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Evaluation of Damage Index for RC
Frames with Irregular Geometrical
Shape Subjected to Blast Loads

ABSTRACT

Riyadh M. M. Alaaraji*’

Sofyan Y. A. Kashmola?

! Civil Department/ Engineering College/

Mosul University/ Mosul, Irag The present research focuses on studying the effect of architectural shape of

reinforced concrete frames resulting from irregularity of geometrical shape of
building frame. The reinforced concrete Frame, consisting of eight storey and
three bays, was designed by the American Code ACI-14. SAP2000 (V.20)
software was used for the purposes of design, analysis, of the structural response
for behavior elasto-plastic under the effect of blast loading, through a number of
variables, including the maximum displacement and plastic deformations at the
tip of structure, number and status of plastic hinges formed, and damage index.
The interaction diagram between axial force and bending moment was adopted
as a yield surface to undergo the transition from elastic to plastic behavior for the
columns, while the design yield moment was defined as a yield criterion for
beams. The accumulated plasticity (Plastic hinge) at the ends of structural
element was used to simulate the elasto-plastic behavior . Irregularity and
unsymmetrical form of frame structure have a significant effect on increasing the
deformations and plastic displacements in the elements more than 40% and
increasing the damage index in structure more than 18%, that is calculated on the
basis of dissipated energy by plastic deformations. The distance between centers
of Mass (C.M.) and Stiffness (C.S.) significantly affects the response of structure,
where the plastic deformations of structural elements are in the least damage zone
in case of convergence between two centers, compared to other cases of
heterogeneity irregularity of geometrical shape of structure that results in
diverging of these centers.
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1. INTRODUCTION

Scientific and technological progress led to the
development of methods of analysis and design of
structures and the steps of analysis became simple and
save a lot of time to express the (elasto - plastic)
behavior in the structures better. With the increase of
military actions and explosions striking in some cities of
the world a new trend emerged in science of structural
engineering which is the analysis and design of
engineering installations prone to unexpected disasters
such as explosions. In our country (lraq), many cities
and vital public and private structures were severely
damaged, some of which were completely destroyed
and some were partly damaged. Therefore, it is
necessary to conduct a technical, structural and
economic evaluation of these structures, to take the
decision and the optimal procedure in terms of assessing
damage to the restoration, rehabilitation or removal of
the structure, in order to continue to invest these
structures safely and economically [1]. Ayad B Bahnam
[2] in 2010 studied the arrangement of diagonal tendon
in structure on the response of reinforced concrete
frames under the impact of blast loads, where he
designed a three-storey concrete frame using non-linear
(elasto-plastic) analysis of the structure by MATLAB
program. The researcher concluded the ideal state of the
arrangement of the tendon, which leads to reduce the
maximum displacement and deflections and does not
increase the maximum shear force in the structure by
the explosion load. S.Mahdi S. Kolbadi et al. [3]
Presented in 2017 a theoretical study on the evaluation
of non-linear behavior of reinforced concrete structures
exposed to explosive load. The researchers used two
models, one with a percentage of carbon fiber and one
without them. They concluded that there was an
improvement in the response of the carbon fiber
structure with minimal damage, with internal stress
reduced by 43% and lateral displacement reduced to
30%. Mostafa A. Ismail [4] in 2017 studied the
response of four-storey reinforced concrete space frame
with composite column and subjected to blast load, as
the structure is designed only for static loads, The
researcher concluded that the use of a steel tube filled
with concrete in the outer columns improves the
structure response to the explosive load. Azadeh Parvin
and others [5] in 2017 studied the case of collapse of
concrete structures reinforced and subjected to severe
blast load, where the researchers used finite element in
the static and dynamic non-linear analysis for a number
of scenarios of blast load, the structures was evaluated
through the number of plastic hinges and its status, they
concluded that the regular structures in terms of shape,
rectangular and square sections of columns subject to
blast load have the best response and the least damage.
Sourish Mukherjee et al [6] in 2017 studied the
structures resistant to blast loads, and stressed the
hypothesis of the deletion of columns caused by the
intensity of the explosion, and distribution of internal
forces of missing columns on other internal columns at
the structure. In 2018 Yehya Temsah et al. [7] studied
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numerical analysis of a reinforced concrete beam under
the influence of blast load. The researchers used
ABAQUS program for analysis with number of models
to test under the effect of blast load. The researchers
concluded that the stress rate has an obvious effect on
the response of structure. Liu Y et al [8] in 2018 made a
theoretical and practical study on the performance of
reinforced concrete beams under the effect of blast load
for variable distances and explosive charge. The results
of the practical experiment showed that the location of
the explosive charge has a large impact on the rate of
damage and plastic deformations in it. Ibrahim YE et al.
[9] Conducted in 2019 a study on reinforced concrete
structures in two systems, the first being the external
columns of reinforced concrete and the second is the
same columns of the type of composite columns, The
researchers compared the two models and concluded
that the composite columns model, responds better to
the blast load and less damage. In 2019, Asim Abbas et
al. [10] conducted an experimental study on the
behavior polystyrene foam of reinforced concrete sheet
(RCSPs) prone to blast load, The researchers used four
models of these panels to test. it has also been found
that RCSP panels have a large capacity to absorb and
dissipate the energy generated by the explosion. In
2019, Maria Chiquito et al. [11] studied the response of
brick masonry walls under blast load. The researchers
used three models of brick masonry (free fiber, glass,
and carbon fiber). The researchers concluded that the
percentage of damage in the construction units
reinforced with carbon fiber and fiberglass is less
harmful of non-reinforcement units.

