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resistance mechanism. The behaviour of the epoxy material that was used in the FRP
strengthening and the bond between the steel reinforcement and concrete material are
important factors in defining the shear hysteretic envelopes. For cases where an access to a
large number of experimental hysteretic envelope curves is limited, the modified
compression field theory (MCFT) can be used to define the envelope curve for the
hysteretic material model of the shear behviour, Vecchio and Collins (1986). Several
researchers, Yousef 2000; Galal 2002; El-Almoury 2004; and Khalil 2005, reported that
the MCFT prediction of the shear behaviour of the structural concrete elements can

provide a good accuracy when compared experimental data that was available.

6.3.1 Constitutive equations
Concrete model of the MCFT is replaced by Mander et al. (1988) model. The

principle compressive stress in concrete is:

fz=hﬂx—§, x<1.0 (6. 55)
r-1+x
x=2 (6. 56)
gL‘C
E
r=— e 6.57
EC _ESCC ( )
E, =5000,/f" (6. 58)
=t (6. 59)
£

cc

where ¢, is the principal compression strain, E_ is the initial concrete modulus of

elasticity and E_ is the secant concrete stiffness at the ultimate concrete strength. The

eC

confined concrete strength f  is expressed as:
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fi= f;(2.254 /1 + %"-’i - 2%’: -1 .254} (6. 60)

where €, is the corresponding concrete strain as given by:

e, =s°{1+5(%— JJ (6. 61)

the maximum concrete strength that corresponds to the principal tensile strain, &, is given

as -f;max *

P — <7 (6. 62)
(0.8 ~0.34 ‘91)

&

The relation between the average tensile stress f; and the average tensile strain g, is:
fi=E.g ifg<eg, (6.63)
where &, is the cracking strain and £, is the modulus of elasticity of concrete.

for & > ¢, , the average tensile stress f] is given by, (Stevens et al., 1987):

fi=fl0-a)e ) v a,) (6. 64)
where f_ is the concrete cracking strength, a, is a factor that defines the residual concrete
tensile strength and A, is a factor that controls the decay rate of the response. These factors

were given as:

f, =033f (6. 65)
a, =75p,/d, (6. 66)
A, =270/ Ja, <1000 (6. 67)

where, d, is the longitudinal bar diameter and p_ is the longitudinal steel ratio.
Equation (6.66) gives the value of «, for the case of axial tensile stresses, where,

reinforcement bars are parallel to the tensile stresses. In case of bi-directional loading,
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where the principal tensile stress is inclined to the reinforcement bars in x-direction by an
angle 8, then:

a, =cos’Ba, +sin’Ba, (6. 68)

Where o, and o, can be estimated using Equation (6.66) after replacing p, with

tv
reinforcement ratio in x and y directions, respectively.
the crack width w is:

€

R ] N 6. 69
sinB  sin@ ( )
Sl’llX smv
where S and S, are the crack spacing in the x and y directions, respectively.
S =2(c+i)+0.l—d—b (6. 70)
10 ol

where c is the clear concrete cover, S, is the spacing between bars in x direction, d, is
the bar diameter and p is the ratio of the reinforcement area to concrete area.
Collins and Mitchell (1987) suggested that to limit the shear stresses v that could be

transmitted across crack to:

0.17./f
y, = 2T (6.71)
0.3+0.6w

where the crack width w in mm, v, andf, are in MPa, and Collins et al. , (1996)

suggested to limit f, to:
Simax =V, tand (6.72)

6.3.2 Compatibility equations
From Mohr’s circle of strains shown in Figure 6.8:
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4

g =€+ ECOt 7 (6.73)
g, =¢,—(g—¢)cot’ 0 (6. 74)
£,=6+8&,—&, (6.75)

where €, is the longitudinal strain at the mid-depth of the web, €, is the transverse strain,

g, is the principle tensile strain, €, is the principle compressive strain, y is the shear strain

and 8 is the angle of inclination of the diagonal compression.

tan20 =L (6. 76)

(,-2.)

6.3.3 Element equilibrium
The shear force V, can be calculated from:

Ly fbd,
p=-2=5 (6.77)
tand
The shear stress v, is given by:
a
Sht
p=2""v (6.78)
tand

where g, and f, are the area and yield strength of shear reinforcement, respectively, b, is
the effective thickness of the section, d, is the effective depth of the section, and S is the

spacing between the web reinforcement of walls.

Mohr’s circle of stresses is shown in Figure 6.9. In that figure, f_ is the concrete
stress in X direction, f,, is the concrete stress in transverse direction, v is the shear stress,
/. is the steel stress in the x direction and f, is the steel stress in the transverse direction.

To achieve equilibrium the following equation should be satisfied:
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error=f, +f, — tan9+~—1—)l—=0 (6.79)
tan6 /b d,

The axial load can be calculated from, Collins and Mitchell (1987):

N=A_f, + fbd, -V cotd (6. 80)

where 4_ and f are the area and stress of longitudinal bars, respectively.

6.3.4 Solution strategy
Iterations are carried out over an incrementally increasing shear strain strain, y .

For each iteration a value of y was imposed, ¢ and &, were assumed, then principal

strains and stresses were estimated. The shear force was calculated and the axial force was
estimated and until equilibrium was achieved. The process was repeated by imposed

another shear strain incement.

6.4 Modeling of CFRP-Shear Strength Contribution

When modeling RC structural wall strengthened with FRP composites, the effect of
the composite jacket with anchored ends can be idealized as distributed ties in the RC wall.
The response of concrete wall with externally bonded FRP composites was evaluated using
MCEFT. The problem is represented by three sets of equations. They are the constitutive

laws, compatibility conditions and equiliprium conditions.

6.4.1 Constitutive Laws
The constitutive relationships of the concrete and the composite sheet materials are

presented in this section. The principal compressive concrete stress is given as:
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= Lm0 6. 81)
r-1+x
f, = +E, (6, —€), x>1.0 (6. 82)

where E_ is the tangent stiffness of the stress-strain relationship of the concrete, and T,

is the maximum concrete strength as estimated by Equation (6.62) where f, in Equation

(6.60) is the confined concrete strength as estimated by the FRP-confined concrete model.
The elastic constitutive relation of the composite FRP materials is written as:

fFR.P sheet = Eshee!gsheer (6 83)

where i, . 1S the tensile stress in the FRP sheets that is corresponding to a tensile strain

and E,

sheet

of ¢ is the modulus of elasticity of the FRP sheets.

sheet

6.4.2 Compatibility
This set of equations relates the average axial and shear strains through Mobhr's

circle of strains. The angle of inclination of principal concrete stress was taken equal to the
angle of principal strain and the angle of the crack inclination. Compatibility equations

(6.73) to (6.76) are implemented in this set.

6.4.3 Equilibrium
The equilibrium of stresses can be derived from Mohr's circle of stresses as

described in Section 6.3.2. The shear resistance of the RC structural wall strengthened with

FRP composites is evaluated as:

77777 + AFRP sheethR_P sheet + ﬁbvdv

V= i 6. 84
tan®& ( )

where Ao 1S the cross sectional area of the FRP sheets, a, and f, are the area and

yield strength of shear reinforcement, respectively, b, is the effective thickness of the

v
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section, d, is the effective depth of the section, and S, is the spacing between the web

ties
reinforcement of structural walls.
The equilibrium of stresses as given by Mohr's circle, gives:

V.
error :(c0t9+tan9)ﬁ—fl -1, (6. 85)

The axial load resistance of the section is given as (Collins and Mitchell, 1987):
N=A_f +fbd —Vcotl (6. 86)
To build the shear force-shear strain envelopes, a value of the shear strain, v was assumed

and then the axial strains, ¢, and &, were evaluated.

6.5 ANALYSIS OPTIONS

6.5.1 Element material properties from test data
Two options for defining the material properties for each element were available.

Either the analysis program generates the envelopes for the elements based on concrete and
reinforcement materials properties, or the program is provided with complete moment-
curvature envelope data from tests. If access to experimental envelopes is not available, it
is possible to use other programs to generate the envelopes of the moment-curvature and
shear force-shear deformation. In this analysis, the first option was used to generate the
moment-curvature and shear force-shear deformation envelopes for each wall element. In
order to check the accuracy of the program predictions, its results were compared with the
available experimental envelopes and a good agreement was observed. This ensures that
the effects of reduced stiffness are included in the analysis. By using the first option, (i.e.
providing the material properties for program to generate envelopes), and taking into
account the stiffness degradation of the reinforced concrete members, it can result reliable

and accurate analytical model results in the case of seismic loading.
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6.5.2 Hysteretic rules
The hysteretic values should characterize stiffness degradation, strength

deterioration, and pinching behaviour for the RC structural walls. For simulation of the
experimental results, the values were obtained by a trial and error process. Therefore, after
determination of the element properties for RC structural walls, several analyses were
carried out with different values of hysteretic parameters and those that yielded the most
comparable results to the experiments were selected to be implemented in the simulation of
the tested walls. Ductile walls have small values of stiffness degradation, strength
deterioration and bond slip. The rehabilitated walls have large volumes of well-anchored
longitudinal reinforcement and the CFRP shear strengthening helped to fully mobilize the
mechanism of the shear resistance of the walls. For modeling the inelastic behaviour of the
tested walls, a model which takes into account stiffness degradation parameter (HC),
strength deterioration parameter (HBD, HBC), and slip-lock parameter (HS) was used.
Typical ranges of values for hysteretic parameters and their effect on the hysteretic
behavior of the structure are shown in Table 6.1. The values of the hysteretic parameters
determined for simulation of the tested walls are as presented in Table 6.2. Tables 6.3 and
Table 6.4 include the parameters used to represent flexural properties for analysis. The
parameters used to represent shear properties for anaiysis are presented in Tables 6.5 and

Table 6.6.

