Min Y 0.021409
Story 4 EQ1 Max X 0.091282
Story 4 EQ1 Max Y 0.020917
Story 4 EQ1 Min X 0.096086
Story 4 EQ1 Min Y 0.020921
Story 3 EQ1 Max X 0.099637
Story 3 EQ1 Max Y 0.022223
Story 3 EQ1 Min X 0.095368
Story 3 EQ1 Min Y 0.022305
Story2 EQL  Max X 0.0874

Story 2 EQ1 Max Y 0.019855
Story 2 EQ1 Min X 0.09113
Story 2 EQ1 Min Y 0.019906
story 1 EQ1 Max X 0.046417
story 1 EQ1 Max Y 0.011494
story 1 EQ1 Min X 0.05629
story 1 EQ1 Min Y 0.011486
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Table4.The periodicity of the structure and the frequency due to
the earthquake in the state without using a damper in different

modes of the structure
TABLE: Modal Periods And Frequencies

Mode Period Frequency CircFreq Eigenvalue
sec cyc/sec rad/sec rad?/sec?
1 1.905 0.525 3.2976 10.8742
2 1.753 0.571 3.5852 12.8537
3 1.629 0.614 3.8564 14.8721
4 0.648 1.544 9.6998 94.0859
5 0.627 1.595 10.0201 100.4028
6 0.564 1.774 11.1454 124.2196
7 0.384 2.604 16.3628 267.741
8 0.366 2.729 17.1446 293.9359
9 0.331 3.019 18.9695 359.8415
10 0.278 3.591 22.5627 509.0765
11 0.264 3.789 23.8071 566.777
12 0.247 4.051 25.4509 647.75
13 0.227 4.407 27.6876 766.6035
14 0.217 4617 29.0126 841.7308
15 0.214 4.67 29.3405 860.8638
16 0.184 5.423 34.074 1161.0359
17 0.182 5.498 34.5476 1193.535
18 0.173 5.786 36.3535 1321.5794
19 0.139 7.18 45.1137 2035.2478
20 0.138 7.225 45.3936 2060.5804
21 0.133 7.533 47.3312 2240.2443
22 0.109 9.205 57.8366 3345.0668
23 0.107 9.306 58.4685 3418.5632
24 0.104 9.597 60.2992 3635.994

5. Comparison of the shear force of floors under
the effect of earthquake 1 in the horizontal
direction in the state without dampers

Tables 6 and 7 show that the use of this type of
damper increases the shear force of floors.

6.Conclusions

Results show that the proposed Multi-Level
Yielding Pipe Damper damper is so effective to
improve the seismic behavior of the structures under
all three selected earthquakes. It seems that having a

Table 5. Period of the structure and frequency due to earthquake in
the mode of using the damper in different modes of the structure

Mode Period Frequency CircFreq Eigenvalue
1 1.752 0.571 3.5853 12.8546
2 1.377 0.726 4.5617 20.8088
3 1.219 0.82 5.1552 26.5761
4 0.627 1.595 10.0215 100.4305
5 0.459 2177 13.6805 187.1571
6 0.411 2.434 15.2937 233.8976
7 0.366 2.731 17.1568 294.3571
8 0.278 3.596 22.5955 510.5558
9 0.264 3.789 23.807 566.7731

10 0.248 4.035 25.3553 642.8924
11 0.228 4.382 27.535 758.1781
12 0.223 4.492 28.2254 796.6725
13 0.214 4.669 29.3386 860.753

14 0.182 5.486 34.4688 1188.0975
15 0.182 5.506 34.5934  1196.7002
16 0.172 5.821 36.5722 1337.529
17 0.145 6.893 43.3101 1875.7675
18 0.138 7.224 45.3922 2060.456
19 0.134 7.447 46.7885 2189.1634
20 0.114 8.744 54.9376 3018.1452
21 0.109 9.193 57.7599 3336.208
22 0.107 9.306 58.4687  3418.5889
23 0.094 10.671 67.046 4495.1643
24 0.089 11.178 70.2352  4932.9782

specific secondary hardening portion in force
displacement shows multi-level behavior with
variable strength and stiffness that can dissipate
seismic energy in different acting as a two-level
damping system.

In this article, two-frame attenuators were used in
the horizontal direction of an 8-story steel building,
and the shear force of the floors, rotation time, and
relative displacement of the floors under the
earthquake were studied in the horizontal direction,
and the results showed that the use of this type of
damper increases the shear force of the floors and
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reduces the relative displacement of the floors and
reduces the period of the structure in different modes.

Table 6. story force due to earthquake in horizontal direction

without using damper.
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& 30 &6F 8 >
tonf

Story7 EQl Max  Top 917.1827

Story7 EQl Max Bottom 917.1827

Story7 EQ1 Min Top -1081.3662
Story7 EQl1 Min Bottom -1081.3662
Story6 EQl Max Top 1247.8159
Story6 EQl Max Bottom  1247.8159
Story6 EQl Min  Top  -1358.3237
Story6 EQl Min Bottom -1358.3237
Story5 EQl1 Max Top 1511.0533
Story5 EQ1 Max Bottom  1511.0533
Story5 EQl Min Top -1498.0265
Story5 EQl1 Min Bottom -1498.0265
Story4 EQl Max  Top 1707.3772
Story4 EQl1 Max Bottom  1707.3772
Story4 EQ1 Min  Top  -1664.4234
Story4 EQl Min Bottom -1664.4234
Story3 EQl1 Max Top 1855.3592
Story3 EQ1 Max Bottom  1855.3592
Story3 EQl Min  Top  -1804.9272
Story3 EQl Min Bottom -1804.9272
Story2 EQl Max Top 1916.6557
Story2 EQ1 Max Bottom  1916.6557
Story2 EQ1 Min Top -1904.1255
Story2 EQ1 Min Bottom -1904.1255
storyl EQl Max Top 1937.1745
storyl EQl1 Max Bottom  1937.1745
storyl EQl Min Top -1940.1856
storyl EQ1 Min Bottom -1940.1856

- c
° 3w
tonf
Story7 EQl Max Top 1079.8332
Story7 EQl1 Max Bottom  1079.8332
Story7 EQ1 Min Top -1133.6256
Story7 EQl Min Bottom -1133.6256
Story6 EQl Max Top 1473.0102
Story6 EQl Max Bottom  1473.0102
Story6 EQl Min Top -1616.3961
Story6 EQl Min Bottom -1616.3961
Story5 EQl1 Max Top 1955.2678
Story5 EQ1 Max Bottom  1955.2678
Story5 EQ1 Min Top -1973.892
Story5 EQl1 Min Bottom  -1973.892
Story4 EQl Max Top 2040.8156
Story4 EQl1 Max Bottom  2040.8156
Story4 EQ1 Min Top -2369.3402
Story4 EQl Min Bottom -2369.3402
Story3 EQl Max Top 2762.5299
Story3 EQl Max Bottom  2762.5299
Story3 EQl Min Top -2374.2996
Story3 EQ1 Min Bottom -2374.2996
Story2 EQ1 Max Top 2092.6127
Story2 EQl1 Max Bottom  2092.6127
Story2 EQl Min Top -2816.1085
Story2 EQl1 Min Bottom -2816.1085
storyl EQl1 Max Top 3277.1995
storyl EQ1 Max Bottom  3277.1995
storyl EQ1 Min Top -2387.5161
storyl EQl1 Min Bottom -2387.5161
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Abstract

Challenges in recent decades for humans and the rapidly changing planet. The increase in pollution and difficult access to
energy despite the problems of war and political and economic disputes between countries and the rapid decrease in the
amount of energy in the world, which with this growth rate, is a tangible danger for the whole world. It prompted scientists to
look for new methods of energy production and consumption. In this article, we are looking for a topic of such projects, which
are called zero energy buildings. As it is understood from the name of this project, the result of all energy consumption and
production in these buildings must be zero or the energy production of the building should be more than its consumption,
which is the concept of energy related to all the energy in the building such as thermal, electrical and ... which should be
considered in the initial calculations and construction. For this purpose, this research, which is a descriptive analytical
research, was conducted using library resources and electronic books and articles. We will review the execution and
performance of architecture in zero energy building and concepts related to passive energy and building orientation for energy
production, architectural components and materials of zero energy building, review the economic approach and leading
challenges, construction and operation in connection with zero energy building. The results obtained from this research, zero
energy buildings are faced with upcoming challenges such as technical knowledge, efficient and trained staff, and existing
laws and regulations. Accordingly, the need to reduce energy consumption and optimize it is felt more and more. Zero energy
buildings are the best solution to moderate energy consumption in housing. But reaching this goal has basic and fundamental
needs that must be met. © 2017 Journals-Researchers. All rights reserved. (DOI:https//doi.org/10.52547/JCER.5.1.19)

Keywords: Architecture; zero energy building; energy

security and the economy of governments and
societies, and the national and transnational

1. Introduction environment of countries. In these few years, with the
tangible changes in weather and climates in different

Today, the correct way of using the available parts of the earth, its importance has become
energies in the world has been affected for various concretely clear for the people of different societies,

reasons, including the relationship between energy
* Corresponding author. e-mail: ghasem.azizi.d@gmail.com
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it is necessary to pay more attention than in the past
and to take immediate measures. [1]

One of the points of intersection of all sciences in
the world is the field of electrical energy from
production to consumption, every step of which
needs to be reviewed. Maybe from the construction
phase, for example; A power plant that has a direct
impact on the regional climate of the construction site
and the many losses it has for us due to the high
inefficiency of the systems, than the transmission of
energy by traveling very long distances and incurring
a lot of costs during implementation and operation, as
well as The stage of distribution of this energy can
lead to many problems for us and should be
considered. By using new and low-error methods in
the stages of production, transfer and consumption,
we can face the lowest cost and increase productivity.
[2]

Keeping these things in mind, as well as other
considerations and necessities related to optimization
in energy production, transmission and consumption,
one of the ways to increase productivity is to bring
these steps closer to the point of consumption, such
as designing and building a zero-emission building.
By applying modern engineering sciences in fields
related to the goal, such as civil engineering,
architecture, electricity, etc., we can lead to
increasing energy security and reducing losses in the
stages of production, transmission and consumption.
In the present research, the method of passive energy
production with the implementation and performance
of the architectural type in the zero energy building is
investigated with the aim of optimizing energy and
increasing productivity and production under the title
of creating zero energy in buildings. [3]

2. Statement of the problem and necessity of
research

Old buildings consume 40% of the total fossil fuel
energy in the country and are important producers of
greenhouse gases. The principle of net zero energy
consumption is considered as a tool to reduce carbon
emissions and dependence on fossil fuels. Although
zero energy buildings are uncommon even in
developed countries, they are gaining importance and
popularity day by day. Before producing clean

energy, the zero energy building optimizes the energy
consumption in different parts of the building and
balances energy production and consumption with
the smart use of renewable technology. The
importance of the research and use of such buildings
can be the protection of the owners of these buildings
from the increase in energy prices, greater comfort
due to the design and regulation of the environment
temperature in a uniform and isothermal manner, the
need for less energy, and lower maintenance costs
due to high energy efficiency. , reduction of net
monthly living costs, high reliability, for example,
photovoltaic systems have a 25-year warranty and
rarely suffer from problems caused by climate
changes, reduction of costs due to the reconstruction
of the building if you decide to convert it He called
the zero energy building in the future, increasing the
value of zero energy buildings compared to
traditional buildings with the increase in the cost of
fossil fuels.

3. Research purposes

The idea of these zero energy buildings is to
reduce the consumption of a building that actually
offers zero energy living and working facilities in a
space without fossil fuels, without a doubt, the
construction of zero energy buildings will be a need
for future thinking. For the future success of these
buildings, creativity, precise timing and collective
cooperation between different groups are required. In
fact, zero energy offers the possibility of living and
working in a space without fossil fuels. These
buildings produce energy throughout the year based
on their energy consumption needs. Proper physics
and structure and the use of renewable resources in
these buildings make it possible to achieve the above
goal to a great extent, which can be attractive to
engineers and designers.

4. research background

Esadi and his colleagues [4]. In an article titled
design, construction supervision of buildings with net
zero energy with the aim of sustainability in energy
sources were investigated. In part of their article, they
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have investigated passive energy and have come to
the conclusion that such buildings can be used in
addition to integrating optimization of passive-active
strategies in the initial phase of a building's life cycle,
timely monitoring of energy consumption in The time
of use of the building during its lifetime also did. At
the end of their work, they have mentioned the
general implementation strategies for the realization
of zero net energy buildings. Abbasi and his
colleagues [5]. In an article entitled "A step towards
the implementation of the principles of sustainable
architecture” (ZEB), they gave solutions for realizing
the idea of zero energy buildings. In their article, they
presented the solutions to realize this idea of zero
energy buildings in two parts: 1) theoretical
discussions of the design of these buildings and 2)
implementation and construction methods. Based on
the results of their research, it is possible to help
realize the idea of these buildings with active and
passive design methods.