The present study focuses on the evaluation of
the damage index of the reinforced concrete structure
having variable plan (irregular frames) that affects the
center of mass and stiffness of the structure convergence
or divergence of these centers directly affect the
response of reinforced concrete structures subjected to
blast loads. The research involved the design of a
reinforced concrete structure according to the ACI-14
code [12] using SAP2000 (v.20) software [13]. The
frame structure is analyzed for elasto-plastic behavior
using Newmark's (predictor-corrector) approach for
dynamic response.

The irregularity of geometrical shape of
present building frame has been changed into different
cases and redesigned with the same characteristics of
reference case. Comparison of inelastic response
between proposed cases of structure, exposed to the
blast loading, through the lateral displacements, plastic
hinges and damage index is performed.

1. Blast Loads at Surface

This type of load occurs directly on surface of
the earth and is called a surface explosion. Explosion
waves that reach the structure are reflective waves
whose value depends on the geology and nature of the
earth, as shown in Fig. 1 [14].
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Fig.1 Surface explosion formula [14].

The scaling law is an important value for the
calculation of blast load on structure. According to
(Hopkinson-Cranz) law, the stand-off distance (2)
depends on the distance between source of the explosion
and structure (R) and the mass of the explosion charge
(W), it can be expressed by the following equation [14]:

Z= (1)

There is a set of logarithmic curves, based on the stand-
off distance in case of surface explosions, these curves
were drawn for a stand-off distance (Z) ranging from
(40-0.05 m / kg’ ®) to TNT. These curves were used to
calculate the blast loads applied on the structure in the
present study [15].

3. Methodology of Analysis

The analysis is carried out for the following tasks, (a)
Constructing the stiffness and mass matrices of
structural members, (b) Calculating the force vector that
is applied on the system in the current time step, and (c)
Solving equations of motion by Newmark’s procedure
used for the nonlinear dynamic analysis. During the
iterations, be sure to obtain the requested accuracy then
move to a new time step, as shown in Fig. 2. Plastic
displacement ,Maximum tip displacement and damage
index of the structure are the results obtained at the end
of analysis.
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Fig.2. Flowchart of analytical procedure

4. Analytical and Mathematical Modeling

The beam-column element shown in Fig.(3-a)
was used to represent the structural elements, which has
plastic hinges at both ends to simulate the inelastic
behavior. The elastic behavior extends along the
element, whereas the (elasto - plastic) behavior is
confined at both ends of the element [16]. Fig.(3-
b).shows the mathematical model of the structural
elements used in the present study installed forces and
transitions on each element [16].
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Rigid Zone
Hinge Zone

Elastic Zone

Hinge Zone
Rigid Zone

a. Analytical model
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(a)Two-dimensional element

\ Global axes x'
Z

b. Mathematical model.