6.5.3 Hysteretic model
The above solution strategy described in Section 6.3.4 establishes the envelope

curve for the shear elements. Every point on this curve was evaluated for the
corresponding axial force acting on the structural wall represented by the shear element.
The modified compression field theory has the ability of determining the point at which
degradation in shear strength will start and thus modelling of failure is included in the
shear element. To account for the continually varying stiffness and energy absorption
characteristics under cyclic loading, suitable hysteretic rules are needed. Hysteretic rules

are discussed in Section 6.5.2. The proposed wall model is shown in Figures 6.10 to 6.13.
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The model employs the fiber section technique for modeling flexural response along with a
hysteretic shear model. Distinction was made between unconfined, steel confined, and
CFRP confined concrete areas in the concrete modeling. The hysteretic shear model
incorporated important features such as stiffness degradation, strength deterioration, and
pinching effects.

The hysteretic model is shown in Figure 6.13. The figure describes a typical
reversed shear cycle. As loading is increased, a significant reduction in the tangent
stiffness occurs which represents the pinching effect experienced by RC structures under
cyclic loading. The proposed model is characterized by its simplicity and its ability to
describe the pinching experienced because of shear deformations under cyclic loading by
using simple loading and unloading rules. The envelopes of the moment-curvature were
generated using sectional analysis. The parameters in Figure 6.13 are defined as follows,
Mazzoni et al. (2007):
ePfl, ePf2, ePf3, ePf4 are floating point values defining force points on the positive
response envelope.
ePd1, ePd2, ePd3, ePd4 are floating point values defining deformation points on the
positive response envelope.
eNfl, eNf2, eNf3, eNf4 are floating point values defining force points on the negative
response envelope (default: negative of positive envelope values).
eNd1, eNd2, eNd3, eNd4 are floating point values defining deformations points on the
negative response envelope (default: negative of positive envelope values).
rDispP is a floating point value defining the ratio of the deformation at which reloading
occurs to the maximum historic deformation demand.
rForceP is a floating point value defining the ratio of the force at which reloading begins
to force corresponding to the maximum historic deformation demand.
uForceP is a floating point value defining the ratio of strength developed upon unloading

from negative load to the maximum strength developed under monotonic loading.
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rDispN is a floating point value defining the ratio of the deformation at which reloading
occurs to the minimum historic deformation demand (default: rDispP).
rForceN is a floating point value defining the ratio of the force at which reloading begins
to the force corresponding to the minimum historic deformation demand (default:
rForceP).
uForceN is a floating point value defining the ratio of the strength developed upon
unloading from a positive load to the minimum strength developed under monotonic
loading (default: rForceP).

The following paramters were defined to control stiffness and strength degredations
of the hysteretic model. They are:
gKl1, gK2, gK3, gK4, gKLim are floating point values controlling cyclic degradation
model for unloading stiffness degradation.
gD1, gD2, gD3, gD4, gDLim are floating point values controlling cyclic degradation
model for reloading stiffness degradation.
gF1, gF2, gF3, gF4, gFLim are floating point values controlling cyclic degradation model

for strength degradation.

6.5.4 Analysis type

The objective of the modeling is to reproduce the behaviour of the tested walls
using a simple and accurate analytical modeling. The tests were conducted using cyclic
displacement histories under displacement control of the three synchronized actuators. The
same displacement histories, imposed on the tested walls during tests, were used as an
input to the simulation analysis. The solution was performed incrementally assuming the
properties of the structure such as the flexural stiffness, do not change during the time step.
The analysis uses the pseudo time to perform the cyclic static analysis under displacement
control with user input time step. Analysis step size 0.01 mm was enough to balance
between the time needed for the analysis and the accuracy of the results compared to the

experimental results.

179



PhD Thesis — M. Elnady McMaster — Civil Engineering
6.6 ANALYTICAL MODEL RESULTS

The validation and accuracy of the developed model was established by using the
model to reproduce the hysteretic behaviour of the tested walls. The validation of the
hysteretic rule parameters controlling the behaviour of the tested walls has been achieved
by reproducing the experimental results, with 10 % variation from the experimental results,
of the tests using two analysis programs. Both OpenSees version 1.74 and IDARC2D
version 6.1 were used for simulations of the tested wall results. Good agreements were
obtained from the analyses of the tested walls using both programs. Figures 6.14 to 6.30
show the comparisons between the predicted and recorded test results. The comparisons
show that the model implemented in both programs predicted the response with a good
accuracy. Envelopes of the drift ratio against lateral load from the test results, Idarc
analysis, and OpenSees analysis are shown in Figures 6.22 to 6.30. Observations from
Figures 6.14 to 6.30 indicated that the stiffness degradation, strength deterioration and
pinching behaviours were accurately simulated using the developed model. It was
observed that there were some discrepancy between the analytical response of test wall
RW9 as shown in Figures 6.21 and 6.30. This was because the test wall RW9 steel
reinforcement was previously yielded before the wall was repaired then retested.

Comparison between OpenSees and IDARC2D programgs results indicated that
both programs represented the inelastic response of walls until failure. The time needed for
IDARC2D program to perform one analysis run was significantly less that that was
required for OpenSees. This was attributed to the refined macro-fiber modeling technique
in modeling the wall in OpenSees, which included modeling the wall section through
larger number of fiber elements than IDARC2D. Only wall end column elements and wall
web can be defined in IDARC2D analysis. Figures 6.22 to 6.30 show the comparison
between the predicted walls response from both program along with the experimental
envelopes. These figures indicate that Opensees was more representive to walls response

and more accurate than IDARC2D.
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Table 6. 1 Typical range of values for hysteretic parameters, IDARC2D

McMaster — Civil Engineering

Parameter Effect Value
Stiffness degrading No degrading 200.0
parameter (HC) Mild degrading 15.0
Moderate degrading 10.0
Sever degrading 4.0
Ductility-based strength No degrading 0.01
degrading parameter (HBD) | Mild degrading 0.15
Moderate degrading 0.30
Sever degrading 0.6
Energy-based strength No deteriorating 0.01
degrading parameter (HBE) | Mild deteriorating 0.08
Moderate deteriorating 0.15
Sever deteriorating 0.6
Crack-closing or slip No pinching 1.00
parameter (HS) Mild pinching 0.40
Moderate deteriorating 0.25
Sever deteriorating 0.05
Table 6. 2 Hysteretic values for each type of walls, IDARC2D
Type Rule HC HBD HBE HS
Gravity load design GLD Flexure 2 0.25 0.20 0.25
(Walls CW1 to CW3) Shear 2 0.50 0.50 0.05
Nominally ductile Flexure 5 0.25 0.20 0.40
(Wall RW4) Shear 5 0.02 0.01 0.40
Ductile Flexure 10 0.25 0.10 0.50
(Walls RW3, RW5to RW9) | Shear 10 0.02 0.01 0.50
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McMaster — Civil Engineering

Table 6. 3 Input properties for cyclic flexural test simulation, IDARC2D

Parameter® Control walls Rehabilitated walls
CwWl1 Cw2 CW3] RW3 RW4 RW5| RW6 RW7] RWS RW9
KHYSW 1 1 1 1 1 1 1 1 1 1
EA/h 1667 1667 1667 1667 1667 1667 1667 1667 1667 1667
EI 31.25¢10 | 31.25¢10 | 31.25¢10 ] 31.25¢10 | 31.25e10 | 31.25¢10 | 31.25¢10 | 31.25¢10 | 31.25¢10 | 31.25¢10
PCP 9.00e5 | 4.00e5 3.50e5 5.00e5 6.50e5 7.00e5 9.70e5 | 10.00e5 | 10.50e5 | 7.00e5
PYP 9.30e5 5.00e5 5.00e5 | 9.50e5 9.90e5 | 9.10e5 | 14.10e5 | 14.50e5 | 11.50e5 | 9.60e5
UYP 6.00e-6 | 3.50e-6 | 2.00e-6 | 4.00e-6 | 4.00e-6 | 3.88e-6 | 6.00e-6 | 7.70e-6 | 6.00e-6 | 10.00e-6
8183 30.00e-6 | 30.00e-6 | 30.00e-6 | 50.00e-6 | 100.0e-6 | 100.0e-6 | 200.0e-6 | 200.0e-6 | 150.0e-6 | 150.0e-6
EI3P 1 5 5 1 1 1 1 1 1 1
PCN 9.00e5 4.00e5 4.00e5 | 5.00e5 6.50e5 | 7.00e5 9.70e5 | 10.00e5 | 10.50eS | 7.00e5
PYN 9.30e5 5.00eS 5.00e5 9.50e5 9.30e5 | 9.80e5 | 15.00e5 | 14.20e5 | 12.00e5 | 9.60e5
UYN 6.00e-6 | 3.50e-6 | 3.50e-6 | 4.00e-6 | 4.00e-6 | 3.88¢-6 | 6.00e-6 | 7.70e-6 | 10.00e-6 | 10.00e-6
UUN 30.00e-6 | 30.00e-6 | 30.00e-6 | 50.00e-6 | 100.0e-6 | 100.0e-6 | 200.0e-6 | 200.0e-6 | 150.0e-6 | 150.0e-6
EI3N 1 5 5 1 1 1 1 1 1 1