5. Definition of the general concept of zero energy
building

A zero energy building is generally referred to as a
building whose energy consumption can be reduced
to a large extent by using different methods and its
energy production is compensated by the use of clean
sources and renewable energies. At the heart of the
concept and general idea of zero energy building is
the idea that buildings can meet all their energy needs
in a low-cost way, with local access, without
pollution and with renewable resources. It is very
difficult to find a building that can be called the first
zero energy building. Because zero energy is just a
new name for the progress of reducing energy
consumption in buildings [6].

In a zero energy building, no fossil fuel is
consumed and its annual energy consumption is equal
to its annual production. A zero energy building may
or may not be connected to existing city networks. A
zero energy building that is not connected to the grid
has equipment for storing large amounts of energy,
which is usually of the battery type. In a zero energy
building that is not connected to the grid, due to the
shape and type of battery storage, a part of the circuit
may remain unused, while in a zero energy building

connected to the grid, no circuit is unused and is not
isolated. A zero energy building connected to the grid
may generate more electricity than it needs. During
the period when the building does not need
production energy, i.e. when we are using the energy
stored in the batteries, a zero energy building
produces the energy it needs, as well as providing the
owner with reassurance about the security of the
storage. Surplus energy gives off its own needs [7].

6. Passive energies

The use of latent energies has been the focus of
mankind since the distant past, and even today it is
considered as one of the facilities to be considered in
choosing a good building. Now, with these
interpretations, we can point to the vital role of latent
energies in building construction [8].

The term buildings facing the sun or wind has
always represented the quality of the property, which
had special uses in different hot and dry, cold and
humid, mountainous or desert areas.

Architectural engineering has a fundamental role
in using hidden energy mechanisms, such as:

» Selection and optimal use of sunlight in the
building according to the geographical location and
seasons

* Use of daylight concepts

* Using the prevailing wind direction continuously
and seasonally

* Separation of building spaces and zoning based
on usage (bedroom, Kkitchen, etc.) and different
cooling, heating and lighting needs.

» Using underground spaces and returning cold air
in summer and hot air in winter

7. Elongation and orientation of the building and
placement of internal spaces

The length of the building as well as its orientation
has a significant impact on the acquisition of thermal
energy from the sun and also the use of natural
lighting of the building. In zero energy buildings,
they try to build the building in one or at most two
floors, and on the other hand, they spread the
building on the ground. In addition to making more
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space available on the roof for the implementation of
facilities, this causes more spaces to be placed on the
south side of the building and increases the
possibility of using the sun's energy during the day
[9]. The location of these spaces on the south side
makes it possible to make maximum use of the light
and heat of the sun in these spaces. In addition, due to
the higher traffic that takes place in these spaces,
their placement on the ground floor makes it easier to
access these spaces and prevent energy loss in other
low-traffic spaces. Spaces with less use are also
considered on the north side of the building and on
the first floor. Considering that these spaces require
less energy, their location on the north side allows
them to access the energy they need only through the
utility system of the building and when in use, as well
as their location on the first floor of the building and
Staying away from high traffic places makes them
waste less energy.4- Review and compare the results

8. How to place spaces in the building

Placement of spaces with high heat demand on the
south side of the building

Placement of spaces with low
requirements on the north side of the building

Placement of spaces with high traffic on the
ground floor and near the entrance of the building

Placement of spaces with low traffic in parts far
from the entrance door or the first floor of the
building

Due to the fact that the angle of the sun's radiation
in different parts of the globe is different depending
on the geographical coordinates of that point,
therefore the orientation of the building in each part
of the globe is also different to absorb the maximum
solar energy [10] . Then, according to the conditions
of the building and the priorities considered for it, the
best orientation for the building is chosen.

thermal

9. Use of shade on the facade of the building

The use of shade in tropical regions reduces the
cooling load of the building during its cooling period.
But in areas with a colder climate, this can have a
negative effect on the heating process of the building

in the cold seasons of the year. Therefore, it is
necessary to optimize the size of the shades that are
chosen for the building, according to their effect on
the amount of solar energy received during the
heating period of the building [11]. Types of shades
may have different effects such as direct sunlight
control, light control, landscape and natural
ventilation. The importance of these effects depends
on the location and type of building. Figure 1 shows
the effect of using sunshades with different positions
on the amount of solar energy absorption.

Reflective glas: nternal

Fig 1: Comparison of the types of shades according to the
installation positions

10. Use of wind deflector in zero energy building

The use of wind turbines has been common in Iran
since ancient times. Wind deflectors with different
shapes have been built in the central and southern
cities of Iran, each of which has been designed and
implemented according to the desired height and
direction of the wind. He observed the hot and humid
south in cities such as Bandar Abbas, Bandarlange,
Qeshm, Bushehr and the hot and dry climate of the
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central regions such as Kerman, Nayin, Yazd, Tabas,
Kashan, Semnan, Isfahan and even the southern areas
of Tehran city [12] .

Since in the building, one wind deflector is used as an
inlet and another as an air outlet, therefore, for its
design, the winds of the area are examined and the
inlet tower openings are open towards the prevailing
wind and the outlet tower openings are closed in this
direction. Also, the height of the towers and the
opening level of the openings are designed according
to the amount of air flow required.

11. Isolation

It is necessary to isolate the external walls, floors,
ceilings, etc. in such a way that the exchange of
energy with the outside space is as minimal as
possible and practically the whole building is
considered as an isolated component. For this
purpose, it is necessary to comply with building
insulation optimization standards both in terms of
applied materials and the way of implementation for
different geographical areas. Also, the use of 2- or 3-

paned windows with or without gas also prevents

N
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13. Static approach in architecture

With the large expansion of air conditioning systems
and available sources of cheap energy in the 20th
century, architecture no longer had to respond to
climatic limitations. By using artificial facilities to
control environmental conditions, the interior space
of any building can be adapted to environmental
comfort standards. Therefore, the use of emerging
architectural materials and forms became possible.
This argument also led to the forgetting of knowledge
and skills in the field of energy and static design in
the architectural profession. In addition, with the
increasing expectations of the audience in the field of
controlling the conditions of the indoor environment,
people are used to constant temperature and light
conditions throughout the year.

The most general definition of a passive solar heating
and cooling system is that thermal energy flows in it
in natural ways such as radiation, conduction and
natural displacement. Basically, the structure of the
building itself or some of its elements constitute the
system itself. Static design is defined as the use of
architecture and climate to provide heating, cooling,
ventilation and light. It is also possible to change the
static design by using architecture in order to harvest
the free energy of the environment. Utilizing static
design in parallel with equipment with low energy
consumption will lead to the creation of an interior
space with optimal quality.

Static design is not only an opportunity in the field of
energy but also an opportunity in the field of
architecture. In static design, the relationship between
energy and space is defined in a beautiful, functional
and meaningful way. The most successful buildings
today are the buildings that have correctly followed
static  strategies, and the most progressive
architectural offices are those that have invested in
advancing these methods. It can be said that the
history of architecture is closely related to static
design because static design techniques for dams (if
not millennia) have been very common in the history
of architecture.

14. Static strategies

The ease of designing 100% active buildings is
definitely one of the most important obstacles to the
expansion of static or double buildings. But by
passing these obstacles, there is a valuable
opportunity to improve the quality and productivity
of buildings. Static strategies usually do not
completely replace active building systems, but in
most times of the year they come to the aid of active
systems or replace them. This double combination of
active and passive solutions leads to the present
combined buildings. In fact, a successful zero energy
building benefits from an integral combination of
active Vista systems. Static solutions are usually used
to provide one or several of the 4 basic building
services, namely heating, cooling, ventilation and
lighting. The techniques related to static cooling and
heating are given below.

14.1. Construction shell

The shell of the building is the front line of the
building's exposure to the outside environment and
climate. Therefore, it plays a key role in the
application of static systems and should be
investigated along with the issues related to
orientation and building mass, as well as the design
of electrical-mechanical systems. The building shell
is a key element in the energy performance of any
building, but it plays a vital role in the performance
of zero-energy buildings. Orientation, building mass
and proper design of the city make it easier to
overcome thermal loads. These issues, along with a
building shell with appropriate design and details, are
considered the key to successful neutralization of the
shell. The concept of neutralizing the building shell
means neutralizing the thermal loads of the shell. The
neutralization of the shell leads to the reduction of the
surrounding cooling and heating loads. Shell parts
should be designed with a minimum thermal transfer
coefficient and insulating materials with a maximum
thermal resistance coefficient.

14.2. Duplex view
The use of two skins is a solution for neutralizing

large glass surfaces. The ease of controlling the heat
of the sun and the improvement of thermal resistance
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due to the cavity between the two transparent layers
are known as the advantages of this method. With the
advancement of surfaces with glasses with a
reflective coefficient, the possibility of controlling
the energy received from the sun increases. Figure 3
The function of these glasses is that they limit the
transmission of ultraviolet and infrared waves in the
sunlight spectrum and at the same time they absorb
the waves of the visible light spectrum. Also, the
solar heat transfer coefficient and the glass resistance

Fig 3: double-glazed facade - controlling the heat received from
the sun's rays due to the use of glasses with a low diffusion
coefficient - creating air flow with appropriate details

14.3. The ratio of the opening to the walls

This ratio is a critical factor in creating a balance
between thermal capabilities and performance
benefits such as daylight and visibility. However,
window design is influenced by the orientation,
climate and functional program of the building. The
ratio of the opening to the low window is suitable for
climates with many cold or hot days and for climates
with a lot of sunlight. It also moderates the weak
thermal performance of the window. In addition, a
lower opening-to-wall ratio is synonymous with a
lower glass surface and, as a result, a lower cost. This
saved cost can be used to improve the thermal
performance of the window.

14.4. Advanced technologies of transparent surfaces

Chromogenic glass or smart glass can change its
characteristics based on environmental stimuli.
Chromogenic glass includes gas-reactive, electricity-
reactive, light-reactive, and heat-reactive types.
Airgel: Airgel is a new generation of insulating
materials that creates a high thermal resistance while
allowing light to pass through. Airgel is used in the
air chamber between the glasses and as a result the
transparency of the glass piece is maintained.
Thermal mass: transparent phase change materials are
added to glass parts to play the role of thermal mass.
Movable shading: self-made or manual shading is
installed inside the glass parts, their internal or
external facades, and they provide the possibility of
complete shading or unobstructed vision (when
shading is not needed).

Prism glasses: Glass or plastic glasses are used to
direct sunlight. The use of this type of transparent
material in order to direct light to the depth of space
has a historical background. Its other use is the
reflection of wide-angle rays and at the same time the
passage of low-angle rays, which improves the
control of solar absorption during summer.

Built-in photovoltaics: Some photovoltaic
technologies are embedded inside transparent glass
parts and generate electricity. Depending on the need
for shade or visibility, variable values of glass
transparency or opacity can be achieved.

14.5. Thermal mass

Heavy thermal mass materials have high density and
thermal capacity. Materials such as concrete, stone,
masonry and water have the ability to store heat and
return it to the environment when the ambient
temperature drops. This short-term thermal storage
has many cooling and static heating applications. One
of the benefits of the thermal mass is the adjustment
of daily temperature fluctuations in the indoor space.
It is better for the thermal mass to be exposed in the
inner space to be more effective in regulating the
temperature.

14.6. Insulation

The outer shell design has a great effect on reducing
heat exchange through the building shell. The main
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approach in insulation is to use parts with high
thermal resistance coefficient. The integrity of the
external shell forming elements is a factor that causes
the integrity of the building shell, the reduction of
thermal bridges is another very important factor,
insulation of the shell is very necessary in cold
climates that require considerable energy. In more
moderate climates, insulation is important to control
the heat exchange with the environment and to reach
the equilibrium temperature point.

14.7. Connection with the earth

The ground is a mass thermal mass that can be used
as a tool to achieve an almost constant internal
temperature throughout the year. In fact, the
temperature of the earth is cooler in summer and
warmer in winter than the surrounding air. In some
places, the temperature of the depth of the earth is
constant throughout the year and is almost equivalent
to the average temperature of the air in the region. At
critical times of the year, the outside temperature
affects the temperature of the earth. Also, the
characteristics of the soil and the surface of the
earth's crust are also effective on this temperature.
This solution has been manifested in traditional
architecture in an element called "Shavadan”. Figure
4 shows the relationship between the air and the
internal temperature of the earth.

a0y

Fig 4: Connection with the ground

Connecting with the ground or sheltering in the heart
of the ground by digging and penetrating into the
ground causes the temperature outside and inside the
building to have more balanced differences. This
reduces the heat exchange inside the building.
Connecting with the earth from a distance by drilling
long pipes in the heart of the earth is a method to

provide cool air and transfer it to the interior space.
be viewed with caution.

14.8. Shading

Shading is one of the primary cooling strategies that
has been tested over time. Avoiding heat should
always be the first priority for cooling. Shading is
highly dependent on climate and building
characteristics. This means that the design of the
shade should meet the needs of seasonal cooling, the
orientation of the building and the path of the sun
throughout the building. Since glass surfaces are the
main way of receiving the sun's rays, shades are
usually designed in relation to glass surfaces. But the
shading should be in such a way that it does not
interfere with the lighting due to daylight.