Fig.3 Analytical and mathematical model of the
structural element [16]
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5. Reinforced Concrete Material

The Mander (stress—strain) scheme[17] was
adopted for unconfined behavior of concrete, while the
Park (strain - stress) scheme [13], was adopted to
govern the (elasto - plastic) behavior for reinforcing bar
as shown in Fig.4. These schemes were used for
calculating the yield surfaces of columns and beams.
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b. Stress-stress curve of reinforcing bar

Fig.4. Stress - strain curves of concrete and
reinforcing bar [13].

5.1. Mathematical Relation of Concrete

The stress-strain relation suggested by Mander [17],
coded in SAP2000 software, has been chosen to
stimulate the unconfined behavior of concrete. When

! -
€ < 2¢_, the governed equations are:

e @
&
x=z 3)
E
r=—" 4
7 )

c

for linear part of the curve, 2¢/ < ¢ < g, the relation

becomes:
= ()« (252) ©

5.2. Mathematical Relation of Reinforcing Bar

Three regions govern the behavior of
reinforcing steel. They are an elastic region, perfectly
plastic region, and a strain hardening region. Different
equations are used to define the stress-strain curve in
each region, by the following equations[13]:

for e < ¢, (elastic region)

f=Ee (6)
fore, <e<eg (perfectly plastic region)

f=5f ()

forey, <e<¢g, (Parkregion)

_ m(e—egp )+2 (e—&gp) (60—m)
f=r (60(£—£sh)+2 2(307+1)2 ) (8)
r= & —é&un ©)

(f—”) (307+1)? —607-1
fy

m= 15 r? (10)

Consideration has been given to reduce the
stiffness of structural elements (columns and beams)
according to FEMA-3°1 code, as shown in Table 1. It
is worth noting that the structural elements are designed
with the ultimate strength method [18].

Table 1 Reduction values of flexural stiffness for
columns and beams [19].

Effective Stiffness Values

Flexural Shear Axial
Component o o o
rigidity Rigidity Rigidity
Nonprestress
0.5E¢lq 0.4E.A, -
Beam
Column with

compression due
. . 0.7E.lq 0.4E.A, EcAq
to design gravity

load> 0.54,f¢
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6. Behavior of Plastic Hinges

The behavior of plastic hinge after formation in
the member depends on the relation of moment-rotation
(M-0) of that member shown in Fig.5. There are special
Tables in ATC-40 and FEMA-3°1 codes which
determine the values of rotations during elastic and
plastic stages, depending on the structural properties
which include section dimensions, reinforcing ratio and
other analytical values [19].

A

_lLser —CP-C C
|} 10-LS”
“\;0 LS CP  cp
- >
D-E

Moment M

Plastic Hinge

>

Rotation @

6.1. Performance Levels

Three points labeled 10, LS and CP shown in Fig.5
are used to define the Acceptance Criteria or
performance level for the plastic hinge formed near the
joints (at the ends of beams and columns). 10, LS and
CP stand for Immediate Occupancy, Life Safety and
Collapse Prevention, respectively. The values assigned
to each of these points vary depending on the type of
member as well as many other parameters defined in the
ATC-40 and FEMA-356 documents. Table 2. describes
the structural performance levels of the concrete frames,
through plastic hinges formed in the structural
elements[19].

Table 2. Description of performance levels of the concrete frame[19].