*For parameter definition refer to Table 6.4
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Table 6. 4 Flexural user input parameters definitions, IDARC2D

Parameter Definition
KHYSW | Hysteretic rule number

EA/h | Axial stiffness in kN/ mm

EI Initial flexural stiffness in kN. mm®

PCP Positive cracking moment in kN.mm

PYP Positive yield moment in KN.mm

UYP Positive yield curvature in radian/mm

UuUP Positive ultimate curvature in radian/mm

EI3P Positive post yield flexural stiffness as % of elastic

PCN Negative cracking moment in kKN.mm

PYN Negative yield moment in KN.mm

UYN | Negative yield curvature in radian/mm

UUN | Negative ultimate curvature in radian/mm

EI3N | Negative post yield flexural stiffness as % of elastic.

183




PhD Thesis — M. Elnady

Table 6. 5 Input properties for cyclic shear test simulation, IDARC2D

McMaster — Civil Engineering

Parameter* Control walls Rehabilitated walls
CwWl1 Cw2 CW3| RW3 RW4 RW5| RW6 RW7| RWS8 RW9
KHYSW 2 2 2 2 2 2 2 2 2 2
GA 1.50e6 1.50e6 1.50e6 1.50e6 1.50e6 1.50e6 1.50e6 1.50e6 1.50e6 1.50e6
PCP 350 425 425 851.40 | 851.40 | 851.40 | 851.40 | 851.40 | 851.40 | 851.40
PYP 380 430 430 860 860 860 860 860 860 860
UYP 5.80e-4 | 2.90e-4 | 2.90e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4
UuUP 8.00e-3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GA3P 2 2 2 2 2 2 2 2 2 2
PCN 350.0 425.0 425.0 851.40 | 851.40 | 851.40 | 851.40 | 851.40 | 851.40 | 851.40
PYN 380 430 430 860 860 860 860 860 860 860
UYN 5.80e-4 | 2.90e-4 | 2.90e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4
UUN 8.00e-3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GA3N 2 2 2 2 2 2 2 2 2 2

*For parameter definition refer to Table 6.6
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Table 6. 6 Shear user input parameters definitions, IDARC2D

Parameter Definition
KHYSW | Hysteretic rule number
GA Initial shear stiffness (shear modulus*area)
PCP Positive cracking shear in kN
PYP Positive yield shear in kN
UYP Positive yield shear strain in radian
UuUP Positive ultimate shear strain in radian
GA3P | Positive post yield shear stiffness as % of elastic
PCN Negative cracking shear in kN
PYN Negative yield shear in kN
UYN Negative yield shear strain in radian
UUN Negative ultimate shear strain in radian
EI3N Negative post yield shear stiffness as % of elastic

185




PhD Thesis — M. Elnady McMaster — Civil Engineering

Normalized concrete tensile stress (cftf fcr)
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Tensile concrete strain (mm/mim})

Figure 6. 1 Concrete tension envelope (Stevens et al., 1987)
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Figure 6. 2 FRP confinement model (El-Amoury, 2004).
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Figure 6. 4 Stress-strain behaviour of unconfined and steel confined concrete members
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(¢) Alsiwat and Saatciogiu (1992) (d) Proposed

Figure 6. 7 Reinforcing bars with straight or hooked end embedded in concrete, (El-
Amoury, 2004).
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Figure 6. 9 Equilibrium conditions for cracked concrete element

(Vecchio and Colins, 1987).
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CHAPTER 7
DYNAMIC ANALYSIS

7.1 INTRODUCTION

Current seismic codes for the design of reinforced concrete structures are based on
considerations of inelastic behaviour in the structural members, which requires the
formation of desirable plastic hinges at certain well-detailed locations. According to the
design practice, well-designed and detailed plastic hinge location of RC structural walls
can provide the required ductility and safety to occupants during major earthquakes. Pre-
seismic codes designed RC structures may suffer from severe damage or collapse during
seismic events. To evaluate an existing RC building, which includes RC structural walls as
a lateral resistance system, a nonlinear dynamic analysis is conducted. The building was
designed according to the nonseismic codes of the 1960°s. The structure was modeled and
the bahaviour analyzed when subjected to selected ground motions. The building was
rehabilitated, modeled and analyzed again to investigate the effect of the rehabilitation

procedures tested earlier on the response of the structure to severe earthquake records.

7.2 DESIGN OF THE EXISTING AND RETROFITTED BUILDINGS

For the purpose of this analytical study, a 10-story RC building was designed. The
typical story height was 3.30 m and the building measured 22 m by 30 m in plan. The
building dimensions are shown in Figure 7.1. The building was designed according to the
American Concrete Institute building code (ACI 318, 1968). The roof and floor slabs were
taken as 150 mm thick flat slabs, and the wall cross sections were 360 mm by 3000 mm.
The building structural system consisted of flat slabs, columns and RC structural walls.
Walls were designed for gravity loads with preseismic shear and lap splice detailing. The
lap splice length was 24 times the maximum vertical bar diameter, and it was located at the

bottom of walls. The end column elements of the rectangular walls were not adequately
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confined to prevent bar buckling and concrete crushing under high reversing compression
strains. The loads specified by the Uniform Building Code (UBC, 1964) included only
gravity loads. This resulted in minimum shear demands and large spacing between
transverse reinforcement. The unfactored design gravity loads for this existing building are
taken as 6.00 kN/m? dead load and 1.9 kN/m” live load.

The deficient RC structural walls of the existing building were retrofitted using the
same rehabilitation techniques for RW3 to RW9 as described in Chapter 3 Section 3.7. The
results of the experimental program indicated that the rehabilitation techniques were
successful in preventing shear and lap splice brittle failure modes and ensuring ductile

response of the tested walls.

7.3 NONLINEAR MODELING

The floor slabs are considered as rigid diaphragms in their own horizontal plane.
Based on this assumption, one horizontal degree of freedom per floor was considered. The
lateral stiffnesses of the columns were neglected compared to that of the RC structural
walls. Therefore, the lateral forces were assigned to the RC structural walls, and both
columns and RC structural walls carried the vertical loads.

A damping ratio 5 % of critical was assigned to all modes of vibrations. The
concept of proportional damping was employed in the nonlinear dynamic analysis.
Therefore, the damping was proportional to both the initial stiffness and the mass of RC
structural walls. The effects of soil-structure interaction were neglected.

IDARC2D version 6.1, Valles et al., (1996) software was used to perform the
inelastic pushover and dynamic time history analyses to evaluate the response of RC
structural walls under seismic excitations. The program has the capability of using both
lumped plasticity, and spread plasticity concepts. The formulations were based on macro-
models in which the nonlinear behaviour was incorporated in the elements formulations.

Hysteretic models incorporated in the program simulated the load-deformation of the
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structure. The hysteretic models are controlled by parameters accounting for the stiffness
degradation, strength deterioration, and pinching of the hysteretic loops.

The damage index developed by Park and Ang (1985) has been incorporated in the
program and was used to estimate the accumulated damage sustained by the components of
the structure, by each story level, and the global building damage. A global value of the
damage index can be used to characterize damage in the entire RC structural walls. This
damage index (D) is a simple linear combination of normalized deformation and energy
absorption. Calibrations of this damage index model against observed seismic damage,
which included at some instances shear and bond failures were the reasons behind using
Park and Ang (1985) cumulative damage index model (Williams and Sexsmith 1995). The
damage index formula that was suggested by Park and Ang (1985) is:
[dE

D=Sryp 7.1
ﬂer5u (7. 1)

Where,
o0, and &, are the maximum and ultimate member displacements, respectively.
B, = energy based hysteretic strength loss parameter
dE = deformation-related energy
F, =yield force
A slightly modified version of Park and Ang (1985) index is used in
IDARC2D, Park et al. (1987). These modifications included removing the

recoverable elastic deformation from the first term in Equation 7.1, and replacing the

force and displacement by the moment and curvature as follows:

4, -4 [dE
D= Y 7.2
6.—9, Pty 7.2
Where,

¢,, = maximum member curvature
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¢, = ultimate member curvature
M, = yield moment

Park et al. (1985) suggested a value of 0.4 for D to distinguish between repairable

and irreparable damage. In addition, they suggested the following classification in 1987:

D <0.1 No damage - localized minor cracking

0.1=D<0.25 Minor damage - light cracking throughout

0.25<D<040 Moderate damage - sever cracking, localized spalling
0.40<D<1.00 Sever damage — crushing of concrete, reinforcement exposed
D =1.00 Collapsed

Ang et al. (1993) suggested a value of 0.8 for D to define collapse.