14.9. air conditioning

Natural ventilation is a simple and effective tool that
provides cooling and fresh outside air for the
residents of the building. Opening windows used to
be used in commercial buildings, but nowadays they
are very rare. Today, commercial buildings usually
have a highly engineered environment, and opening
windows interfere with the proper functioning of
many common air conditioning systems. However,
natural ventilation can be used along with many low-
energy air conditioning systems such as evaporative
cooling and radiant cooling.

Whenever the building needs cooling and the outside
air is cool enough, natural ventilation will be an
effective cooling strategy. The movement of air in the
building and the resulting cooling phenomenon make
the residents comfortable and absorb the excess heat
of the building during the night. For this purpose,
suitable ventilation paths for lateral ventilation and
chimney ventilation should be carefully considered in
the design of the building. These techniques rely on
the differences in air temperature and wind pressure
to move the air. Opening windows are the most
common method, but other solutions such as
ventilators, wind towers and solar fireplaces can also
be used.
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14.10. The solar collector protrudes

Protruding solar collectors are an economical
technique for static heating of outside air for use in
ventilation or heating systems. Figure 5. The
protruding solar collector consists of a corrugated
metal panel with a dark color that has tiny holes.

drlied steel plate

5 - .
E?H . Coldweathe

Fig 5: Protruding solar collector

In order to receive optimal solar energy, the panels
are installed on the south face with a distance from
the wall so that air flows in this gap. The air enters
through the small holes on the sheet and is heated by
receiving the sun's rays. Then the preheated air can
be used for heating the ventilation air. Since the
warm air rises under the collector, usually the air is
collected at the top of the building. It is also common
to use an electric fan to direct the air inside the
collector. During the cooling periods, the air inside
the collector is discharged from the top.

14.11. Receiving internal heat

Every building absorbs internal heat from people,
lighting equipment and other equipment. When the
building is in heating mode, receiving internal heat is
a useful static solution, especially when it is done in
parallel with complete insulation and air sealing of
the building openings. This technique is more
efficient by recovering heat from the exhaust air of
the ventilation system.

14.12. Evaporative cooling
Evaporative cooling is widely used in hot and dry

climates. In this system, water is placed in the
vicinity of hot air, then the heat of the air is absorbed

by the water and the resulting steam is absorbed in
the air. With the continuation of this process, the air
temperature decreases and its humidity increases.
Evaporative cooling may be done with an
electromechanical device with low energy
consumption. This technique can also be used
statically by using a tool such as wind tower.

14.13. Static dehumidification

In climates with high humidity, high humidity
reduces thermal comfort and requires a lot of energy
to overcome it. Just as hot dry air can be statically
cooled by evaporating water and adding to the
amount of air humidity, it is also possible to statically
dehumidify the air using a dehumidifier. By
removing moisture from the air and changing its
phase to liquid, the heat of the air is added. Silica gel
is a common dehumidifier that is used in many
dehumidifiers. After each dehumidification cycle, the
dehumidifier must be dried. Static dehumidification
is still not very popular.

15. Economic approach

The construction of buildings that can provide all of
their energy needs around the clock with renewable
energy sources requires a detailed economic
evaluation, therefore, depending on the area where
such buildings are constructed, the economic
efficiency of these buildings is very important,
because the return of capital costs Construction in the
shortest possible time is of particular importance,
there are many differences of opinion regarding the
issue of how the investment return should be,
whether the said building can be called economic or
not, which is considered a research vacuum. The use
of energy in the world is growing rapidly, and there is
concern about the supply, exhaustion and loss of
fossil energy sources, as well as their environmental
effects (ozone layer hole, global warming, climate
change, etc.) and the global share. Residential and
commercial buildings in energy consumption have
continuously increased, and for this reason, energy
efficiency is the main goal in today's buildings, and
therefore, the construction of zero energy buildings is
a necessity.
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15.1. Effective conditions in economic analysis

In designing on a specific piece of land, the following
factors are recommended to prevent heat and cold
waste:

e Choosing the land, the land that has
good access to the winter sun is the
right land.

e The orientation of the shape of the
building, the optimal orientation of a
building to collect heat from the sun in
winter is considered. Studies show that
the optimal economic state is the
highest level in the direction of 5 to 15
degrees southeast.

e The systems, solar
windows, solar wall, solar roofs,
horizontal and vertical canopies, shade
trees, wind deflectors, ground heat,
underground and...

e |t is possible to reduce the ratio of the
surface of the outer shell of the building
to the useful volume, the ratio of the
roof surface to the useful surface of the
building, and the ratio of the surface of
the openings in the outer shell (doors
and windows) to the useful surface of
the building.

use of solar

16. Challenges of zero energy architecture in I.R
Iran

Iran, as a part of the world, is not exempt from
international crises. Including the increase in earth's
heat and greenhouse gases, and in some directions,
even more severe effects can be observed. Including
air pollution in big cities, which is caused by the
production of gases caused by the improper burning
of energy in the housing and transportation
industries. Iran, as one of the largest producers of

fossil energy, may not have to worry about its
shortage in the future, but considering that oil and
natural gas account for about 31% of Iran's total
energy consumption.The slightest problem in energy
supply puts the country in irreversible crises.

The intensity of energy consumption in Iran has
increased by an average of 1 percent annually in the
last decade, which has reached 5 percent. The reasons
for the increase in energy can be considered the
increase in population, urbanization, the lack of
comprehensive environmental laws, the wrong
consumption pattern and allocation of government
subsidies. The share of the housing sector in the
country's energy consumption is 15% and it is the
largest producer of greenhouse gases, and due to the
growth of the construction industry, it is increasing
day by day.

Another  problem in  contemporary Iranian
architecture is moving away from traditional
architectural methods and principles, which
unknowingly caused many problems in terms of
energy consumption due to being influenced by
modern architectural methods and technology that are
used in large numbers. For example, we can mention
the problems of new buildings in hot and humid and
hot and dry areas. For this reason, achieving
principles in the direction of sustainable architecture
can be a bit useful to return to architecture
compatible with nature in the style of the past.
Accordingly, the need to reduce energy consumption
and optimize it is felt more and more. Zero energy
buildings are the best solution to moderate energy
consumption in housing. But reaching this goal has
basic and basic needs that must be met. A review of
contemporary architecture in Iran and contemporary
architecture of developing countries shows that these
countries, like many developed countries, move
towards the concept of sustainability and sustainable
architecture on the agenda. have placed The
challenges facing the design and implementation of
zero energy buildings in Iran's contemporary
architecture can be analyzed in the following three
axes, which are:

e Technical knowledge: the necessity of
reproducing local technical knowledge
in the field of contemporary
architecture, especially the design and
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implementation of zero
buildings.

e Efficient trained force: Efficient trained
force is the basis of achieving optimal
patterns in the field of design and
implementation of zero energy
buildings, which is why they have
mentioned it as the basic pillar of
realizing the concept of sustainability
and sustainable architecture.

energy

e Laws and regulations: Laws, regulations
and regulations derived from the
principles of the concept of
sustainability and sustainable
architecture  are  considered an
important and essential step in this
field. Laws, regulations and ordinances
that directly or indirectly interact
constructively with the construction
industry and housing production.

17. conclusion

In this research, choosing the type of architectural
system that fits the climatic, economic and technical
conditions of Iran in order to achieve the concept of
zero energy buildings in a practical and practical way
is of particular importance. For this purpose, the use
of modern equipment and efficient technology

Above should be in such a way that it meets the
needs of energy, economy, repairs and maintenance
in this type of buildings, and in this research,
common static solutions in the field of cooling and
heating of zero energy buildings such as insulation,
ground connection, air sealing, shade Endai, building
shell, thermal mass, natural ventilation, protruding
solar collector, receiving internal heat, evaporative
cooling and dehumidification have been discussed.
The economic approach and existing architectural
challenges in zero energy buildings are stated.
The idea of these zero energy buildings is to reduce
the energy consumption of the building, which

actually offers zero energy living and working
facilities in a space without fossil fuels. Without a
doubt, the construction of zero energy buildings is the
need of the next century for the future success of
these buildings, creativity, Accurate timing and
collective cooperation between different groups. In
fact, "zero energy" offers the possibilities of living
and working in a space without fossil fuels. These
buildings produce energy throughout the year based
on their energy consumption needs. Proper physics
and structure and the use of architecture in these
buildings make it possible to achieve the above goal
to a great extent. Zero energy buildings face
challenges such as technical knowledge, efficient and
trained staff, and existing laws and regulations.
Accordingly, the need to reduce energy consumption
and optimize it is felt more and more. Zero energy
buildings are the best solution to moderate energy
consumption in housing. But reaching this goal has
basic and fundamental needs that must be met.
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Abstract

Recent advances in technology have created wide possibilities for building large dams, reservoirs and canals. These advances
require the development of design and construction methods, especially for systems that can discharge sufficient flood. Shots
and overflows are designed in such a way that no major damage is caused to the structure itself or to the surrounding environment
to pass large flows through a hydraulic structure. During the flow of water over the spillway, it is necessary to consume some
energy in order to prevent damage to the toe of the dam and its surroundings and finally to the dam itself. In this research, a
method was presented to optimize the geometric parameters of the stepped overflow. For this purpose, using laboratory model
data (275 tests in total). And the use of strong statistical software WEKA and MATLAB software obtained a formula to predict
the amount of energy consumption. This formula was given to the genetic algorithm as an objective function. Entering the
Yc/Hdam parameter, which includes both the flow rate and the total height of the dam, and the desired energy consumption
value, this program is optimized by genetic algorithm and obtains the optimal number, length and width of steps. The results of
this research show that: with the increase in flow rate, the amount of maximum energy consumption decreases, and with the
increase of the head slope at a constant flow rate, the number of optimal steps for equal energy consumption increases. © 2017
Journals-Researchers. All rights reserved. (DOI:https//doi.org/10.52547/JCER.5.1.31)

Keywords: Genetic algorithm, optimization of geometric, energy dissipation, stepped spillways

or to the surrounding environment to pass large flows
through a hydraulic structure. With free fall, it flows
at a considerable speed, and it is necessary that some
of its energy be consumed in order to prevent damage

1. Introduction

Recent advances in technology have created wide
possibilities for the construction of large dams,
reservoirs and canals. These advances require the
development of: design and construction methods,
especially for systems that can discharge sufficient
flood. Shots and overflows are designed in such a way
that no major damage is caused to the structure itself

to the dam's toe and its surroundings, and finally the
dam itself. The energy resulting from the overflow
flow is usually consumed by the following methods:

1. By reducing the speed of the water flow through
the throwing cup (or from the crown of the dam) and
throwing it into a pool full of water at the bottom,
which acts like a water cushion.

* Corresponding author. Tel.: +989123123545; fax: +981154632245; e-mail: pourianiknafs@gmail.com.
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2. Construction of a standard relaxation pond
downstream of the overflow in such a way that the
hydraulic jump created in it can consume a significant
amount of energy.

3. Installing a number of steps on the overflow to
help energy consumption.

In the first two methods, a major part of the energy
at the lower end of the hand is consumed in the middle
of the pool filled with water and in the relaxation pool,
respectively. The stairs in the stair overflow can
significantly increase the intensity of energy
consumption resulting from the shot and need. To
build a system to eliminate energy consumption in the
downstream or reduce it to a considerable extent.

The flow of water on an uneven or stepped floor is
very turbulent and this type of flow can consume a
large part of its energy.

During the last three decades, a large number of
earthen dams have been designed using a concrete
body and in the form of a step. In recent years, the
tendency towards stair overflows is growing and the
main reason is that they are economical. Compared to
smooth weirs, the discharge of flood unit will be
smaller and limited to At the same time, the possibility
of cavitation is also less. In general, the stepped shot
of an overflow can consume more energy than the
smooth shot, and as a result, the amount of remaining
energy at the end that must be consumed by the
depleting structures will be much less than normal.

A stair overflow consists of steps that start from
near the crown of the overflow and continue to the
bottom heel. The use of stair overflows has been
common since ancient times (3500 years or more) and
their design method was abandoned in the 1920s. But
in recent years, attention to this type of overflows has
increased due to the significant effect of stairs on the
energy consumption of the flow. This will reduce the
implementation costs of this type of overflow. Also,
the recognition of the new technology of using rolled
concrete materials and the compatibility of this
construction method with the aforementioned
overflow has led to the use of stair overflows in a large
number of projects. The large amount of energy loss
created by the stairs causes the excavation depth of the
downstream relaxation basin, the length of the
relaxation basin and the height of its side walls to be
reduced, and in this sense, great economic savings are
created in the construction of the dam (Chanson 2002).

At the end, the amount of energy not consumed and
remaining at the end of the overflow should be fully
consumed by other energy consumers. The aim of this
study is to find a combination of the number and width
of stairs that minimizes the total cost of constructing a
stair spillway and a depreciating structure
downstream.