Element Type

Collapse Prevention (CP)

Structural Performance Levels

Live Safety

Immediate Occupancy (10
(LS) pancy (10)

Primary

Concrete

Secondary

Extensive cracking and
hinge formation in ductile
elements. Limited cracking
and/or splice failure in some
nonductile columns. Severe
damage in short columns.

Extensive spalling in
columns (limited shortening)
and beam severe joint
damage. Some reinforced
buckled.

Extensive damage to beam.
Spalling of cover and shear
cracking (<1/8" width)for
ductile columns. Minor
spalling in nonductile
columns. joint cracks <1/8"
wide.

Extensive cracking and
hinge formation in ductile
elements. Limited cracking
and/or splice failure in some
nonductile columns. Severe
damage in short columns.

Minor hairline cracking.
Limited yielding possible at a
few locations .No crushing
(strain below 0.003).

Minor spalling in a few places
in ductile columns and beams.
Flexural cracking in beams
and columns. Shear cracking
in joints <1/16" width

6.2. Yield Surface of the Frame Members

The interaction diagram between the ultimate
axial force P, and bending moment M, , is adopted to

model the yield surface for two dimensional analysis of
the reinforced concrete columns.

The development of axial force-bending moment
interaction curve for columns is performed by SAP2000
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software according to ACI code procedure, that requires
(i) stress-strain relations for plain concrete and
reinforcing steel previously shown in Fig.4. and (ii)
dimensions of the section and the amount and locations
of reinforcement [16]. For beams, the yield moment,
calculated according to ACI code, is to be the yield
criteria to transition from the elastic to plastic behavior
during the analysis.
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6.2.1. Inelastic Analysis of Reinforced Concrete

In general, the yield condition of the frame
members can be expressed as [16]:

f*=f(p,)=1.0 (11)
where P, represents the nodal forces or stress

implies an elastic state; f =1.0

represents yielding and f >1.0 represents non

admissible state. In classical theory of plasticity, the flow
rule states that the plastic deformation rates are linearly
related to their corresponding force (or stress) rates [16].
The associated flow rule can be written as:

{du, j=1.{g} (12)

in which {dup} is plastic components of the

resultants; T <1

incremental nodal displacements, 4 is flow constant,
and {g} is gradient of the yield surface.

In the elastic-perfectly plastic material, there is
no secondary plastic work. This implies that the

increment of the nodal forces dp corresponding to a

plastic deformation of a particular cross-section must be
tangent to the yield surface.

T _
du,.dp=0 (13)
by using the above equations, the flow
constant can be derived when the incremental nodal

displacement of the element is decomposed into elastic
and plastic components.

du =du, +du, (14)

The elastic components of displacements will create
incremental nodal forces dp :

dp =k, . du, (15)

or dp=k,.(du-du,) (16)

where K, is the elastic stiffness matrix of the element.

substituting by the value of dup from Eq. (18), the
resulting equation is:

dp=k,.du-k,.g. 4 17
Multiplying the two sides of Eq(19) by gT and
using the flow rule and normality condition referred in
Eq(18) and Eq (19) respectively, this yield:
g'.dp=9g".k,.du—g".k,.g.1=0 (18)

solving for A, will gives:

W=lg". k. o] a7 k,. du (19)

A =0 implies loading condition, and A < O implies
elastic unloading condition.

7. Numerical Application

The reinforced concrete frame shown in Fig.6
is designed according to ACI-14 code [12], whereas the
properties of concrete sections, details of static loads, as
well as the blast load are shown in Table 3. Dynamic
characteristics of structure are 5% damping ratio, and
(0.002) time step size Newmark's (predicted -
corrected) approach was used to perform the nonlinear
dynamic analysis of structure [20].

The structure was subjected to an explosive
charge of (15 Ton ) TNT at a distance of (19 m) from
the building, where the equivalent triangular blast load
was calculated at the middle of building height and was
equally applied at nodes opposite of explosion. Fig.7
shows the proposed cases of geometrical shapes verses
to reference case (A).
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reinforcement ratio, case (A)

(19)




Riyadh M. M. Alaaraji , Sofyan Y. A. Kashmola / Tikrit Journal of Engineering Sciences (2020) 27 (2): 54-64.