The simulation of the hysteretic cyclic behaviour of the tested walls was
successfully achieved as presented in Chapter 6. Therefore, in the rest of the current
Chapter, the focus is on evaluating the behaviour of existing RC residential buildings that
have RC structural walls. The calibration of the hysteretic rule parameters controlling the

behaviour of the tested RC walls was achieved by reproducing the test results.

7.3.1 Elements’ material properties
Reliable and accurate results can be obtained from inelastic dynamic analysis if the

reduced stiffness of the reinforced concrete members was accurately prescribed in the
analysis. Access to experimental results that include envelopes of the structure constituent
elements is the most realistic approach to the analysis. Since in this study experimental
envelopes were available, they were compared with the program generated envelopes.
Good correlation between the program generated moment-curvature and the shear force-

shear deformation envelopes and the experimental ones.

7.3.2 Hysteretic rules
The hysteretic values that characterize stiffness degradation, strength deterioration,

and pinching behaviour for the RC structural walls were incorporated in the model. For

simulation of the experimental results, the values were as presented in Table 6.4. The same
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hysteretic rules parameters values were implemented in the ten-story building analysis.
These parameters were calculated by employing the similitude requirements presented in
Table 3.1 and Table 3.2 to the values presented in Table 6.5 and Table 6.6. Table 7.1 and
Table 7.2 include the parameters used to represent flexural and shear properties for 10-
storey structure. The same tri-linear model as was implemented in the nonlinear cyclic

analysis of the tested walls was used in the analysis of ten-story structure analysis.

7.3.3 Analysis type
Dynamic analysis was carried out by specifying a design earthquake record file as

an input ground motion data. The program then uses a combination of the Newmark-Beta
method, and the pseudo-force method to perform the analysis. The solution was performed
incrementally assuming the properties of the structure, such as the flexural stiffness, do not
change during the time step. The step size was selected by successive trials until the
dynamic response did not change in two consecutive trials, which led to a time step of

0.001 second for performing the analysis.

7.4 PUSHOVER ANALYSIS

The inelastic pushover analysis provides a viable alternative to the inelastic time
history dynamic analysis because of its simplicity in estimation of the inelastic
performance of structures, Kilar and Fajfar (1999). In addition, the pushover analysis is
one of the three analysis options recommended by NEHRP Guidelines for Seismic
Rehabilitation of Existing Buildings (FEMA 273, 1997).

Inelastic static pushover analysis of the 10-storey building was performed based on
an inverted triangular lateral loading. The pushover analysis procedure involves
monotonically pushing the structure under lateral force or displacement control until the
roof displacement reaches a certain value in the form of roof lateral drift ratio. The
pushover inelastic static procedure eliminates the uncertainty in selecting an appropriate

earthquake record; however, one of its drawbacks is its inability to include the inertial
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forces in the analysis. Appropriate modeling assumptions and awareness of the pushover
analysis limitations are important to obtain reliable results. Successful pushover analysis
can be used as a tool to identify the critical weaknesses in the lateral load resisting system
of reinforced concrete structures. One of the limitations of the pushover analysis is the
assumption that the structure response is dominated by its first fundamental mode of
vibration (Krawinkler and Seneviratna 1998). For a stiff building up to 10-storey, this
assumption would be a realistic approximation, since higher mode effects are not
significant is this case. The local cumulative plastic rotations and overall deformations may
be underestimated for high-rise structures that are analyzed using pushover technique,
(Fajfar and Gaspersic, 1996). Neglecting the cumulative dissipation energy demand,
duration effects, separation between the structural capacity and seismic demand, and
incorporation of the strain energy and ignoring the kinetic and viscous damping energy due
to the push loading procedure are fundamental drawbacks of the pushover analysis, (Kim
and D’Amore 1999). The pushover technique is still used as a useful tool in the seismic
design of RC structures. In addition, there are several studies concerning the enhancement
of pushover analysis techniques, (Krawinkler and Seneviratna 1998).

Several inelastic analysis programs such as DRAIN 2DX (Prakash and Powell
1993) and IDARC2D (Park et al., 1987; Valles et al., 1996), and OpenSees (Mazzoni et al.,
2007) have a built-in pushover analysis capability. In this study, IDARC2D was used to
perform the inelastic pushover and time history dynamic analyses to predict the response
of RC structural walls under seismic excitations. Results from inelastic pushover analysis
are presented in Figures 7.2 to 7.8. The results indicated that the pushover analysis was
capable of predicting the yield and the post yield behaviours of both existing and
rehabilitated walls. For example, brittle modes of failures in shear for wall CW1 and bond
slip for walls CW2 and CW3 were predicted as shown in Figures 7.2 and 7.3. In addition,

walls capacities were predicted using inelastic pushover analysis.
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7.5 INPUT GROUND MOTION

The magnitude of the earthquake, the epicentral distance, the local geology and the
site condition are among the factors, which affect the intensity, duration of strong shaking
and frequency content of an earthquake. These factors lead to uncertainty in the earthquake
characteristics at a specific site and hence can lead to significant differences in the
structural response. Frequency content is one significant indicator that affects the structural
response. Short period structures (stiff structures as building with structural walls), i.e.
high frequency, are mostly affected by high frequency content earthquakes, while long
period structures, i.e. low frequency, would be affected by low frequency content
earthquakes. A good indicator of the frequency content of the ground motion is the ratio
between the peak ground acceleration PGA, “A” expressed in units of gravitational
acceleration “g”, to peak ground velocity, “v” expressed in units of m/s. Earthquakes
records may be classified according to the frequency content ratio into three categories,
high A/v ratio when A/v > 1.2, intermediate A/v ratio when 1.2 > A/v > 0.80 and low A/v
ratio when A/v < 0.80. From statistical evidence, records with high A/v ratio are associated
with stiff soil and rock sites at short epicentral distances, while records on sites with soft
conditions at long epicentral distances are characterized by low A/v ratios.

Four actual earthquake records were used to define the input ground motion for
performing inelastic dynamic analyses as shown in Figures 7.9 to 7.12. the San Francisco
record has high frequency content, the Mexico earthquake has low frequency content and
the Imperial Valley and San Fernando records have intermediate frequency contents. For
each ground motion, three different maximum PGA scales of 0.20g, 0.50g, and 1.00g,
were used as an input for the nonlinear dynamic analysis. Characteristics of the selected

earthquake records are presented in Table 7.3.
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7.6 DYNAMIC ANALYSIS RESULTS

The behaviour of the ten-storey existing residential building was studied under
dynamic loading before and after rehabilitation. The lateral load resisting system was RC
structural walls. The existing building has shear and lap splice deficiencies at the critical
sections of the lateral load resisting RC structural walls. The structure was analyzed using

four selected earthquakees.

7.6.1 Dynamic characteristics of structural walls
To determine the periods of free vibrations of the ten-storey building, IDARC2D

version 6.1 was used. The calculated period was compared to the fundamental period
estimated using the NBCC (2005) provision. From the program analysis the fundamental
period of the structure was 1.035 second, which classifies the structure to have frequency
content in the intermediate range. The fundamental period estimated using the NBCC
(2005) clause 4.1.8.11.3¢c provision was 0.69 second. Therefore, the calculated
fundamental period was 1.49 times that estimated by the NBCC (2005). The program
estimated fundamental period of the structural walls as well as the second and the third
mode periods were plotted as shown in Figures 7.13 to 7.16 to identify the locations of the
first three modes periods of vibrations on the response spectra of the selected earthquake
records. The second and the third mode periods were 0.16 and 0.06 second, respectively. In
addition, the relative modal masses were 0.65, 0.20, and 0.07 for the first, second, and third
modes of vibrations, respectively. This indicated that the first mode was dominant and the

sum of the first three modes was approximately 0.92 of the total modal mass.

7.6.2 Roof displacement time histories
Nonlinear dynamic analysis results for the ten storey building with the ten tested

walls are summarized in the form of maximum predicted roof displacement as presented in
Tables 7.4 to 7.7. Figures 7.17 to 7.56 show the roof displacement time histories of the
walls when subjected to the four selected earthquake records at three different PGA levels

of 0.2 g, 0.50 g and 1.0 g. It was observed from the dynamic analysis results that the
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displacements histories resulting from the different input ground accelerations are
proportional to the levels of the PGAs when the structure responds elastically as in the case
of San Francisco earthquake record. This was because the San Francisco earthquake record
is rich in high frequency acceleration that does not impart significant energy to the
structure to cause inelasticity. For the case of the highest level of ground acceleration
considered in this study of 1.0g , there was significant damage and multi-hinge formation
in the structural walls. The damage indices and the sequences of the plastic hinge
formation are discussed in the next two sections, respectively.