2. Research objectives

1) Determining an equation with a very small error
to calculate the maximum consumption of energy
according to the height of the overflow and the flow
rate entering the stepped overflow.

2) Obtaining a program using the genetic algorithm,
which calculates the geometric parameters of the
overflow with any amount of optimal energy
consumption that is given to the system by the expert
and presents it as an output.

In this research, a method for optimizing the
geometric parameters of the stepped overflow is
presented. This method includes two separate steps:

1) Identifying the best formula for predicting the
amount of energy consumption (AH/Ht)

2) Optimizing the formula by genetic algorithm.

3. Extraction of laboratory results

In this step, we want to use the data that has been
measured through the laboratory model to determine
the amount of energy consumption. All the steps of the
test were carried out in the hydraulic laboratory of
Shahid Chamran University of Ahvaz by Mr. Siavash
Heydari, who is in the following specifications. The
flume used in the mentioned research is given.

4. Specifications of hydraulic laboratory flume

The length of the flume is 7 meters and its height is
variable (1.4 meters in the initial 2.3 meters of the
flume and 0.6 meters in the final 4.7 meters of the
flume). According to the thickness of the flume wall,
the useful width of the flume is 56 cm. This flume is
designed in such a way that it has a closed system of
water flow, so that water enters the flume from the
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beginning of the flume through a pipe from the top of
the flume, and after passing through the length of the
flume, it flows from its end into a final tank. At the end
of this tank, a triangular overflow is installed in order
to measure the flow rate. After passing through this
overflow, the water is directed into the underground
tank of the laboratory, from where it is returned to the
flume by a centrifugal pump.

A vertical sliding valve is located at the end of the
flume to control the depth of the downstream water
and the place where the hydraulic jump is formed.
Also, in order to measure the water depth in the flume,
a graduated indicator equipped with a vernier with an
accuracy of 0.1 mm was used. There is a flow control
valve at the inlet of the flume feeding pipe, and two
porous metal boxes are used to slow down the water
flow at the beginning of the flume. A number of 54
models of stair overflows were made with 6 mm
plexiglass sheet and experiments with 5 discharges
(10-20-30-40-50 liters per second per unit width) and
3 slopes (h/l) (30, 56/ 26, 21.8 degrees) were
performed (275 tests in total). In physical models with
the same slope, the variable parameter was the number
of stairs (or the height of the stairs). In Fig.1, the
schematic of the flume in the hydraulic laboratory is
presented.

Table 1

Dimensional analysis table and unit of required parameters of this research

Dimensions based on mass system unit
M.LET? Kg/m.s
M.L? Kg/m?®
LT m/s?
L m
LT ! m/s
L m
L m
L m

i
14

Fig. 1. schematic of the flume in the hydraulic laboratory

5. Determining the effective parameters in the
flow through stepped overflows

According to the type of overflow and the studies
done, the important and effective factors and
parameters on the flow over the stepped overflows are
as described in Table 1:

symbol Variable Row
I Dynamic viscosity 1

p Specific gravity of the fluid 2

g acceleration of gravity 3

y depth of flow 4

% flow rate 5
H s overflow height 6

| Step progress 7

h step height

N number of steps 9
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6. Evaluation of the information obtained from
the laboratory model

6.1. First step assessment

In the first step, among the mentioned parameters,

we selected six parameters N, L, H, g, Hdam and
L]

K53 Vn

E F

AH/Ht, four dimensionless parameters Yc/h,
Yc/Hdam, h/L and N as input and AH/Ht is considered
as output. Fig. 2 shows the frequency of all five input
and output parameters.

In the following, the two-by-two diagram (1 to 4)
of the input parameters compared to the output
parameter AH/Ht is shown. The following graphs
show the values of parameters Yc/h, Yc/Hdam, h/L
and N in comparison with th output parameter AH/Ht.

FEE]

| E—

LA

Fig. 2. frequency of five parameters Yc/h, Yc/Hdam, h/L and N and AH/Ht used

ANlE,

Diagram 1. Two-by-two diagram of input parameter Yc/h and output
parameter AH/Ht

TR

AHH,

Diagram 2. Two-by-two diagram of input parameter Yc/Hdam and
output parameter AH/Ht
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"

AHH,

Diagrams 3. Two-by-two diagram of input parameter h/L and output

parameter AH/H

6.2. Evaluation of the second step

In this section, we use the IG method for feature
selection due to its high accuracy and efficiency. As

can be seen in Fig. 3, the parameters Yc/Hdam,
Yc/h, h/L and N are effective on the output parameter
AH/Ht, respectively. As can be seen in the mentioned
figure, the parameter Yc/Hdam has the most influence
on the output parameter AH/Ht.

AT,

Diagram 4. Two-by-two diagram of input parameter N and output
parameter AH/Ht

6.3. Third step evaluation

In this section, we present the results of linear, tree,
SVM-based and combined tree and linear regression
methods for estimating AH/Ht.

Linear regression: Fig. 4, shows the results of linear
regression to estimate AH/Ht based on Yc/Hdam,
Yc/h, h/L and N parameters.
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Fig. 3. Ranking the impact of input parameters on output

Tree regression: In Fig. 5, the AH/Ht prediction tree
is shown based on Yc/Hdam, Yc/h, h/L and N
parameters.

Regression based on SVM: In Fig. 6, the prediction
function of AH/Ht based on SVM is displayed on the
parameters Yc/Hdam, Yc/h, h/L and N.

Combined tree and linear regression:

In the following, the rules extracted by combined
tree and linear regression to predict AH/Hta are
presented.

If equation 1 is true:

P lf '\.i PR
Y, |-442746 | Y . |-14217 | T |- 0.1086 (»
- | = \

: RS \ E /

Ry Wl
i

h
=-0.639

Fig. 4. Linear regression results on AH/Ht estimation

If equation 2 holds true:

Ah |
—=-81428 1Y
H |

t \ H

fh'\.l .
T {=1.119 (N )+ 108.198

|
|
|
Ay

|
:+ 555

de=m A

If the above two conditions are not met, equation 3

is met.
Ah ( ) (h)
— . |+5855, T |
t

NS

| .
=-81428 1Y - 1.119(N )+ 108.19
H |
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Fig. 5. prediction tree AH/Ht

7. Evaluation of the second stage of the proposed
method

In this section, we want to optimize the prediction
function obtained in the previous section. Our goal is
to identify the optimal value of other geometrical
parameters such as Yc/h, h/L and N by giving the
desired value of AH/Ht and Yc/Hdam. As seen in the
previous section, the proposed estimation function of
the linear and tree regression method obtained the best
correlation coefficient and the least error, so at this
stage we use this function as a fitness or target
function. In the following table (3), the parameters of
the genetic algorithm used are described.

Table 3
parameters used in the proposed genetic algorithm

Fig. 6. prediction function based on SVM to predict AH/Ht

8. Operators

In the evaluation of the proposed method, two
Gaussian jump operators and one-point intersection
operator have been used. In fig. 7 & Fig. 8 shown An
example of applying a mutation and single point
intersection operator in the proposed method.

N }1 Yeh
i v i . ] Random
2 | ean 0.81 Chromosome
Jump
Operator {1 New Mutated
| 31 0.73 0.81 Chromosome

Fig. 7. An example of applying a mutation operator in the
proposed method

The value of the parameter used
in the evaluation of the proposed
method of genetic
100
real number

Roulette cycle
Gossin
single point

After producing 1000
generations

algorithm parameters
people in the audience
real number data type of genes
Roulette cycle selection method
Gaussian mutation function
Single point intersection

function
final conditions

BL Ye'h
X T' A
Chromoszome
el £ the first paret
T [ G | Chromosome |
the second pa
Single point N .

intersection operator Intersection point
Chromosome
2 | 0w 08 | the first child
m ol : 033 Chromosome ¢

second child

Fig. 8. An example of applying a single point intersection
operator in the proposed method
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9. Fitness function

In the following, the code of the fitness function,
which is actually the same as the linear combined
regression, is displayed. It should be noted that the
chromosome in this code (shown in fig .9) is displayed
using the vector x and the fitness function is also called
nestedfun. As you can see, for the x1 variable (N
parameter), we have used the Int32 command to
convert this variable into an integer. As can be seen,
our proposed fitness function is in the form
((regression formula Y=ABS (AH/Ht -)). Because our
goal is that by giving the desired value of AH/Ht, the
difference between the regression output and AH/ Ht
reaches its lowest state. In this case, the regression
parameters that cause the minimization of this fitness
function are considered as optimal parameters.

Evaluations: To evaluate and validate the proposed
method, we determine the value of Yc by using
different flow rates (q) and by giving the desired value

of Hdam and AH/Ht, from the proposed genetic
algorithm, the optimal geometric parameters of Yc/h,
h We request /L and N. After identifying these three
parameters from them and given Yc, we extract three
parameters h, L and N. In this section, as the first
evaluation, we use the flow parameter equal to 0.01,
the Hdam parameter equal to 1.2, and the AH/Ht
parameter equal to 90%.

Given parameters:
q Hdam Yc YC/Hdam AH/Ht
001 12 00215 0.0181 90

By implementing the proposed genetic algorithm, a
random population is first generated and minimizes
the fitness function in each generation. In fig .10, the
trend of movement of the best chromosome (Best
Fitness) and the average value of the fitness function
of all members of the population are shown. As can be
seen in the fig. 10, the individuals of the population
gradually move towards the best chromosome in each
generation until in

function y = nescedfun(x)
Af (x(3) <= 1.456)

end
end

.
function [x, fval, exitflag, oucput, population] = runga{DeltaH_ht,Yc_ Hdam, NVARS)

[x, fval, exitflag, output, population] = ga(@nestedfun, NVARS) ;

¥ = mbs { DeltaH ht + 0.639 & x{3) + 443.746 * Yc_Hdam + 14.2174 * x{2)+ 0.1056 * inc32(x(1}) - 11Z.399);
else if (x(2) > 0.449)

¥y = abs { DelvaH ht + 514.282Z5 * x(3) - S55.5584 * x(2) + 1.1196 * ine32(x(1l)) - 108.1951):
else
v = mbs { DeltaH ht -2.3914 * x(3) + 782.8367 * Yc_Hdem - 115.0264):

Fig. 9. Fitness function code

the 1000th generation, all chromosomes converge to
an optimal point. In the diagram (6), the distance
between the members of the population in the
generation is also shown, as can be seen, at the
beginning of the evolution of the proposed genetic
algorithm, the chromosomes have a significant
distance from each other, but gradually when they tend
to the optimal point, the distance between the
chromosomes of the population decreases a lot and
becomes close to zero.

& Bast fibness
== Waan filraes

15

Fitness valus

=

o 100 200 300 403 500 600 700 BOO 200 1000
Ganeration
Diagram (5): The evolution diagram of population
individuals in the generations of
the proposed genetic algorithm
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Diagram (6): The diagram of the distance between the
individuals of the population in the proposed genetic algorithm

Avergas Distance

When the proposed genetic algorithm moves to an
optimal point for the given parameters Yc/Hdam equal
to 0.0181 and AH/Ht equal to 90 and stops there, our
algorithm ends. The output of the proposed genetic
algorithm can be seen in the table below.

As seen in table number (4), the difference between
the given AH/Ht and the regression formula used at the
optimal point found is very very small (0.00008). The
chromosome that obtained this optimal value is shown
in the table below. In the following, we have
calculated the amount of two parameters h and L
separately using the given value of Yc:

39

0.0388651704176774 0.04288690411356

To evaluate the proposed method, because we have
laboratory results for Yc/Hdam equal to 0.0181 and
AH/Ht equal to 90, we have done this evaluation so
that we can compare the results obtained by the
proposed method with the results obtained in the
laboratory. Let's make a comparison. In table (5), the
laboratory results for flow rate equal to 0.01 and Hdam
equal to 1.2 are displayed and in that parameters N,
Yc/h, h/L and AH/Ht are measured in four different
modes. In this table, based on the regression formula
used (linear and tree combination), the goodness-of-fit
function has been calculated on each of these four
laboratory data.

As can be seen in table (5), none of the laboratory
data could bring the value of the fitness function below
1. Here, the importance and accuracy of the proposed
method is more revealed, which has been able to
minimize the fitness function and, as a result, be more
optimal.