Table 3 Structure properties (cases A,H,I)

Properties

Numerical value

Compressive strength of concrete f, 25.0 MPa
Elastic modulus of concrete 23650 MPa
Density of concrete 2350 kg/m?
Yield stress of reinforcing bar f,, 414.0 MPa
Dead load 30.0 KN/m.
Live load 10.0 KN/m
Blast load 1000 kN
Time period of blast load 0.05 sec
Yield surface for columns P-M;
Yield surface for beams M;
h 400mm 500mm
Column
b 400mm 300mm
AY
Joint (18) Joint (18) Joint (18)
qp Sz =
i center of mass C.M. @
- center of stiffness C.S. ®
4m
1
8 4m

- - e >
—Sm—+—5Sm—+—5m—

Reference Case (A)

—S5Sm—+—5Sm—+—5m—

Case (H)

—Sm—+—5Sm—+—5m—

Case (I)

Fig.7 The proposed cases of geometrical shape vs. reference case (A)

7.1. Maximum and Residual Plastic

Displacements:

The results, shown in Figs.8 and 9, of the
nonlinear dynamic analysis of structure, exposed to
blast load, gave a congruence in the cases of H and |
with increase of maximum displacement by 40%, and
residual plastic displacement by 56% compared to the
reference case A. That increasing is due to deletion of
a number of structural elements as a result of
architectural design.

Removing parts of the upper stories of
structure usually leads to spacing in centers of mass and
stiffness and therefore additional moments and forces
result in increasing of plastic deformation and damage
index in the structural elements.

60
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9 | | |
<) 750 A=-=---H 1]
3
< 600 A\
© /é\ |/ ormpmne== PP
g é 450 \
g 300 /N
o
)
o
&
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Time(sec)

Fig.8 Lateral displacement with time at
cases of A, H, |

node (18) for
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7.2. Plastic Hinges:

Irregularity as well as reduced stiffness of
structure in cases of H and | led to increasing The
number of plastic hinges in the elements compared to
the reference regular case (A) as shown in Fig.10. It is
worth noting that the ATC-40 and FEMA-356 codes
explain the damage classification in the elements
depending on the amount of plastic rotation (plastic
deformation), which occurs in these elements, and also
show the percent of damage through the color change of
plastic hinges shown in Fig.1

Table 4. Number of plastic hinges in the most damage

Reference Case (A) Case (H)

Case (1)

Fig. 10 status of plastic hinges and maximum displacement at node (18) of cases A, H, |

] ] ] reaion (C-D)
Fig. 9 Maximum lateral displacementat  node (18) for
cases of A, Hand | The The
) . . : Number of
The knowledge of stiffness center has a role in difference  difference i hinges
engineering stability of the structure. The architectural between between within (C-D)
design is preferable that the building block be as Cases  centersof  centers of region
uniform and symmetrical as possible. The convergence mass and mass and according to
between centers of mass and stiffness is of great stiffness in  stiffness in FEMA
importance in reducing the damage of structure and its X-direction Y- direction ificati
; : ‘ classification
plastic deformations. Table 4 shows the difference (cm) (cm)
between two centers and gives total number of plastic
. . o A . 35 15
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7.3.Damage and Ductile Indices:

To evaluate the reinforced concrete structures
damage and ductility for empirical equations for
previous researches are used [21,22].