The response of the rehabilitated walls was elastic when the selected earthquakes
records were scaled to a PGA of 0.2g. Minor damage was observed in the existing walls
CW2 and CW3 with lap splice deficiency when subjected to El Centro earthquake scaled
to 0.2g as shown in Figures 7.18 and 7.19 and Table 6.8. In addition, Table 6.8 and Figures
7.38 and 7.39 indicate that major damage occurred when they exposed to Mexico record
scaled to PGA of 0.2g. This observation indicated that the rehabilitation techniques were
successful in preventing brittle modes of failures.

Except for the case of San Francisco record, the existing walls either failed in shear
or in bond slip failure modes when the PGA was scaled to 0.5g. For this PGA level, the
response of the rehabilitated walls remained almost elastic with minor cracks except for the
case of Mexico earthquake where rehabilitated walls RW3 to RWS yielded at the first
storey with minor damage spreading up to the fourth storey level. This was attributed to
the strength of these three rehabilitated walls, which was the lowest amongst the tested
rehabilitated walls.

At the extreme case of PGA scaled to 1.0g the rehabilitated walls yielded and
flexural plastic hinges formed at the base of the walls. The flexural hinge at the base of the
walls was followed by multi-hinges formation under the effect of the selected earthquake
records. The exception was the case of the San Francisco earthquake where the response
remained elastic and the collapse of the existing walls under the effect of other three

earthquake records. Again the most severe damage occurred in the rehabilitated walls was
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in walls RW3 to RW5 as well as walls RW8 and RW9. Walls RW6 and RW7 experienced
the least damage because of their high strength as compared to the other rehabilitated
walls. When the Mexico earthquake scaled to 0.5g was applied to the building the existing
walls CW2 and CW3 failed in bond slip as shown in Figures 7.38 and 7.39. However,
Figures 7.40 to 7.42 indicate that the rehabilitated walls RW3 to RWS5 developed plastic
hinge mechanism at the bottom of the walls.

As a general outcome of this analytical study, Mexico earthquake ground motion
was the most damaging record compared to the rest of selected group as shown in Figures
7.57 to 7.64. This was because of the effect of the earthquake duration (long duration) that
was associated with low A/v ratio. In addition, walls RW6 to RW9 response was elastic
throughout the duration of the four selected ground motion as presented in Table 7.6. Table

7.7 presents definitions of the used parameters in Tables 7.4 to 7.6.

7.6.3 Damage index
A benchmark damage model developed by Park and Ang (1985) was slightly

modified and included in IDARC2D program to provide a measure of the accumulated
damage sustained by the entire structure, by each storey level, and by components of the
structure. The ratio of the maximum to ultimate deformations and the ratio of the
maximum hysteretic energy dissipated to the maximum monotonic energy are included in
this damage index to capture both components of damage. The damage index (D.L.)
provided information about both the local component and entire structure damage levels.
The damage levels can be classified as light, repairable, irreparable or collapse (Rodriguez-
Gomez and Cakmak 1990). For safety reasons, the current seismic design practices accept
damage provided that collapse is prevented. The damage index value of 0.0 refers to no
damage and D.I. of 1.0 means collapse is imminent. The collapse prevention level is at D.1.
of 0.8 as defined by Ang et al., (1993).

The damage index for each wall is presented in Tables 7.8 to 7.10. These tables list
only the first four floors, since no damage occurred higher than the fourth floor except in

three cases. Moreover, if blank this indicates the damage is zero. Figures 7.57 to 7.64 show
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schematic drawings representing cracks and plastic hinges developments in walls when
subjected to the four selected earthquake records scaled to three different PGA levels.
Light damage was predicted for the case of the selected four earthquakes scaled to PGA of
0.2g, except for the case of CW2 and CW3 when subjected to El Centro and Mexico
earthquakes. Table 7.8 shows that for El Centro record scaled to 0.2g walls CW2 and CW3
the D.I. was 0.375 and 0.396, respectively while the D.I. was 0.66 and 0.89, respectively
for the same walls CW2 and CW3 when subjected to Mexico record scaled to 0.2g. These
observations from the analysis results indicate that walls CW2 and CW3 failed in bond slip
for the case of Mexico earthquake and they suffered major damage when subjected to El
Centro record while the rehabilitated walls were behaving elastically. In addition, Table
7.9 presents results of the analysis when the walls subjected to the selected earthquake
records scaled to PGA of 0.5g. Analysis results indicated that the rehabilitation techniques
reduced the damage significantly. The exception is the case of Mexico record scaled to
0.5g where RW4 and RWS5 experienced damage indices at the first storey larger than 0.7,
which indicated formation of multi-plastic hinges and eventually a collapse mechanism as
presented in Table 7.9 and Figure 7.60. At the severe level of PGA scaled to 1.0g, and
from Table 7.10 and Figures 6.61 to 6.64 the rehabilitated walls RW6 and RW7 showed
the best performance and only sustained repairable damage. This observation indicates that
the effective rehabilitation approach addresses both the ductility and the strength of the

lateral load resisting system.

7.6.4 Plastic hinge locations
Figures 7.57 to 7.64 show cracks and plastic hinge locations in the walls when

subjected to the four selected earthquake records at three different PGA levels. For El
Centro record scaled to 0.2g only the existing walls CW2 and CW3 cracked at the first
storey and the bottom of the second storey as shown in Figure 7.57. No cracks were
detected in the rest of the walls. At the same scale of the PGA but when the walls were
subjected to Mexico record, Figure 7.58 shows that a splice failure was detected at base of

the existing wall CW3 and wall CW2 with cracks in the first and second storeys. In
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addition, rehabilitated walls RW3 to RW5 as well as RW9 cracked at the first storey and
the bottom of the second storey but no plastic hinges were developed as shown in Figure
7.58.

All walls cracked when subjected to either El Centro or Mexico records scaled to
PGA of 0.5g. The cracks spread up to the fourth storey for existing walls CW2 and CW3,
which had a lap splice failure as shown in Figures 7.59 and 7.60. Figure 7.60 shows that
walls RW3 and RWS5 developed plastic hinges at the bottom of the walls. The existing
walls CW2 and CW3 showed a lap-splice failure at the bottom of the first storey when
subjected to the San Fernando record scaled to 0.5g as presented from in Figures 7.61. The
rest of the walls cracked without developing any plastic hinges as shown in Figures 7.61.

Shear failures were detected in all stories of existing wall CW1 when subjected to
El Centro record scaled to 1.0g as shown in Figures 7.62. Walls CW2 and CW3 had a
splice failure when subjected to the same record with the same PGA level. The
rehabilitated walls showed a ductile response and development of plastic hinges at the first
storey, which supports the conclusion that the rehabilitation techniques prevented brittle
failure modes and provided safety against structural collapse. The same trend of wall
performance was predicted when the walls were subjected to Mexico record and San
Fernando records scaled to 1.0g with the most severe damage from Mexico record and the

least damage from San Fernando record as shown in Figures 7.63 and 7.64.

7.6.5 Envelopes of lateral displacements
The envelopes of the lateral displacements for the three selected levels of peak

ground acceleration of the four selected records are shown in Figures 7.65 to 7.67. The
figures show that the maximum displacements were due to the Mexico record at all PGA
scales. The San Francisco record caused the least lateral displacements of the walls.
Moreover, El Centro record caused larger lateral displacements of the walls than San
Fernando record. The reason behind this is the energy of the input ground motion. Mexico
and El Centro records caused the largest and the San Francisco caused the least energy

dissipation compared to the four selected records as shown in Figure 7.16.
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Figure 7.65 shows that the lateral displacements for all walls were almost equal
when subjected to the same earthquake record at the same PGA level. At this PGA scale of
0.2g the walls almost remained elastic. When the walls subjected to higher level of PGAs
as shown in Figures 7.66 and 7.67, a large difference between the lateral displacements of
the walls were observed. Analysis of results indicated that the input ground motion
characteristics, the structure ductility and strength, and the inelastic response of the
structure were to be examined together to understand the performance of the structural

system under seismic loads.

7.6.6 Envelopes of interstory drift
The envelopes of the interstory drift ratio for the three scaled levels of peak ground

acceleration of the four selected records are shown in Figures 7.68 to 7.70. To avoid
structural instability and to control damage, the National Building Code of Canada, NBCC
(2005) CI. 4.1.8.13.3 limits the interstory drift ratio to 2.5% for residential buildings.
Figures 7.68 to 7.69 show the maximum interstory drift envelopes when the walls were
subjected to PGAs of 0.2g and 0.5g, respectively. It was observed that Mexico record
scaled to PGA of 0.5g caused the maximum interstory drift ratios in the walls, however,
they were less than 2.5% except for the case of wall RWS5 as shown in Figure 6.69.