10. Results and discussion

As can be seen from the evaluation of the previous
two sections, first we extracted the best among the
regression methods that had the highest correlation
coefficient. The more accurate regression method in
this thesis is the combined linear and tree regression
method, which has been able to increase the
correlation coefficient to more than 0.94. In the second
step of the proposed method, we proposed a genetic
algorithm to optimize the selected regression function.
The evaluations show that our proposed

H L
Table 4
Output of the proposed genetic algorithm for data parameters
N h/L Yc/h Fitness function value
17 0.912113709472540 0.557967359617298 0.0000831841496591323
Table 5
measured laboratory data
N h/L Yc/h Yc/Hgam = AH/H;  Fitness function value
1 33 0.567568 1.032643 0.0181 90 2.1665
2 35 0.571429 @ 1.084275 0.0181 90 1.8674
3 25 0.507692 0.657136 0.0181 90 4.1025
4 | 27 0.5 0.72285 0.0181 90 3.9587
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Table 6
Output of the proposed genetic algorithm for geometric parameters for g=0.01 m2/s
N | h/iL | Ycl/h Delta | h NH Fitness
0.01 | 89 | 0.58 | 2.765366 85 | 0.007956 | 0.708044 | 0.000010961
0.01 | 57 | 058 | 1.793144 88 | 0.012269 | 0.69933 | 0.993787164
0.01 | 50 | 0.58 | 1.385675 90 | 0.015877 | 0.793837 | 0.000033413
0.01 | 9 | 058 | 0.282789 95 | 0.077797 | 0.700169 | 0.034377889
001 | 2| 058 0.05 97 0.44 0.88 | 1.077670000
It is meaningless for more than 95%
Table 7
Output of the proposed genetic algorithm for geometric parameters for g=0.01 m2/s
q N | h/L | Yc/h Delta | h NH Fitness
0.01 | 98 | 0.5 | 3.057975 85 | 0.007194 | 0.705042 | 0.000026267
0.01 | 77 | 05 | 1.833574 88 | 0.011998 | 0.923879 | 0.000018074
0.01 | 61 | 0.5 | 1.347859 90 | 0.016322 | 0.995653 | 0.000009803
0.01 | 19 | 0.5 | 0.463957 95 | 0.047418 | 0.900946 | 0.000003498
0.01 | 11 | 0.5 | 0.242019 96 | 0.090902 | 0.999922 | 0.003378014
0.01 | 3| 05 | 0.066043 97 | 0.333116 | 0.999348 | 0.056129527
It's meaningless to more than 96% ---
method, we proposed a genetic algorithm to optimize 100
the selected regression function. The evaluations show 9% x
that our proposed method works much more N
accurately than the laboratory results and can identify 60 +
the optimal geometrical parameters N, h and L by 50 A
giving the desired Yc/Hdam and AH/Ht. In the :g
following, by placing the depreciation of different 20
energies in the proposed program, the number of steps 10 &
corresponding to each energy depreciation has been 0
obtained according to the tables and diagrams below. %0 5 % * -, 10
According to table (6), for g=0.01 m2/s and a small ‘
slope, energy consumption is possible up to 95%. And
bigger than that is meaningless because of the high Diagram 7. The output of the proposed genetic algorithm for
fitness number that the program gives. 4=0.01 m2/s
Table 8
Output of the proposed genetic algorithm for geometric parameters for g=0.01 m2/s
q N h/L | Yc/h Delta | h NH Fitness

0.01 | 110 | 0.4 | 3.299916 85 | 0.006667 | 0.733352 | 0.000034515

0.01 86 | 0.4 | 2571196 88 | 0.008556 | 0.735844 | 0.000017533

0.01 70 | 0.4 | 2.085514 90 | 0.010549 | 0.738427 | 0.000031551

0.01 30 | 0.4 | 0.871012 95 | 0.025258 | 0.757739 | 0.000035290

0.01 14 | 0.4 | 0.385312 97 | 0.057097 | 0.799351 | 0.000002683
It made sense for 97% but not 98%
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Table 9

Output of the proposed genetic algorithm for geometric parameters for g=0.02 m2/s

q N h/L | Yc/h Delta | h NH Fitness

0.02 | 114 | 0.58 | 3.514654 77 | 0.00626 | 0.713584 | 0.0000102732
0.02 90 | 0.58 | 2.786091 80 | 0.007896 | 0.710673 | 0.0000384104
0.02 50 | 0.58 | 1.571404 85 0.014 | 0.700011 | 0.0001469038
0.02 10 | 0.58 | 0.314225 39 | 0.070013 | 0.700135 | 0.0274841438
0.02 2 | 058 | 0.050017 94 | 0.439849 | 0.879699 | 2.9588869448

Table 10

It is meaningless for more than 93%

Output of the proposed genetic algorithm for geometric parameters for g=0.02 m2/s

q N h/L | Yc/h Delta | h NH Fitness
0.02 | 123 | 0.5 | 3.807243 77 | 0.005778 | 0.710751 | 0.000038009
0.02 | 99 | 05 | 3.078614 80 | 0.007146 | 0.707461 | 0.000031776
0.02 | 59 | 0.5 | 1.854165 85 | 0.011865 | 0.700046 | 0.006454728
0.02 | 20 | 0.5 | 0.484665 90 | 0.045392 | 0.907843 | 0.000034964
0.02 | 12 | 0.5 | 0.264106 91 0.0833 0.9996 | 0.014297569
0.02 2] 05 0.05 94 0.44 0.88 | 1.821484000
It is meaningless for more than 91%.
Table 11
Output of the proposed genetic algorithm for geometric parameters for g=0.02 m2/s
q N h/L | Yc/h Delta | h NH Fitness
0.02 | 134 | 04 | 4.211308 77 | 0.005224 | 0.70002 0.001980163
0.02 | 110 | 0.4 | 3.457143 80 | 0.006364 0.7 | 0.00182917156
0.02 | 74 | 04 | 1.628032 85 | 0.013513 | 0.99998 | 0.00113064290
0.02 | 32| 04 | 0.726438 90 | 0.030285 | 0.969113 | 0.00001237970
0.02 7| 04 ] 0.163114 89 | 0.134875 | 0.944126 | 0.00002374533
0.02 2 | 0.4 | 0.050122 94 | 0.438932 | 0.877864 | 0.39982172718
It is meaningless for more than 93%.
Table 12
Output of the proposed genetic algorithm for geometric parameters for g=0.02 m2/s)
q N h/L | Yc/h Delta | h NH Fitness
0.03 | 172 | 0.58 | 4.894208 66 | 0.004495 | 0.773159 | 0.000038716
0.03 | 97 | 0.58 | 3.048506 75 | 0.007217 | 0.700015 | 0.009936478
0.03 | 58 | 0.58 | 1.822828 85 | 0.012069 | 0.700011 | 0.000973029
0.03 | 19 | 0.58 | 0.444708 90 | 0.049471 | 0.939943 | 0.000008329
0.03 2| 0.58 0.05 91 0.44 0.88 | 3.952590000

For more than 90% it was meaningless.
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Table 13
Output of the proposed genetic algorithm for geometric parameters for g=0.03 m2/s
q N h/L | Yc/h Delta | h NH Fitness
0.03 | 182 | 0.5 | 4.999964 66 0.0044 | 0.800806 | 0.013774911
0.03 | 107 | 0.5 | 3.331363 75 | 0.006604 | 0.706618 | 0.000010846
0.03 68 | 0.5 | 1.951718 85 | 0.011272 | 0.766504 | 0.000004189
0.03 28 | 0.5 0.7373 90 | 0.029839 | 0.835481 | 0.000017425
0.03 2|05 0.05 91 0.44 0.88 | 1.815198000
For more than 90% it was meaningless.
Table 14
Output of the proposed genetic algorithm for geometric parameters for g=0.03 m2/s
q N h/L | Yc/h Delta | h NH Fitness
0.03 | 158 | 0.4 | 4.952886 66 | 0.004442 | 0.701813 | 0.000002449
0.03 | 118 | 0.4 | 3.708515 75 | 0.005932 | 0.700011 | 0.001951064
0.03 | 79 | 04 | 2.358792 85 | 0.009327 | 0.736818 | 0.000023628
0.03 | 40 | 0.4 | 0.979155 90 | 0.022468 | 0.898734 | 0.000011975
0.03 2] 04 0.05 91 0.44 0.88 | 0.393458000

For more than 90% it was meaningless.

In this amount of energy consumption, the number of
9 steps is the answer.

And the graph (7) of proportional values of the
number of steps with the corresponding energy
consumption is given for table (5-22).

According to table (8), for g=0.01 m2/s and a small
slope, energy consumption is possible up to 97%. And
bigger than that is meaningless because of the high
fitness number that the program gives. In this amount
of energy consumption, the number of 14 stairs is the
answer, and the graph (9) of the proportional values of
the number of stairs and the corresponding energy
consumption is given for table (5-24).

According to table (9), for g=0.02 m2/s and a small
slope, energy consumption is possible up to 93%. And

bigger than that is meaningless because of the high
fitness number that the program gives. In this amount
of energy consumption, the number of 14 stairs is the
answer, and the graph (10) of the proportional values
of the number of stairs and the corresponding energy
consumption is given for table (5-25).

According to table (10) for g=0.02 m2/s) and a
small slope, energy consumption is possible up to
91%. And bigger than that is meaningless because of
the high fitness number that the program gives. In this
amount of energy consumption, the number of 12 steps
is the answer.

And the graph (11) of the proportional values of the
number of steps with the corresponding energy
consumption is given for the table (5-26).
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Diagram (9): The output of the proposed genetic algorithm for g=0.01
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Diagram (10): The output of the proposed genetic algorithm for g=0.02

Diagram (11): The output of the proposed genetic algorithm for q=0.02
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Diagram (12): The output of the proposed genetic algorithm for g=0.02
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According to table (11), for g=0.02 m2/s) and a
small slope, energy consumption is possible up to
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89%. And bigger than that is meaningless because of
the high fitness number that the program gives.
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Diagram (14): The output of the proposed genetic algorithm for

Diagram (15): The output of the proposed genetic algorithm for
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Diagram (16): Output of the proposed genetic algorithm for q=0.01
m2/s)

In this amount of energy consumption, the number
of 7 stairs is the answer, and the graph (12) of the
corresponding values of the number of stairs and the
corresponding energy consumption is given for table
(5-27).

According to table (12), for g=0.03 m2/s) and a
small slope, energy consumption is possible up to
90%. And bigger than that is meaningless because of
the high fitness number that the program gives. In this
amount of energy consumption, the number of 19
stairs is the answer, and the graph (13) of the
proportional values of the number of stairs and the

Diagram (17): Output of the proposed genetic algorithm for

0=0.02 m2/s; For q equal to 0.03

corresponding energy consumption is given for table
(5-28).

According to table (13), for g=0.03 m2/s) and a
small slope, energy consumption is possible up to
90%. And bigger than that is meaningless because of
the high fitness number that the program gives. In this
amount of energy consumption, the number of 28
stairs is the answer, and the graph (14) of the
proportional values of the number of stairs with the
corresponding energy consumption is given for table
(5-29).

According to table (14), for g=0.03 m2/s) and a
small slope, energy consumption is possible up to
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90%. And bigger than that is meaningless because of
the high fitness number that the program gives. In this
amount of energy consumption, the number of 40
stairs is the answer, and the graph (5-15) of the
proportional values of the number of stairs with the
corresponding energy consumption is given for table
(5-30).

In diagrams 16, 17 and 18, the amount of energy
consumption according to the number of steps
corresponding to it for each constant flow rate and in
3 different slopes in each of the graphs is given for
their comparison.

200
N 180 u
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160
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100 = Ah/L_0.58
80 BWh/L_0S5
[ |
60 "y h/L_0.4
40
[ ]
20 A
0
60 70 80 90 100
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Diagram (18): Output of the proposed genetic algorithm for
g=0.03 m2/s)

11. Conclusions

The results obtained from the analyzes performed
in this study are as follows:

1) With the increase in flow rate, the amount of
maximum energy consumption decreases.

2) By increasing the slope of the small head at a
constant flow rate, the number of optimal steps for
equal energy consumption increases.

3) From the very high number of steps that results
in low energy consumption, we come to the conclusion
that the effect of the existence of the step is reduced in
the high step and the small head is inclined towards the
smooth bottom head, which makes the percentage
Reduce its energy loss.
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Abstract

The growing population and urbanization have led to an increasing interest in constructing tall buildings, particularly in large
cities. However, the frequent occurrence of earthquakes worldwide has necessitated the development of systems with high
ductility and sufficient lateral stiffness. The special dual system of moment frame with bone connections and knee bracing
systems are two examples of such systems. In this study, the seismic behavior of these two systems in combination with tall
structures was investigated. Ten, thirteen, and sixteen-story frames with four different combinations of bone joints and knee
bracing were analyzed using ETABS software. Linear and nonlinear static (pushover) analyses, as well as linear and nonlinear
dynamic (time history) analyses, were conducted. Seismic parameters were then calculated for each case and compared. The
results emphasized the importance of considering multiple factors and coefficients when evaluating the seismic performance of
structures. © 2017 Journals-Researchers. All rights reserved. (DOI:https//doi.org/10.52547/JCER.5.1.46)

Keywords: Behavior coefficient; Special dual system of moment frame; Dog-bone connections; Knee bracing; Tall steel structures, Seismic
behavior

behavior factor, which can be broadly divided into two

1. Introduction

The concept of using behavior factor to calculate
earthquake forces was first introduced in 1957, and
since then, it has become widely used in seismic
design codes. Researchers from different nationalities
have proposed various methods to calculate the

groups: American and European methods. While
American methods are simpler and more practical,
European methods are more complex and difficult to
use in practice [1].