—__En
Dlgg. = 2XEp+Ep *100

The damage and ductility indices of structure
was calculated as in Table 5.The Figs. 11 and 12 show
the relationship of damage index with the number and
status of the plastic hinges in beams and columns.
Increasing the damage index for cases H and |,
compared to case A, by 18% and 20%, respectively, due
to removing parts of the structure which results in

(20) reduction of overall stiffness of  elements, and
Dlyisp = Uresidual , 1 formation of more plastic hinges within the damage
Umasx. 21) limits (C-D) as shown in the Figs.11 and 12, this
Umas usually have a significant impact on increasing the
= Ve (22) damage rate of structure. The ductility index (i) shown
in Table 5 reflects the opposite behavior of damage
index .
Table 5. Damage and ductile indices
Cases (ﬂ) (ﬁ) (ﬂ) Damage Index ~ Damage Index  Ductility
E; E; E; Dlg,, Dl isp. Index
% % % % % Tl
A 80.6 9.8 32.0 62 71 14
I 83.4 7.2 40.0 73 79 23
H 83.4 7.0 39.3 74 80 24
(C.M.-C.S)y.=0 (gmg?xfggo (C.M.-C.S)«.=123 24 21
) (CM-CS)=35  (CM-CS)y.= (G:M.-C.5), 2170 2 residual disp residual disp residual disp 19
g 17 17 20 2 345 mm 537 mm 527 mm
> 14 <
© 12 @ 16
QC) = 12 9 10 9
i 7 as | 7 {/
T il (K \
o X 3 s Al 2 | 5 3 3 G-
5 Wil | EvEl § B = 1 NS RSN ETE
o - J 2 ! - 0 3
pd
AR IR IR 2208e35/528:5/32%¢¢
200802008 Caginso 250a85% 20580 mgnsO
No. of P.H =34 No. of P.H=38 | No. of P.H=41 No. of P.H =36 No. of P.H=34 | No. of P.H=35
Case (A) Case (H) Case (1) Case (A) Case (H) Case (1)

Fig. 11 Plastic hinges and its status in
columns for cases A, H, and |

8. Conclusions

The results obtained showed that the
symmetrical and regular state of structure leads to
convergence between the centers of mass and
stiffness compared with other irregular cases. The
structural response to dynamic blast loads is to be
in the following conclusions:

» The residual plastic displacement at the end of
elasto-plastic analysis in case of irregular
frames exceeded the regular reference state by
56%.

» The ratio of dissipated to input energies in case
of irregular frames increased by 25%
compared to the regular reference case, while
the ductility increased by 71%.
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Fig. 12 Plastic hinges and its status in beams for
cases A, H, and |

» Increasing the damage index for irregular cases
compared reference one by 18% and 20%,
respectively, because of the divergence
between centers of mass and stiffness of the
structure.

*  Reduced stiffness due to removing parts of the
structure resulted in large deformations in the
structural elements by 40 % increasing.

*  The number of plastic hinges formed within
the limits of large damage (C-D) are
concentrated in the columns and beams in the
first stories for irregular case, this usually have
a significant impact on increasing the damage
rate of structure.
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List of Symbol

Q

©

ineld

Uresidual

Umax

(C.M-C.9)x
(C.M-C.S)y
my
Py

Title
The distance between source of explosion and structure
Mass of blast charge .
Stand-off distance.
Compressive strength of unconfined concrete.
Concrete strain at f, .
Ultimate strain of concrete
Yield strain of reinforcing steel.
Steel modulus of elasticity
Yield stress of steel
ultimate stress capacity of steel
Strain in steel at the onset of strain hardening
Steel ultimate strain capacity
Modulus of elasticity of concrete
Moment of initial
Section area of element
Nodal forces or stress resultants.

Plastic incremental nodal displacement.

Flow constant

Gradient vector of the yield surface

Plastic deformation of a particular cross-section
Elastic stiffness matrix of the element.

Plastic Hinge

Ductility index

Maximum displacement

Yield displacement at formation of first plastic hinge

Damage Index

Potential energy

Hysteresis energy

Residual displacement

Maximum displacement

The difference between centers of mass and stiffness in X-direction (absolute value)
The difference between centers of mass and stiffness in Y-direction (absolute value)
Ultimate moment

Ultimate axial force
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