The maximum interstory drift for the case of the San Francisco record scaled to a
PGA of 1.0g was approximately 0.8 % as shown in Figure 7.70, which reinforced the
conclusion of small effect of this earthquake record on the walls. Moreover, El Centro
record of PGA of 1.0g caused interstory drift ratios less than 2.5 % NBCC (2005) Cl.
4.1.8.13.3 limits for all walls except walls RW3 and RW5. The San Fernando record of
PGA of 1.0 g caused interstory drift ratios less than 2.5% except for walls RW3 to RWS. It
was observed that the major damage was localized at the first storey because of the
formation of plastic hinges at the bottom of the walls. Mexico record scaled to PGA of
1.0g caused the largest interstory drift ratios which exceeded 2.5% for all walls as shown

in Figure 7.70.
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7.6.7 Envelopes of curvature
The envelopes of the wall curvature for the three scales of peak ground acceleration

of the four selected records are shown in Figures 7.71 to 7.73. The last figure indicates that
significant yielding has taken place in the walls and a curvature demand was localized at
the first story due to the excessive yielding and plastic hinge formation. Curvature demand
was the largest when the walls were subjected to Mexico record as compared to other
carthquake records. Existing walls failed due to lack of sufficient curvature while

rehabilitated walls sustained high curvature levels.

7.6.8 Envelopes of bending moment
The envelopes of the wall bending moment for the three scaled levels of peak

ground acceleration of the four selected records are shown in Figures 7.74 to 7.76. As
expected the maximum moment was at the base of the walls. Figure 7.74 indicates that the
maximum moment demand was due to Mexico record compared to the rest of the records.
Existing walls CW2 and CW3 failed due to lack of sufficient flexural capacity while the

rehabilitated walls sustained high moments before yielding.

7.6.9 Envelopes of storey shear
The envelopes of the walls storey shear forces for the three scales of peak ground

acceleration of the four selected records are shown in Figures 7.77 to 7.79. As expected the
maximum shear force was at the base of the walls. The figures indicate that no shear
failure occurred before the first story yielded and the plastic hinge was formed for the
rehabilitated walls. Shear force demand was the largest when the walls were subjected to
Mexico record as compared to the other earthquake records. Existing wall CW1 failed due
to lack of sufficient shear strength while rehabilitated walls sustained high shear forces and

the shear deformation was in the elastic range.
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7.7 SUMMARY

The inelastic static and dynamic analyses of ten-storey existing residential building
before and after rehabilitation were conducted. The analysis provided detailed behaviour of
the structure and provided insight into the behaviour of the unstrengthened and the
rehabilitated walls. The non-ductile detailing at the critical sections of the lateral load
resisting RC structural walls of existing building showed brittle failure modes under
seismic events. The rehabilitated walls showed ductile response when subjected to the four
selected different earthquake records. Unlike constant moment to shear ratio (M/VL) for
the cyclic and pushover techniques, the dynamic schemes result a continuously varying
moment to shear ratio. The moment to shear ratios of 1.1, 2.25, and S in the experimental
and cyclic analytical part of this study represent the worst case scenarios for the pure shear
dominated, flexure/ shear coupled, and pure flexural responses, respectively. Therefore,
they cover the most practical ranges of variations of moment to shear ratio during seismic

events.
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Table 7.1 User input of flexure properties for dynamic analysis of ten-story building

Control walls Rehabilitated walls
Parameter*
CW1 CwW2 CWwW3 RW3 RW4 RWS35 RW6 RW7 RWS8 RW9
KHYSW 1 1 1 1 i 1 1 1 1 1
EA/L 10227.27 | 10227.27 1 10227.27 | 10227.27 | 1022727 | 10227.27 | 10227.27 | 10227.27 | 10227.27 | 10227.27
El 2.53el13 | 2.53e13 | 2.53e13 | 2.53el13 | 2.53e13 | 2.53e13 | 2.53el3 | 2.53el3 | 2.53el13 | 2.53el3

PCP 261.90e5 | 108.00e5 | 94.50e5 | 135.50e5 | 175.50e5 | 189.00e5 | 261.90e5 | 270.00e5 | 283.50e5 | 189.00e5

PYP 380.70e5 | 135.00e5 | 135.00e5 | 256.50e5 | 267.30e5 | 245.70e5 | 380.70e5 | 391.50e5 | 310.50e5 | 259.20e5

UYP 2.00e-6 | 1.167e-6 | 0.667e-6 | 1.333e-6 | 1.333e-6 | 1.293e-6 | 2.00e-6 | 2.56e-6 | 2.00e-6 | 3.33e-6

UUP 3.30e-6 | 2.33¢-6 | 2.00e-6 [ 16.66e-6 | 10.00e-6 | 10.00e-6 | 33.33e-6 | 33.33e-6 | 23.33¢-6 | 16.66¢-6

EI3P 1 5 5 1 1 1 | 1 1 1

PCN 261.90e5 | 108.00e5 | 94.50e5 | 135.50eS | 175.50e5 | 189.00e5 | 261.90e5 | 270.00e5 | 283.50e5 | 189.00e5

PYN 405.00e5 | 135.00e5 | 135.00e5 | 256.50e5 | 251.10eS5 | 264.60e5 | 405.00e5 | 383.40e5 | 324.00e5 | 259.20e5

UYN 2.00e-6 | 1.167e-6 | 0.667e-6 | 1.333e-6 | 1.333e-6 | 1.293e-6 | 2.566¢-6 | 2.56e-6 | 2.00e-6 | 3.33e-6

UUN 3.30e-6 | 2.33e-6 | 2.00e-6 | 16.66e-6 | 10.00e-6 | 10.00e-6 | 33.33e-6 | 33.33e-6 | 23.33e-6 | 16.66e-6

GA3N 1 5 5 1 1 1 1 1 1 1

* The parameters definitions were given in Table 6.5
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Table 7.2 User input of shear properties for dynamic analysis of ten-story building

McMaster — Civil Engineering

Parametert Control walls Rehabilitated walls
Cw1 Cw2 Cw3 RW3 RW4 RWS5 RW6 RW7 RWS8 RW9
KHYSW 2 2 2 2 2 2 2 2 2 2
EA/L 10227.27 | 10227.27 | 10227.27 | 10227.27 | 10227.27 | 10227.27 | 10227.27 | 10227.27 | 10227.27 | 10227.27
GA 13.50e6 | 13.50e6 | 13.50e6 | 13.50e6 | 13.50e6 | 13.50e6 | 13.50e6 | 13.50e6 | 13.50e6 | 13.50e6
PCP 3150.0 3831.3 3831.3 7662.6 7662.6 7662.6 7662.6 7662.6 7662.6 7662.6
PYP 3420.0 3870.0 3870.0 7740.0 7740.0 7740.0 7740.0 7740.0 7740.0 7740.0
UYP 5.80e-4 | 2.90e-4 | 2.90e-4 5.80¢-4 5.80¢e-4 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80¢-4
UuUP 0.01 1.00 0.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GA3P 2 2 2 2 2 2 2 2 2 2
PCN 3150.0 3831.3 3831.3 7662.6 7662.6 7662.6 7662.6 7662.6 7662.6 7662.6
PYN 3420.0 3870.0 3870.0 7740.0 7740.0 7740.0 7740.0 7740.0 7740.0 7740.0
UYN 5.80e-4 | 2.90e-4 | 2.90e-4 5.80e-4 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4 | 5.80e-4
UUN 0.01 1.00 0.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GA3N 2 2 2 2 2 2 2 2 2 2

* The parameters definitions were given in Table 6.7
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Table 7.3 Characteristics of selected earthquake records

. . Epicentral Max. | Max.
No. Eartl;quak Date Mag;utud ngglc;n distance Comp Acc. | Vel Q; tX) Soil
(km) ' A(g) | (m/s)
San Mar. Golden
1 Francisco | 22, 5.25 Gate Park 11 S80E | 0.105 | 0.046 2.28 Rock
CA 1957
Imperial | May Stiff
2 Valley, 18, 6.60 El Centro 8 SOOE | 0.348 | 0.334 1.04 Soil
CA 1940
Sept Zihautene]
3 Mexico | .19, 8.1 ° 135 SO0E | 0.103 | 0.159 0.65 Rock
Guerrero
1985
Array
San Feb. Hollywood .
storage Stiff
4 Fernando, | 9, 6.40 35 N9OE | 0.211 | 0.211 1.00 .
P.E. Lot, Soil
CA 1971 LA
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Table 7.4 Dynamic analysis results for PGA of 0.20g

McMaster — Civil Engineering

EQ. [Symbol*| cwi | cw2 | cw3] Rw3 | Rw4 RW5| RW6 RW7 | RWS RW9
crack F4.44 | F4.44
£ Yield
5
O Aoy | 14358 | 14358 | 14358 | 1436 | 1436 | 1436 | 1436 | 1436 | 1436 | 14356
a8
Viase 621 621 621 621.1 | 621.1 | 6211 | 6211 | 621.1 | 621.1 | 621.1
o Crack - --- -—- --- --- --- --- --- - -
o]
g Yield
a4 Atop 1055 | 1055 | 1055 | 1055 | 1055 | 1055 | 1055 | 1055 | 1055 | 1055
a
& Voase | 443.9 | 4439 | 4439 | 4438 | 4438 | 4438 | 4438 | 4438 | 4438 | 4438
§ Crack --- -—- --- - --- -—- --- - --- ---
g Yield
5
& Atop 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6
=
&3 Vease | 31725 | 31725 | 31725 | 317.4 | 3174 | 3174 | 3174 | 3174 | 3174 | 3174
Crack — | F15.39 | F15.37 | F15.96 | F18.55 — | F36.39
g Yield F16.0
g
2 Aoy | 21335 | 22313 | 222,06 | 205.05 | 21327 | 21335 | 213.35 | 213.35 | 213.35 | 213.35
Vipase 977 888.3 | 26475 | 906.74 | 9632 | 977 977 977 977 977