Bone joints are an innovative design solution for
improving the flexibility and seismic resistance of
frames exposed to severe vibrational loads. The
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concept of weak arrow-strong column was the driving
force behind the development of these joints.
Essentially, a reduced section along a limited length of
the arrow near the connection site is used, similar to a
bone muscle. This reduction is applied at the top width
of the arrow, hence the name "Reduced Beam
Sections" (RBS) [2].

The use of bone connections offers several
advantages, including preventing stress concentration
at the node, redistributing stress around the connection
of the arrow to the column, and limiting the amount of
stress redistributed and made uniform at the top width
of the arrow. These connections also increase the
flexibility of the joint, forming a hardened post-plastic
joint, which can warn the residents before damage
occurs due to excessive flexibility. Additionally, bone
connections increase the frequency period and
behavior coefficient of the special bending frame
system, and the bone fuse prevents unwanted forces
from passing through the hardened joint, thereby
ensuring the connection of the arrow to the column is
not threatened. Moreover, bone connections change
the type of failure from sudden and brittle to flexible
and adaptable. They also reduce the costs of
connection and structure implementation, reduce
implementation time, and increase the reliability of the
structure. Overall, bone joints are a promising solution
for enhancing the seismic performance of structures.

Figl. shows a Dog-bone connection. Based on
Engelhardt et al [2], the following ranges and values
are suggested for selecting dimensions a, b, and ¢ in
knee braced frames:

a = (0.5~0.75)b, Q)
b= (0.65~0.85)d ()
¢ =0.25b; (€)

_ 4c? + b? “)
R= 8c

A knee braced frame system uses the knee member
as a secondary structural member, acting like a "fuse"
that creates suitable ductility. In addition, the diagonal
bracing member provides excellent lateral stiffness to
the frame. This combination results in a system that
has both sufficient ductility and lateral stiffness, with
the knee member acting as a structural fuse during

severe earthquakes to prevent damage to the main
structural members.

_-—a——}-—b——|

Figl. Dog-bone connection

The advantages of knee braced frames include their
ability to create suitable ductility and lateral stiffness,
prevent damage to main structural members during
earthquakes, and allow for simple and economical
repair and reconstruction of knee members as
structural fuses. Strengthening the diagonal bracing
member does not affect the lateral performance of the
frame and increasing the cross-sectional area of beams
and columns can improve the lateral performance,
with the effect of increasing the cross-sectional area of
the column being greater than that of the beam.
However, architectural limitations may restrict
changes to beam length or column height, making
knee members a valuable option for improving lateral
performance by adjusting their own cross-sectional
area and length. [3].

Various researchers have investigated the behavior
factor Knee bracing and Dog-bone [4-11]. The
objective of this study is to evaluate the behavior of
steel structures under earthquake loads. Specifically,
the effect of factors such as building height (low-rise,
mid-rise, and high-rise), the use of dual systems of
moment-resisting frames with bone joints and knee
braces on the static response of the structure under
earthquake loads is investigated. The results of these
analyses are compared to provide useful information
about the behavior factor of structures, from its
fundamental definition to determining it for different
types of structures.

2. Modelling

Frames have been designed with three different
heights: 30 meters (10-story frame), 39 meters (13-
story frame), and 48 meters (16-story frame), all with
an equal floor height of 3 meters. The distribution of
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bone joints in these structures at different heights is
presented in the table 1.

Tablel. Position of plastic joints in diffrent frame
Tape af frame Stories in which plastic joints are

used
1 Brace Without plastic joints
2 Fail 36,7
3 Middle 3,4,5,6,7
4 All All Stories

Previous studies have indicated that "most damages
in tall structures occur between half to two-thirds of
their height.” Therefore, four different conditions were
considered for the distribution of bone joints in height.
The first condition involved no bone joints. The
second condition placed bone joints between half to
two-thirds of the height of the structure. The third
condition placed bone joints between one-third to two-
thirds of the height of the structure. Finally, in the
fourth condition, bone joints were distributed
throughout the entire height of the structure. The
fourth condition was added based on the author's
engineering sense, which stated that in braced
structures, the effect of bone joints would be less due
to the bracing system's presence and power in
controlling lateral deformation compared to non-
braced structures. Therefore, adding bone joints would
have a better effect.

It should be noted that there are several differences
in the structural models, which will be discussed
shortly. For example, in the 10-story buildings, a 5-
meter span is placed between the span containing the
bone joints and the span containing the knee braces.
This is done to prevent the knee members and bone
joints from being located near each other and around a
connection (beam to column) that could potentially
impact their performance. In contrast to the 10-story
buildings, in 13-story structures, the 5-meter span is
placed next to the 6-meter span containing the bone
joints. The 4-meter span containing the knee braces is
placed next to the 5-meter span to examine the effects
of knee members, bone joints, and braced frame on the
behavior coefficient of the structures. In 10-story

buildings, the 6-meter span is used as the side span,
and in 13-story buildings, it is used as the middle span.
However, since the placement of bone joints in the side
span may affect their performance, in 16-story
structures, another 4-meter span is added to the right
side of the frame to examine the frame stiffness
simultaneously and to study the new distance from the
braced frame. The earthquake motions used are
summarized in Table 2.

Table2. Earthquake motions used

Motion Time(Sec) Amax Predominant period
(sec)
Bam 50 0.799¢ 0.70
El Centro 16 0.463g 0.74
Tabas 25 0.852¢ 0.20
Northridge 10 0.843g 0.34
Naghan 10 0.730g 0.08

Mexico

City 12 0.621g 0.22

3. Results and Discussion

According to research conducted by scholars from
Berkeley University, the behavior factor of a structure
is composed of four coefficients, as mentioned in
equation (5) [12]:

Ru=Rs*R,*Rg*R; 5)

where RS is the Overstrength factor, Ry is the
ductility factor, RR is the uncertainty coefficient, and
R is the damping coefficient. While RR is significant
for analyzing structures against wind loads, and R is
important when dampers are employed in the
structure, they are not considered in this study.

The first step in this study was to conduct linear and
nonlinear dynamic analyses (Time History) on sample
frames subjected to scaled seismic excitations
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Table3. Ductility factor (Ru) in different system

49

Number of storis

Braced Fail Middle All
10 4.4403 44379 44335  4.4409
13 4.4299 44306 44307 44407
16 40115 40138 40145  4.0169
average 42939 42941 42926 42995
Table 4. Overstrength factor in different system
Number of storis .., .0 Fail Middle All
10 2.1892 2.1877 2.2053 22087
13 2.1892 2.1877 2.2053 2.2087
16 1.7678 1.7655 1.7668 1.7851
average
& 2.0487 2.0469 2.0591 2.0675
Table 5. behavior coefficient in different system
Number of storis  p,00q Fail Middle All
Ry 42939 42941 42929 42995
Rs 2.0084 2.0071 2.0165 2.0282
Ry 8.6239 8.6187 8.6566 8.7202

using the graphical software ETABS v2018. The
ductility factor (R,,) was then calculated by dividing
the linear base shear to the nonlinear base shear. Table
3 illustrates ductility factors in diffrent frames.The
results of the study showed that the rate of increase in
the ductility factor is higher in the All type frames
compared to other types. This finding indicates that
braced frames should maintain a better distribution of
skeletal joints throughout the structure's height, and
concentrating these joints within the lower half or two-
thirds of the height will not be significantly effective.

The overstrength factor is defined as the ratio of the
maximum base shear to the base shear at the first
plastic hinge formation. The values of base shear at the
first plastic hinge formation and during structural
damage with cracking, as well as the calculated values
of overstrength factor for each frame, can be found in
columns 2, 3, and 4 of tables 6 to 8, respectively. Table
4 shows the overstrength factors in lateral-resistant
systems for frames.

The reduction coefficient due to ductility was also
assessed, and it was found that as the number of stories
in the frames increased, this coefficient improved
relatively in Fail and Middle systems. However, as
seen in Table4, the Fail and Middle systems decrease
with an increase in the number of stories and become
equal or lower in comparison to the Brace system. This
is consistent with the inverse relationship between the
reduction coefficients due to ductility and increased
resistance, which was mentioned earlier. Despite the
superiority of the AIll system in the reduction
coefficient due to ductility, this system also showed
superiority in the increase resistance coefficient,
which is noteworthy. This indicates that the
combination of knee braces and distributed bone joints
throughout the structure's height is superior to other
configurations.

Comparing similar peripheral systems at levels 15
to 18, it was observed that the added resistance
coefficient decreases with height, consistent with the
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results obtained by other researchers. This trend can be
predicted for different numbers of stories. The final
values of these coefficients were calculated by
averaging the values of the added resistance
coefficients in each type of the four peripheral
systems, and the results are shown in Table 4. Note the
relative superiority of the all system type.

The Overstrength factor Rs was calculated and
evaluated in the previous sections, and the reduction
coefficient of shape deformation Ru was calculated by
dividing the linear base shear to the nonlinear base
shear. In order to calculate the overall behavior
coefficient of the frames, the average of RS and Ru
were calculated for each frame type. The values for the
four peripheral systems can be seen in Table 5. The
values for the middle system were calculated for 10-
story and 13-story frames. According to the results, the
All system has the highest overall behavior coefficient
among the peripheral systems, indicating its superior
performance in resisting lateral loads. Moreover, the
behavior coefficient increased with the height of the
structure, which is consistent with the findings of other
researchers. The obtained results can be used as a
reference in the design of high-rise structures with
similar characteristics.

4. Conclusions

* The findings of this study suggest that the use of
bone joints and knee braces in the lateral-resistant
system of high-rise buildings can lead to significant
improvements in their seismic performance. The all
state, which combines both knee braces and
distributed bone joints, has been shown to have the
best performance in terms of both deformation and
resistance coefficients. It also has the highest behavior
coefficient, indicating its superior overall performance
compared to other states.

* The results of this study also emphasize the
importance of considering multiple factors and
coefficients when evaluating the seismic performance
of structures. The behavior factor, which consists of
four coefficients, provides a comprehensive measure
of a structure's ability to resist seismic forces. Rg and
R, which were not used in this study, may also be
important in certain situations, such as wind loads or
the use of dampers.

* Finally, it should be noted that the behavior and
performance of structures under seismic loads is a
complex and multi-dimensional topic that requires
careful consideration of various factors, including the
design and construction of the structure, the
characteristics of the site and soil, and the nature of the
seismic hazard. The findings of this study contribute
to our understanding of the behavior of high-rise
buildings under seismic loads and provide useful
insights for future research and design.
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Abstract

This study presents an investigation into the failure of a Mechanically Stabilized Earth (MSE) retaining wall in Tennessee,
USA. The wall was constructed to support an embankment development, but it failed catastrophically, causing damage to the
road and posing a significant safety risk to the public. The investigation involved a comprehensive site visit, field data
collection, laboratory testing, and numerical modeling. Our investigation revealed that the failure of the retaining wall was
caused by inadequate construction practices. Specifically, the wall was not constructed in accordance with design
specifications, and the backfill material used was not properly compacted. The construction issues resulted in the differential
settlement of the wall, which ultimately caused it to fail. Based on our findings, we propose a set of recommendations for the
design and construction of future retaining walls in similar geotechnical conditions. The recommendations include the proper
selection and use of backfill material, proper compaction of backfill, and adherence to design specifications. The results of
this study are expected to contribute to the development of improved design standards and construction practices for MSE
retaining walls in Tennessee and other regions with similar geotechnical conditions. © 2017 Journals-Researchers. All rights
reserved. (DOI:https//doi.org/10.52547/JCER.5.1.52)
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preparation, overloading, and natural disasters.

1. Introduction

Retaining walls are an essential component of
civil engineering projects, providing support to the
soil, rock, and other materials that are prone to
collapse or erosion [1]. However, the failure of MSE
retaining walls can be attributed to various factors
such as poor design, improper construction,
inadequate drainage, substandard materials, poor site

Inadequate  design specifications, selection of
materials, and calculation of loads and forces can
impact the wall's strength and durability. Non-
compliance with design specifications can also lead
to the inability of the wall to withstand the forces it is
subjected to, resulting in failure. The absence of
proper drainage systems can cause water to
accumulate behind the wall and exert pressure on it,
leading to failure. The quality of materials such as
soil, reinforcement, and geosynthetic fabrics can also

* Corresponding author. Tel.: +12254853307; e-mail: Hossein.Alimohammadi@terracon.com.
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impact the wall's strength and durability [2]-[4].
Insufficient site preparation can lead to soil
instability, causing the wall to shift or settle over
time. Overloading due to changes in the use of the
area adjacent to the wall or an increase in the weight
of stored materials can also cause the wall to fail.
Natural disasters such as earthquakes, landslides, or
heavy rainfall can also contribute to the failure of
MSE retaining walls. Regular inspections, proper
design, construction, and maintenance procedures
must be followed to prevent the failure of MSE
retaining walls. Several studies have investigated the
causes of retaining wall failures and proposed
remediation plans. These plans include reconstruction
with improved design, construction techniques, and
installation of drainage systems or geosynthetic
reinforcement.

Poor construction quality is the most common
cause of retaining wall failures, which include issues
such as inadequate compaction, poor drainage, and
inadequate reinforcement. H. Binici, et al. (2010) [5]
investigated the failure of a case study retaining wall
and found that poor construction quality was the
primary cause of the failure. The retaining wall was
constructed using poor-quality materials, and the
construction techniques used were not in accordance
with the design specifications. In another study, Kong
et al. (2021) [6] illustrated that inadequate design was
the primary cause of retaining wall failure in their
case study. The study proposed a remediation plan
that involved reconstructing the retaining wall with
improved design and construction techniques.

Other researchers, such as [7]-[12], investigated
retaining wall failures and identified poor
construction quality and inadequate drainage as the
primary causes. They proposed various remediation
plans, including the installation of a new retaining
wall with improved construction techniques and
materials or the installation of geosynthetic
reinforcement, reconstruction of the foundation, and
installation of additional reinforcement.

In other studies, researchers such as [13]-[17]
investigated retaining wall failures and identified
inadequate design and construction as the primary
causes. The proposed remediation plans involved

reconstructing the retaining wall with improved
design and construction techniques, installation of
drainage systems, and use of higher quality materials
and additional reinforcement.

Further research conducted by [18]-[22]
investigated retaining wall failures and identified
poor drainage, inadequate reinforcement, poor
compaction, inadequate soil reinforcement, and poor
maintenance as the primary causes. The proposed
remediation measures included reconstruction of the
retaining wall, installation of a new drainage system,
or installation of a new retaining wall with improved
construction techniques and materials.

This case study aimed to investigate the causes of
the retaining wall failure that occurred in the state of
Tennessee, USA, where a retaining wall constructed
using Mechanically Stabilized Earth (MSE) blocks
failed, resulting in significant damage to an
embankment road and posing a threat to public safety
and propose appropriate remediation measures. This
paper discusses the factors that led to the retaining
wall failure, the assessment methods used to
determine the cause of failures, and the remediation
measures taken to repair the retaining wall. The study
also highlights the importance of proper design and
construction, regular inspection and maintenance, and
the use of appropriate assessment methods to prevent
retaining wall failures. The results of this study are
expected to contribute to the development of
improved design standards and construction practices
for MSE retaining walls in Tennessee and other
regions with similar geotechnical conditions.

2. Methodology and Background

The case study involved a comprehensive
investigation that combined field data collection,
laboratory testing, and numerical modeling. A site
visit was conducted to assess the damage caused by
the retaining wall failure, and the wall's design and
construction were analyzed to identify potential
weaknesses.  Field data collection involved
conducting geotechnical investigations to assess the
engineering properties of the soil and rock strata in
the area [23]-[27]. The laboratory testing program
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a)

b)

Figure 1 a) site location map b) topographic layout of the site and the retaining wall's position from Metro GIS

a)

Figures 2a and 2b) The current state of the failed retaining wall

included assessing the properties of the soil and rock
strata and examining soil samples in accordance with
the Unified Soil Classification System (USCS) [28].
The USCS classification system is widely used in
geotechnical engineering and provides a framework
for describing the physical and mechanical properties
of soils. Numerical modeling was conducted to
simulate the behavior of the retaining wall under

b)

different loading conditions. The numerical models
were validated using field data, and the results were
used to identify potential causes of the retaining wall
failure. Finite element analysis was used to model the
retaining wall and simulate the behavior of the wall
under various loads and conditions. The finite
element analysis revealed that the retaining wall was
well-designed to resist the lateral earth pressure and
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vertical loads from the roadway above and utilized
low-quality materials or construction were the factors
that led to the retaining wall failure.

The location of this case study project is situated
in Davidson County, TN, to the southeast of
Nashville, and encompasses an existing development,
infrastructure, and a retaining wall. The project area,
as mapped by metro GIS [29] topography, is
characterized by a general slope from east to west,
with the retaining wall situated at an elevation of
approximately 578 to 580 feet, MSL, near the top,
and around 582 feet at/near the existing building. The
ground in front of the wall sharply descends to the
west, with an elevation range from approximately
572 feet at the top to 551 feet MSL at the bottom of
the slope, creating a slope height of up to 21 feet
along the wall and 26 feet in areas where no wall
exists. The site location map and topographic layout
of the site and the retaining wall's position are
depicted in figures 1a and 1b respectively.

The retaining wall at the site has experienced
partial failure along a section of its length, resulting
in a loss of retained materials and consolidation of
adjacent pavements. This mechanically stabilized
earth (MSE) retaining wall was constructed using
precast concrete panels interlocked with an anchorage
system comprising concrete stretchers in the upper
part of the wall and tandem epoxy-coated rebars with
concrete deadman anchors in the lower portions. The
approximate exposed height of the wall is estimated
to be up to 10 feet tall. The wall was constructed to
support new fill associated with the original grading
of the existing development. However, a large
portion of the wall has either failed or had its stability
compromised. In some locations, the wall has
completely collapsed, with the obvious failure of the
wall anchorage system at its connection to the precast
concrete facing panels. Figures 2a and 2b illustrate
the current state of the failed retaining wall.

In order to support the recommendations outlined
in this study and to gain insight into the construction
of the current retaining wall, we conducted both
geotechnical borings and excavated test pits to collect
subsurface information regarding material
stratification and strength. The field exploration
program involved six borings, each extending to a
depth of 30 ft or until auger refusal, and three pits,

each excavated to a depth of 10 ft or until refusal,
located in the backfill zone of the retaining wall. The
subsurface exploration plan is presented in Figure 3,
while Figure 4 a and b illustrate the excavated test
pits and subsurface conditions found in the backfill of
the retaining wall.

A truck-mounted rotary drill rig equipped with
continuous flight augers was utilized to advance the
borings, while the test pits were excavated using an
excavator. The final logs for both borings and test
pits were prepared by the Geotechnical Engineer,
based on the field logs, and included modifications
based on observations made during the exploration
program. Soil samples collected were described and
classified in accordance with the Unified Soil
Classification System (USCS), and laboratory tests
were performed to determine the backfill soil water
content and Atterberg limits.

The investigation conducted in the backfill of the
retaining wall revealed the presence of fill material
up to a depth of 22 feet. The composition of the fill
was highly variable, ranging from predominantly
rock fill (with a majority of rock size <6”) containing
a small amount of clay to mostly clay with some
limestone fragments. Additionally, occasional large-
size rocks were observed during test pit excavations.
Out of six borings, four were obstructed by large-size
rocks before reaching the natural ground. At one of
the boring locations, asphalt debris/pieces were
encountered within the fill at a depth of
approximately 13% feet below the existing grade.
The Standard Penetration Tests (SPT) conducted
within the existing fill indicated erratic N-values,
ranging as low as 4 to 5 bpf, indicating the presence
of poorly compacted (compressible) material in some
layers. Below the existing fill, the soil was found to
consist of stiff to very stiff natural residual clay (lean
clay) extending to a depth of about 30 feet without
encountering bedrock.

3. Geotechnical Overview

Based on our subsurface exploration and
observations, the MSE retaining wall comprises
precast concrete panels that are interconnected using
some form of interlocking mechanism. Additionally,
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Figure 3 subsurface exploration plan

a) b)
Figures 4a and 4b) Excavated test pits and subsurface conditions found in the backfill of the retaining wall
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an anchorage system consisting of concrete
stretchers in the upper part of the wall and tandem
epoxy-coated rebars with concrete deadmen anchors
in the lower portions of the wall is used. The height
of the exposed wall varied along its length and was
observed to be as tall as 10 feet. However, our
findings indicate that a significant portion of the wall
has either failed or is compromised in terms of
stability. At several points, we also observed a
complete collapse of the wall, indicating an obvious
failure of the wall anchorage system at its connection
to the precast concrete facing panels.

The assessment of the retaining wall failure
revealed additional concerns beyond just wall
movement. Both vertical settlement and lateral
movement of the asphalt pavement and concrete
curbs were observed over the reinforced backfill zone
of the retaining wall. Our investigation suggests that
the accumulation of surface water runoff from the
parking lot, illustrated in figure 2a, has been directed
towards the wall over time, instead of flowing into
the designated site stormwater drainage system. The
failure of the retaining wall seems to have occurred
due to a connection failure at the facing panels, where
the anchorage system pulled out of or sheared off the
panels as illustrated in figure 2b. This failure may
have been caused by backfill settlement and the
added hydrostatic pressure imposed on the wall from
the migration of surface water runoff into the
backfill. Our examination also revealed anchor
system failures both at the wall panel connection
locations as well as within the concrete deadmen
anchors, where rebars appeared to have pulled out
from the concrete anchor block.

The intrusion of water into the soil rock mixture
has resulted in the loss of strength in the backfill
material, which has settled over time. It is noteworthy
that most MSE wall systems of this type are designed
using a free-draining granular backfill material.
However, at several locations, the wall backfills
contained significant amounts of clay that hindered
the drainage of water entering the reinforced zone. As
a consequence, lateral earth pressures acting on the
wall system may increase, not only due to the added
weight of the backfill material but also due to the
likelihood of hydrostatic pressures imposed on the
wall. Additionally, we observed the absence of any
drainage system in the retaining wall such as weep

holes, perforated drainage pipes, or other similar
features. It is possible that a chimney drain system is
located at the back of the reinforced zone, which was
unable to be detected during our exploration, or a
drainage system may run underneath the wall and
empty onto the slope below, which was obscured by
vegetation.

4. Numerical Modelling

One method of analyzing the behavior of retaining
walls is numerical modeling, which involves
simulating the behavior of the wall using computer
software. In this research, we use the SLOPE/W
software to model the behavior of an MSE
(Mechanically Stabilized Earth) retaining wall under
different conditions and loads. The numerical models
were validated using field data, and the results were
used to identify potential causes of the retaining wall
failure. Finite element analysis was used to model the
retaining wall and simulate the behavior of the wall
under various loads and conditions.

The numerical modeling in this research was
performed using the SLOPE/W software, which is a
powerful tool for analyzing the stability of slopes and
retaining structures. The software uses finite element
analysis to model the behavior of the retaining wall,
taking into account the properties of the soil, the wall
geometry, and the loads it will be subjected to. The
numerical models were validated using field data,
which were collected from the site of a retaining wall
failure.

The MSE retaining wall that was analyzed in this
research was constructed using low-quality materials,
and it failed due to a combination of factors,
including inadequate drainage, poor compaction, and
overloading. The numerical models were used to
simulate the behavior of the wall under different
loads and conditions, including different angles of
internal friction, different wall heights, and different
surcharge loads.

The finite element analysis revealed that the
retaining wall was well-designed to resist the lateral
earth pressure and vertical loads from the roadway
above. However, the use of low-quality materials and

2023-vol5(1)-p 52-65



58 Journal of Civil Engineering Researchers

Figure 5 simulated MSE retaining wall using SLOPE/W software

poor construction practices led to the retaining
wall failure. The numerical models showed that the
wall was most susceptible to failure under high
surcharge loads, which caused the wall to tilt and lose
stability. The models also showed that the use of
geogrid reinforcement and proper compaction of the
soil could significantly improve the stability of the
wall.

The finite element analysis revealed that the
retaining wall was well-designed to resist the lateral
earth pressure and vertical loads from the roadway
above and utilized low-quality materials or
construction were the factors that led to the retaining
wall failure.

5. Recommendations

When dealing with retaining wall failure, several
factors must be considered in order to make informed
decisions and provide effective recommendations.
Firstly, the type and cause of the failure must be
determined in order to choose the appropriate
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Material Nama: | Color| ey | STV |0y |iden)
Material 1 120 Mohr-Coulomb [+} 30

Material 2 l . 90 Mohr-Coulomd 250 0
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materiats | [l 105 Mohr-Coulomb | 3800° | ©
‘

Global stability FS<1

solution. Common causes of retaining wall failure
include poor construction, soil erosion, inadequate
drainage, and seismic activity. Secondly, the severity
of the failure will dictate the course of action, as
minor damage may only require minor repairs, while
a complete reconstruction may be necessary for
significant collapses. Site conditions, such as soil
type, slope, and groundwater level, must also be
taken into account when developing a repair or
replacement plan. Environmental factors like rainfall,
temperature, and seasonal changes can also impact
the performance of the retaining wall and must be
considered when developing a solution. Additionally,
the available budget and resources will determine the
feasibility and scope of any repair or replacement
work. Compliance with local regulations and
requirements is also critical to ensure the safety and
structural integrity of the retaining wall. Finally, the
planned future use of the area may influence the
design and construction of any repair or replacement
work.
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There are several methods used to assess the
causes of retaining wall failures, including visual
inspections, soil testing, and structural analysis.
Visual inspections involve examining the wall for
signs of damage or distress, such as cracks, bulges, or
leaning. Soil testing can help determine the soil's
properties, including its shear strength, compaction,
and moisture content. Structural analysis involves
using mathematical models to analyze the wall's
behavior under various loads and conditions. All
these assessment methods are important and
necessary to identify the root cause of the failure
[30]-[39]. Once the cause of the retaining wall failure
is identified, remediation measures can be taken to
repair the wall and prevent future failures. These
measures may include reinforcing the wall with
additional materials or support structures, repairing
any damage, improving drainage, and implementing
regular inspection and maintenance programs. The
remediation measures taken should be based on the
specific cause of the failure and should be designed
to address the underlying problem. Proper design and
construction, regular inspection and maintenance, and
appropriate assessment methods are all critical to
preventing retaining wall failures [40]-[46]. A well-
designed and constructed wall that is regularly
inspected and maintained is less likely to fail. If a
failure does occur, appropriate assessment methods
can help determine the cause of the failure, and
remediation measures can be taken to prevent future
failures. It is important to recognize that retaining
walls are complex structures that require expertise in
design, construction, and maintenance. Therefore, it
is essential to hire qualified professionals who have
experience in these areas to ensure the safety and
stability of the retaining wall.