* for definitions refer to Table 7.7
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Table 7.5 Dynamic analysis results for PGA of 0.50g

McMaster — Civil Engineering

EQ. [Symbol*| Ccwi [ cw2 cw3| rRw3 | Rw4 RW5 | RW6 RW7| RWS RW9
Crack | F4.43 F2.3 F2.03 | F2.79 | F2.83 | F285 | F443 | F4.44 | F447 | F2.85
% Yield F2.88 | F2.82
Q
O Acop 358.9 287.2 324 323 3589 | 3589 | 3589 | 300.86
S8
Voase | 1570.2 1035.6 | 1171.6 | 1206 | 1545.6 | 1521.1 | 1552.6 | 12254
R Crack F3.1 F2.71 | F3.13 | F3.62 | F3.63 F3.63
o]
§ Yield F3.85 | F3.15
& Acop 263.7 2423 | 2621 | 2633 | 2634 | 263.75 | 263.75 | 263.75 | 262.8
=
% Viase | 1109.8 2666.5 | 1000.8 | 10502 | 1093.5 | 1109.4 | 1109.4 | 1109.4 | 1060.3
§ Crack - - - - - --- -—- - - ---
5 Yield
5
i Atop 7911 | 79.11 | 79.11 | 7911 | 7911 | 7901 | 7911 | 79.11 | 79.11 | 79.11
5 Voasse | 7931 | 7931 | 7931 | 7931 | 7931 | 793.1 [ 793.1 | 793.1 | 793.1 | 793.1
Crack | F15.38 | F11.65 | F11.63 | F13.35 | F13.96 | F14.95 | F15.38 | F15.39 | F15.39 | F14.95
S Yield F15.47 | F13.5 [ F16.04 F15.04
i
2 Awp | 501.47 | SF16.77 | SF15.57 | 610.04 774.73 | 493.85 | 476.8 | 482.52 | 411.56
Vosse | 2228.6 | 3890.6 1612.3 1939.1 | 171857 | 1660.6 | 18933 | 1472.9

* for definitions refer to Table 7.7
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Table 7.6 Dynamic analysis results for PGA of 1.00g

McMaster — Civil Engineering

EQ. | Symbol* | CWI CW2 CW3 | RW3 RW4 RW5| RW6 RW7] RW8 RW9
Crack F2.33 F1.86 F1.85 F1.88 F2.01 F2.02 F2.33 F2.79 F2.8 F2.03
Lz Yield S3.53 F2.33 F1.99 F2.9 F2.86 F2.87 F3.48 --- F2.9 F3.04
§ Aop 929.7 591.52 | 15247 581.5 560.97 | 599.26 654.4
- Vbase 24372 | 159295 | 2373.9 | 2501.3 | 1909.1 | 1674.1 -
o Crack F3.13 F2.51 F2.11 F2.52 F2.69 F2.71 F3.13 F3.13 F3.13 F2.71
é Yield --- F2.7 F2.68 F3.17 F3.16 F3.16 e --- F3.67 -—-
2 Atop 531.3 296 762.7 1202.8 527.7 525.26 521.1 541.42
§ Vbase 1849.9 619.3 512.2 3299.2 | 1983.3 | 1982.7 2211 1739.9
o Crack - F1.5 F1.49 F1.66 --- --- --- --- - -
'Cé Yield --- --- F1.67 --- --- --- --- --- --- ---
i3 Atop 158.23 | 138.51 157.9 156.35 158.2 158.2 158.2 158.2 158.2 158.2
c‘n% Viase 1585.9 | 1505.6 | 3035.1 | 1544.1 | 1586.2 | 1586.2 | 1586.2 | 1586.2 | 1586.2 | 1586.2
Crack | F13.95 | F10.63 | F10.61 | F11.06 | F11.61 | F11.62 | F13.35 | F13.35 | F13.36 | F23.2
3 Yield S15.47 | F11.72 | F11.08 | F13.51 - F13.48 | F15.41 | F15.45 | F15.42 | F26.74
g Atop --- --- --- SF16.99 --- - 1074.21 | 973.83 | 1826.24 -
Viase --- 3522 3327.7 --- 5192.6 | 5590.6 | 2745.1 | 2577.8 | 4904.1 | 5903.1

* for definitions refer to Table 7.7
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Table 7.7 Dynamic analysis results parameter definitions

Parameter Definition
Crack Type of crack and time at crack in seconds
Yield Type of yield and time at yield in seconds
Asop Roof displacement in mm
Viase Base shear in kN
F Flexural
S Shear and time of occurrence
SY Shear yield and time of occurrence
SF Shear failure and time of occurrence
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Table 7.8 Park and Ang (1985) damage index for ten-storey building subjected to records of PGA of 0.20g

McMaster — Civil Engineering

EQ. storey | CWI1 CW2 CW3 | RW3 RW4 RW5| RW6 RW7| RWS RW9
I 0.00 0.375 0.396
e nd
£ 2 0.37
O 3[’d
- 4th
o lst
o]
g ond
£
= 3%
m‘% 4%
§ 151
5. 2nd
E 3rd
=
A 4"
1 0.655 0.897 0.079 0.14
S ond 0.369 0.407 0.064
g rd
< 3 0.378
4th
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Table 7.9 Park and Ang (1985) damage index for ten-storey building subjected to records of PGA of 0.50g

McMaster — Civil Engineering

EQ. | storey [ CWl CW2 Cw3| RwW3 RW4 RW5| RwWé RW7| RWS RW9
1% 0.678 | Collapse | Collapse | 0.102 0.202 0.204 0.066 0.067 0.096 0.139
§ ond 0423 | 0.082 | 0.141 | 0.146
Q
© 3¢ 0.404 [ 0.067 | 0.122
o 1™ Collapse | Collapse | 0.091 0.145 0.153 0.097
o]
§ 2nd 0.371 0.405 0.071 0.114
s 31 0.388 0.059
L 4%
§ 1St
.% 2ﬂd
E 3rd
§ 4™
¥ Collapse | Collapse --- 0.256 | Collapse | 0.765 0.097 0.123 0.204 0.276
S ond 0.821 0.362 0.109 0.22 0.176 0.072 0.067 0.09
=
2 31 0.343 0.072 0.162 0.136 0.058
4" 0.06 0.122
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Table 7.10 Park and Ang (1985) damage index for ten-storey building subjected to records of PGA of 1.00g

EQ. | storey | CWI CW2 CW3 | RW3 RW4 RW5| RW6 RW7] RWS RW9
1* | Collapse | Collapse | Collapse | 0.577 0.602 | Collapse | 0.125 0.135 0.291 | Collapse

% 2" | Collapse | 0.529 --- 0.106 0.206 0.211 0.083 0.076 ---

§ 3 [ Collapse | 0.382 0.091 0.157 0.163 0.064

= 4™ | Collapse | 0.37 0.078

o 1% 1.177 | Collapse | Collapse | Collapse | Collapse | Collapse | 0.096 0.115 0.216 0.362

—é 2™ 0.761 -~ 0.07 --- - 0.197 0.071 0.063 0.223

ie 3% 1 0.565 0.072 0.158 | 0.056

3 4% 0.108

° ¥ 0.667 | 0.706 | 0.074

é 2" 0.395

5 3"

3 4%
1 --- Collapse | Collapse | Collapse | Collapse | Collapse | 0.347 0.383 | Collapse | Collapse

S 2" | Collapse | 0.39 0.412 --- 0.212 0.193 0.092 0.105 0.085

g 3 - 0.036 0.40 0.152 0.159 0.073 0.066 0.035
4% 0.128 | 0.134
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Section A-A: [ B
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| i | |
S

Floor plan

Aet

~ Figure 7. 1 Plan and section elevation for the 10-storey RC building
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Figure 7. 20 Wall RW3 roof displacement time history due to El Centro EQ. record
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Figure 7. 21 Wall RW4 roof displacement time history due to El Centro EQ. record
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Figure 7. 22 Wall RWS5 roof displacement time history due to El Centro EQ. record
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Figure 7. 23 Wall RW6 roof displacement time history due to El Centro EQ. record
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Figure 7. 24 Wall RW7 roof displacement time history due to El Centro EQ. record
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Figure 7. 25 Wall RW8 roof displacement time history due to El Centro EQ. record
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Figure 7. 26 Wall RW9 roof displacement time history due to El Centro EQ. record
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Figure 7. 27 Wall CW1 roof displacement time history due to San Fernando EQ record
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Figure 7. 28 Wall CW2 roof displacement time history due to San Fernando EQ record
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Figure 7. 29 Wall CW3 roof displacement time history due to San Fernando EQ record
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Figure 7. 30 Wall RW3 roof displacement time history due to San Fernando EQ record
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Figure 7. 31 Wall RW4 roof displacement time history due to San Fernando EQ record
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Figure 7. 32 Wall RW5 roof displacement time history due to San Fernando EQ record
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Figure 7. 33 Wall RW6 roof displacement time history due to San Fernando EQ record
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Figure 7. 34 Wall RW7 roof displacement time history due to San Fernando EQ record
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Figure 7. 35 Wall RW8 roof displacement time history due to San Fernando EQ record
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Figure 7. 36 Wall RW9 roof displacement time history due to San Fernando EQ record
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Figure 7. 37 Wall CW1 roof displacement time history due to Mexico EQ record
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Figure 7. 38 Wall CW2 roof displacement time history due to Mexico EQ record
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Figure 7. 39 Wall CW3 roof displacement time history due to Mexico EQ record
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Figure 7. 40 Wall RW3 roof displacement time history due to Mexico EQ record
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Figure 7. 41 Wall RW4 roof displacement time history due to Mexico EQ record
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Figure 7. 42 Wall RWS5 roof displacement time history due to Mexico EQ record
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Figure 7. 43 Wall RW6 roof displacement time history due to Mexico EQ record
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Figure 7. 44 Wall RW7 roof displacement time history due to Mexico EQ record
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Figure 7. 45 Wall RW8 roof displacement time history due to Mexico EQ record
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Figure 7. 46 Wall RW9 roof displacement time history due to Mexico EQ record
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Figure 7. 47 Wall CW1 roof displacement time history due to San Francisco EQ record
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Figure 7. 48 Wall CW2 roof displacement time history due to San Francisco EQ record
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Figure 7. 49 Wall CW3 roof displacement time history due to San Francisco EQ record
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Figure 7. 50 Wall RW3 roof displacement time history due to San Francisco EQ record

260



PhD Thesis — M. Elnady McMaster — Civil Engineering

200 7 | I ] I
| RW4iSanFranciaco  Tuax Disp. (1.0g) = 157.72 mm]| _lge
72 ISR T S S Max. Disp. {0.5g) = 78.858 mm|-
: ; Max. Disp. (0.2g) =

— 100
£
£
g 5
£ £
g O S
a 3
S H0F @
S
O
o 100

50 I v | ——peaA: 10470

TR T T T Tl — —Poa 053] g5

: : : b | ——PGA: 0.2
) | | 1 | I g
200
0 5 10 15 20 25 0

Time (s)
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 SUMMARY

The principal objective of this study was to evaluate the seismic behaviour of the
non-ductile reinforced concrete structural walls before and after rehabilitation using carbon
fibre reinforced polymers. This objective was achieved through experimental and
analytical investigations.

The experimental phase of this research involved testing large scale models of the
RC structural walls with deficient shear strength and lap splice detailing to reproduce
failure modes observed following major seismic events and to evaluate the rehabilitation
schemes. Ten reinforced concrete (RC) structural walls were built and tested using cyclic
loading procedures. Three control walls were tested as-built with non-ductile detailing and
seven walls were rehabilitated before testing. The purpose of the rehabilitation techniques
was to prevent brittle failure in shear or bond slip and to improve the ductility and energy
dissipation of the RC structural walls.

Ten walls were tested; three control walls CW1 to CW3 and seven rehabilitated
walls RW3 to RW9. Walls CW1 to CW3 represented existing RC structural walls of
1970’s design practice. Wall CW2 was tested using high moment to shear ratio to examine
flexural behaviour, while CW3 was tested under low moment to shear ratio. Wall RW3
was identical to test wall CW3 but was rehabilitated using Carbon Fibre Reinforced
Polymers (CFRP) wrapping for shear strengthening and confinement after welding the lap
spliced flexural reinforcement. Wall RW4 represented CSA A23.3 (2004) designed wall.
Wall RWS was identical to test wall RW4 but it was rehabilitated using CFRP for shear
strengthening and confinement to enhance ductile behaviour. Walls RW6 and RW7
represented rehabilitated walls to strengthen shear resistance and to confine the end

columns. The only difference between RW6 and RW7 was the clamping plates attached at
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the bottom edges of the web CFRP sheets of the RW6. This technique was intended to
prevent the debonding of web externally bonded shear strengthening CFRP composite
material at the bottom edges. Walls RW8 and RW9 represented CSA A23.3 (2004) code
designed walls. To increase the ductility levels of both walls, the end columns were
confined using anchored CFRP sheets.

The analytical phase of this study involved evaluation of the inelastic dynamic
response of RC residential building with nonductile structural walls as well as retrofitted
walls. An efficient macroscopic model to represent the behaviour of reinforced concrete
structural walls when subjected to static cyclic or dynamic seismic loads was developed.
The proposed model was intended to adequately describe the hysteretic behaviour of
reinforced concrete structural walls and to be capable of accurately predicting both flexural
and shear components of inelastic deformation. The model predictions were compared
with the experimental results. The analytical model was used to evaluate the nonlinear
dynamic behaviour of an existing building under seismic excitation before and after

rehabilitation.

8.2 CONCLUSIONS

The following conclusions were reached from the results of this experimental and
analytical research:

1- The experimental program was successful in duplicating failure modes
observed following earthquakes.

2- Existing structural walls with 24 bar diameter length of lap splices at the base
are inadequate for desirable ductile seismic response. Retrofitting lap splices
by welding eliminates the brittle bond slip failure mode.

3- The moment to shear ratio is a significant factor that affects the behaviour of
the structural walls and influences their failure mode. For the tested wall with

moment to shear ratio of 5, the response was predominated by flexural
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response. While for moment to shear ratio of 2.25 a coupled flexural/ shear
response was observed.

Retrofitting the walls using CFRP sheets eliminated the brittle shear failure
mode. The result is a ductile response with a high-energy dissipation, which
are necessary for the collapse prevention during severe seismic events.

The CFRP confined end column elements showed a significant contribution
to the tested walls ductile response. In addition, the web CFRP strengthening
contributed significantly in controlling the cracks, which reduced the pinching
in the hysteretic loops considerably. The increased ductility and the decreased
pinching effects significantly improved the energy dissipation of the tested
walls.

The use of a clamping steel plate as an anchoring system for the bottom edge
of the web CFRP wrapping system prevented debonding at the bottom edge
of CFRP and localized the damage on the bottom of end columns zones. In
addition, it increased the number of stable ductile loading cycles to ductility
level of almost 10, which corresponded to drift ratio of 3.0 %.

The use of steel anchor bolts as anchoring system for confinement CFRP
wraps was successful in creating well-confined end columns for the
rehabilitated walls.

The rehabilitation systems involved shear strengthening and end columns
confinements with steel anchor bolts. Tests results indicated that these
systems significantly improved the strength and ductility of the rehabilitated
walls.

The design practice based on CSA A23.3 (2004) code specifications does not
recognize the effect of the flexural reinforcement ratio on the need for
confinement of the end column element of RC structural walls, which may

lead to nominal ductile response.
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10- A model was developed and verified to analytically observe the inelastic

cyclic and dynamic responses of reinforced concrete walls.

11- Analytical results showed that damage would occur to existing buildings that

were designed to outdated non-seismic Codes.

12-1t was observed from inelastic dynamic analysis that the major damage was

localized at the first storey because of the formation of plastic hinges at the
bottom of the walls. Results from inelastic dynamic analysis of ten-story
existing residential building with reinforced concrete structural walls as a
lateral load resisting system showed brittle failure modes under seismic
events. The analysis results indicated that the rehabilitation techniques were

successful in preventing brittle failure modes and ensuring ductile response.

Finally, it should be mentioned that the present analytical results are based on the

analysis of a specific residential building. To establish a general conclusion, a

comprehensive analytical study is needed.

8.3 RECOMMENDATIONS FOR FUTURE WORK

The following recommendations may be considered in future research involving

experimental and analytical study of non-ductile reinforced concrete structural walls:

1-

An experimental program that involves pseudodynamic test procedure to
investigate the behaviour of reinforced concrete structural walls under the
effect of earthquake excitations is needed. The Author did some attempts to
conduct this method of testing, but neither the research equipment nor the
laboratory space was granted during the fourth year of this study.

An experimental program is needed to investigate the bahviour of ductile
reinforced concrete structural walls that are designed according to CSA A23.3
(2004) and NBCC (2005).

Development and validating, by means of an experimental program, a

multipurpose pseudo-dynamic software that consist of two modules (i)
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10-

Simulation module, (ii) Test module. The software should simulate the
behaviour of the entire building during the test. It should be used for online
testing as well as for nonlinear dynamic analysis.

An experimental program is needed to investigate the effect of different
moment to shear ratios on the walls behaviour.

Walls with different geometries such as flanged walls and walls with
boundary elements should be tested before and after rehabilitation.

An experimental program that involves testing coupled walls and the frame-
wall interactions is needed.

A rehabilitation system that incorporates the application of externally bonded
CFRP strands in the rehabilitation of walls is needed.

Moment strengthening of walls needs investigation.

Investigation to determine the fragility curves for walls is needed.

An analytical study to analyze different types of buildings with different

configurations is needed.
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