Retaining walls can fail if not constructed
correctly, leading to property damage, personal
injury, and legal disputes. One critical factor that can
prevent retaining wall failure is the proper selection
and use of backfill material. Backfill is the material
placed behind the retaining wall to provide support
and counteract the force of the retained soil. The
choice of backfill material depends on several factors
such as soil type, groundwater level, and wall height.
The backfill material should be free of debris, large
rocks, and organic matter that can create voids and

affect the wall's stability. Moreover, the backfill
material should be compacted correctly to minimize
settlement and lateral movement. The backfill
material should be placed in layers and compacted
using appropriate equipment and techniques to
achieve the required density and moisture content.
The use of geotextiles and drainage systems can also
improve the backfill's performance and prevent water
build-up and hydrostatic pressure.

The Backfill material required to achieve design
grade should be classified as structural fill. Structural
fill is material used below, or within 10 feet of the
retaining wall, pavements or constructed slopes.
Compacted structural fill should meet the material
property requirements mentioned in table 1.

Another critical factor in preventing retaining wall
failure is adherence to design specifications and
proper compaction of the backfill material. The
retaining wall's design should be based on the site's
soil conditions, slope angle, and anticipated loads.
The design should include details on wall height,
thickness, reinforcement, drainage, and backfill
material. The contractor should follow the design
specifications and use the appropriate construction
methods and materials. Proper compaction of the
backfill material is crucial to prevent settlement and
lateral movement, which can affect the wall's
stability. The compaction should be done in layers,
using the appropriate equipment, and testing the
density and moisture content. The contractor should
also monitor the wall's performance during and after
construction to detect any signs of movement,
cracking, or distress. Regular maintenance and
inspection can also prevent retaining wall failure by
identifying and addressing any issues before they
become critical. Backfill Compaction Requirements
should meet the requirements in table 2.

In this case study, the retaining wall on the north
side has failed and requires complete removal and
reconstruction to support the pavement and backfill.
Various retaining wall systems are available for
construction, a gravity wall concept was
recommended for this site, such as Redi-Rock or
gabion basket wall systems, or an MSE retaining wall
system over traditional cast-in-place concrete
retaining walls, soldier pile or secant pile walls for
their cost-effectiveness. To ensure suitable bearing
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Table 1 Structural fill material requirements

Soil Type* USCS Classification Acceptable Parameters (for Structural Fill)
Low Plasticity CL Liquid Limit <45 Plasticity index < 25
Cohesive Not recommended for reuse below and behind wall
High Plasticity CH Liquid Limit > 50, Plasticity index >30
“Fat” Cohesive not recommended for reuse
2
Granular Gw? Less than 5% Passing #200 sieve, can be used at all locations and elevations. Terracon
recommends any fill material used within the geogrid reinforced wall backfill should be
granular fill with rock size less than 3 inches. The actual wall backfill material should be
as specified by the designer of the retaining wall.
Existing Fill CL A large portion of the existing fill may not be suitable for reuse due to the presence of clay
in the rock fill. However, if the fill contains predominantly clean well-graded rock
(particle size <6”) this material can be reused as engineered fill below the wall bearing or
beneath the pavement area in the retained zone of the wall if approved by the geotechnical
engineer
Clean well - Can be used at all locations and elevations except in the reinforced backfill zone of the
graded retaining wall
processed rock,
surge stone
(max. rock size
6 inches) *

Engineer for evaluation prior to use on this site.
2. CH soils should not be used.

engineered fill.

1. Structural fill should consist of approved materials free of organic matter and debris. Frozen material should not be used,
and fill should not be placed on a frozen subgrade. A sample of each material type should be submitted to the Geotechnical

3. Similar to TDOT Section 903.05 Type A, Grading D crushed limestone aggregate, limestone screenings, or granular
material such as well-graded gravel or crushed stone.

4. Approval of surge stone should be made prior to placement. Any rock fill containing clay fines should not be used as

and limit settlement to tolerable limits, the new
retaining wall should be supported on engineered fill,
and the existing fill must be undercut and replaced
with approved engineered fill. However, a portion of
deeper fill (below 15" may not require replacement if
it can be recompacted to a non-yielding state and
reinforced with a layer of geogrid prior to the
placement of newly engineered fill and any wall
construction. It is crucial to compact each lift of new
fill, not exceeding 9 inches, according to our
recommendations.

Additionally, a proper drainage system is
imperative for the long-term performance of the
retaining wall. Incorporating relief drains at the
bottom of the rock fill is recommended, which may
be daylighted on the face of the slope to bleed off any

trapped water within the backfill. Furthermore,
pavement near and around the retaining wall should
slope away from the wall and collect into the site
stormwater drainage system. All grades must provide
effective drainage away from the wall during and
after construction and should be maintained
throughout the life of the wall.

The results of borings and test pits conducted in
the wall backfill area revealed that the fill was placed
up to a depth of 22 feet against and below the
retaining wall. During drilling, Standard Penetration
Tests (SPT) conducted within the existing fill
indicated the presence of poorly compacted and
compressible material layers. Consequently, in this
case study it is recommended to excavate the existing
fill to a depth of 15 feet below the existing grade or
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Table 2 Backfill compaction requirements

Item

Structural Fill

Maximum Lift Thickness

is used

9 inches or less in loose thickness when heavy, self-propelled compaction equipment is used
4 to 6 inches in loose thickness when hand guided equipment (i.e. jumping jack or plate compactor)

Minimum
Compaction
Requirements *2

98% of the material’s standard Proctor maximum for granular fill material

The surge should be placed in max. 9-inch thick lifts. and compacted with a heavy-duty vibratory
smooth drum roller or D-6 class dozer

Each lift of shot rock or surge fill should be compacted using a minimum of ten passes, five in one
direction and five that are at a right angle to the initial passes. A complete pass consists of complete
coverage of the surface with the tracks (roller).

Water Content Range *

Cohesive: -1% to +3% of optimum
Granular: -2% to +2% of optimum

1. Maximum density and optimum water content as determined by the standard Proctor test (ASTM D 698 [47]).

If the granular material is coarse sand or gravel, or of a uniform size, or has a low fines content, compaction comparison to
relative density may be more appropriate. In this case, granular materials should be compacted to at least 70% relative density

(ASTM D 4253 and D 4254 [48]).

until stiff natural clay is reached, whichever comes
first. The recommended undercutting should extend
laterally at least 5 feet beyond the wall-bearing
footprint on both sides. The exposed existing fill
should be scarified or over-excavated and
recompacted to a minimum of 95 percent of the
material's standard Proctor maximum dry density.
Next, a single layer of geogrid should be placed
directly on top of the recompacted fill subgrade,
followed by at least 12 inches of crushed rock-
engineered fill. Any subsequent fill above this layer
should consist of either crushed rock engineered fill,
well-graded clean surge stone (rock size <6 inches),
or material specified by the designer of the new
retaining wall.

It is essential to ensure that retaining walls are
constructed with high-quality materials, appropriate
foundations, and proper drainage systems. Regular
inspections and maintenance can help identify any
signs of deterioration or structural weaknesses,
allowing for timely repairs or replacements to prevent
failure [49]-[56]. The use of appropriate assessment
methods, such as geotechnical evaluations and
structural analysis, can provide valuable insights into
the integrity of the retaining wall, identifying
potential problems before they become major issues.
Proper design, construction, inspection, maintenance,

and assessment are all critical components in
preventing retaining wall failures and ensuring the
safety and longevity of the structure and the people
who rely on it. By prioritizing these factors, we can
create a safer and more sustainable built environment.

6. Construction of New MSE Retaining Wall

In  this journal paper, we  provide
recommendations and parameters for the construction
of a new MSE wall. Our proposed design assumes
that the wall will be supported on an engineered fill
that meets the outlined recommendations. When
designing the retaining wall foundations, a maximum
net allowable bearing pressure of 2,000 psf can be
used in this case study, while the recommended net
allowable bearing pressure should provide a factor of
safety of 3 (2 for MSE Wall) with respect to
anticipated shear strength.

MSE retaining walls are typically composed of
modular concrete block face units, geogrids for
reinforcement, and compacted soil or select granular
material that creates a reinforced soil mass acting as a
gravity-type retaining wall. Design considerations for
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Table 3 Recommended MSE wall soil strength parameters — foundation soils

Total Stress (Undrained)

Effective Stress (Drained)

Moist Unit Weight (pcf) Parameters Parameters
Material Type Cy, psf ¢, degrees c’, psf ¢’, degrees
New engineered granular fill 110 0 32 0 32

Table 4 Recommended MSE wall soil strength parameters — backfill materials

Total Stress (Undrained)

Effective Stress (Drained)

Moist Unit Weight (pcf) Parameters Parameters
Material Type Cu, psf ¢, degrees ¢’, psf ¢’, degrees
No. 57 Stone or Surge Stone 105 0 34 0 34
Crushed rock 135 0 32 0 32
engineered fill

1. Fill should be compacted to at least 95% of standard Proctor maximum dry density.

the MSE wall should include geotechnical
parameters such as the unit weight and strength of in-
place native materials, compacted soil for the
reinforced zone, and foundation subgrade. The
parameters used in the design and global stability
analyses of the MSE retaining wall should not exceed
those outlined in provided tables 3 and 4. It is also
important to consider any surcharge loading that will
be placed on the completed wall. It is crucial to
exercise caution in the design and construction stages
to establish and sustain swift and positive drainage
away from the retaining wall area. Also, an effective
surface drainage is necessary to prevent water from
flowing over the wall face and saturating the fill
behind the wall or subgrade soils at the base of the
wall.

Before commencing construction of the MSE
wall, it is essential to collect and analyze samples of
the fill material proposed to be used in constructing
the reinforced zone for the wall. This laboratory
testing is critical to confirm that the engineering
properties of the backfill align with the assumed
properties utilized in the design. Additionally, it is
recommended that qualified geotechnical personnel
conduct field testing and observations during the
MSE wall's construction. Table 3 illustrates
recommended MSE wall soil strength parameters for
foundation soils and table 4 shows recommended
MSE wall soil strength parameters for backfill
materials.

The retaining wall failure under investigation was
found to be caused by construction practices. The
wall was not built to withstand the lateral forces
exerted by the embankment and soil retention. Other
factors, such as unsuitable backfill materials,
inadequate compaction, and poor drainage, were also
found to have contributed to the failure. A
remediation plan was proposed based on our
findings, which involved reconstructing the retaining
wall using improved design and construction
techniques. The proposed design included additional
reinforcement and drainage systems to prevent the
accumulation of water and soil pressure. This study's
results are expected to contribute to the development
of better design standards and construction practices
for retaining walls in Tennessee and other regions
with similar geotechnical conditions. The study
emphasizes the importance of proper design,
construction, and maintenance practices in ensuring
the long-term stability and safety of retaining walls.
The value of a comprehensive investigation that
combines field data collection, laboratory testing, and
numerical modeling to identify the causes of
retaining wall failure and propose appropriate
remediation measures is also demonstrated by this
study.

7. Conclusions
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In  conclusion, the case study involved a
comprehensive investigation that combined field data
collection, laboratory testing, and numerical
modeling to identify potential causes of a retaining
wall failure in Davidson County, TN. The
investigation revealed that the retaining wall was
well-designed to resist the lateral earth pressure and
vertical loads from the roadway above; however,
utilizing low-quality materials or construction was
the factor that led to the retaining wall failure. Based
on the subsurface exploration and observations, it
was evident that the retaining wall in question was
compromised in terms of stability. The assessment of
the retaining wall failure revealed additional concerns
beyond just wall movement, such as the presence of
poorly compacted (compressible) material in some
layers and the occurrence of occasional large-size
rocks. The findings from this investigation highlight
the importance of proper design and construction of
retaining walls. The study provides insights into the
need for careful consideration of soil properties and
design loads, as well as the use of appropriate
materials and construction techniques. The
investigation also underscores the importance of
regular monitoring and maintenance of retaining
walls to identify and address potential issues before
they result in catastrophic failure. Overall, this case
study provides insights into the investigation of
retaining wall failures and highlights the importance
of proper design, construction, monitoring, and
maintenance of retaining walls. The study findings
can be useful for geotechnical engineers, contractors,
and developers involved in the design and
construction of retaining walls.
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