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ABSTRACT

Design Software Methods for Strengthening of
Reinforced Concrete Beams and Columns

Trevor D. Saas

Using fiber reinforced polymers (FRP) to strengthen dilapidated and failing reinforced
concrete structures is becoming more frequent and often a cheaper alternative to traditional
strengthening methods. Computer Aided Design Environment for Composites (CADEC) assists in
the design and analysis of composite materials but lacks a user-friendly environment for the
design and verification of strengthened reinforced concrete beams and columns. Therefore,
design software methods are needed to develop an add-on application.

The development of the design software methods was done using C# (pronounced “C
Sharp”), an object-orientated language, because of the object classes. The object classes were
used to allow other design philosophies to be implemented when creating usable applications.
The object classes are organized into required strengthening (bending, shear, pure axial, and
combination of axial and bending) and major design steps (preliminary design, original design,
FRP configuration and design, and verification). An application was created to validate the
design software methods. The application was created using Windows Forms that were
organized into four paths (beams in flexure, beams in shear, columns, and beam-columns). Each
path allowed the users to enter required parameters and then used associated object classes to
automate the design process with minimal user involvement.

Analysis of the developed application using available strengthening design examples
resulted in identical or very minor differences between the object classes used and the
examples. Any major differences were anticipated because of the design of the class methods
requiring a percent error. Overall, the object classes were effective; though some of the
methods were often redundant and inefficient. The application was also over simplified
allowing potential user errors to happen if the user is not familiar with the application’s
operation.
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Notation

o = angle of shear steel reinforcement
oy = angle of shear FRP
8, = stress-Block parameter for unconfined section
E*fu = FRP ultimate strain
g’ = maximum strain of unconfined concrete = 0.002
Epi = Initial strain at the soffit
Eccu = ultimate axial compressive strain of confined concrete
Ecu = ultimate axial strain of unconfined concrete
&5 = strain in FRP
Efd = FRP debonding strain
Efe = effective FRP strain
Efu = FRP allowable tensile strain
e, = s.train corresponding to yield Strength of nonprestressed
reinforcement
&, & = net tensile strain in extreme tension steel at nominal Strength
Kg = FRP efficiency factor in determination of f'cc
Kp = FRP efficiency factor in determination of eccu
Ke = FRP efficiency factor = 0.55
Ky = Bond reduction factor
A = modification factor
Pg = Longitudinal steel reinforcement ratio
[0) = Strength reduction factor
Pecc = Eccentricity factor
Yy = FRP Strength reduction factor
c = Position of the neutral axis
Ch = Position of neutral axis for BSC
d = Depth of tensile steel
d = Depth of compressive steel
dr,ds, = Depth of FRP shear strengthening
e = Eccentricity
il = concrete compressive Strength, unconfined
flec = concrete compressive Strength, confined
fes = concrete stress
frs = FRP stress
fre = FRP effective tensile Strength
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fru = ultimate tensile Strength of FRP

f = FRP tensile Strength
fi = Confining Pressure
fss = steel stress
fy = yield Strength of steel reinforcement
h = height of the member
n = number of layers
re = Radius of edges of a prismatic cross-section confined with FRP
Ss = steel spacing in shear
tr = ply thickness
A = area of concrete in compression
A, = area of effectively confined concrete
As = area of FRP strengthening reinforcement
Asp = area of FRP for BSC
Ag = Gross cross-sectional area
As = area of tensile steel reinforcement
A = area of shear steel reinforcement
A’ = compressive steel reinforcement area
C = axial compressive force in concrete
Ce = Environmental exposure coefficient
D = diameter
D = dead load
E = Earthquake load
E. = Modulus of concrete
E; = Modulus of FRP
E = Modulus of steel
(El).. = Bending stiffness of the cracked section
F = Lateral fluid Pressure
H = Soil load
L = live load
Le = Active Bond length of FRP
L, = Roof live load
M, = nominal moment capacity
P, = nominal axial capacity
P, = Required axial capacity
R = Rain load
Rn = nominal Strength of member
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= stress resultant
= Snow load
= dead load effects

= live load effects

= creep or shrinkage and temperature load
= tensile force in FRP

= tensile force in steel

= Required capacity

= shear capacity of concrete

= shear capacity of FRP

= nominal shear capacity

= Required shear capacity of FRP

= shear capacity of steel reinforcement
= Wind load
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Chapter 1 - Introduction

Introduction

Fiber-reinforced polymers (FRPs) has proven to be an effective alternative to retrofitting
existing reinforced concrete structures compared to more traditional means such as externally
bonded steel plates, steel or concrete jackets, and external post-tensioning. Often using FRP is
cheaper than traditional methods of repair even including the initial large expense of producing

the FRP system. Also, in areas with difficult or limited access, FRP systems are easier to apply

[1].

Because of benefits of using FRP systems to rehabilitate dilapidated or structurally
deficient concrete structures, the supplemental software Computer Aided Design Environment
for Composites (CADEC) for Introduction to Composites Materials Designs [4] needs an add-on
application to the current analysis and design features specifically to complement Chapter 13 of
the textbook. Chapter 13 discusses the analysis and design process for strengthening reinforced
concrete beams and columns under flexure, shear, axial, or a combination of axial and flexure

loading [4].

CADEC uses a database for storing what the software calls documents. These documents
are where the user creates fibers, matrices, laminas, and laminates which store associated
properties of the each item and can be used throughout the application. Therefore, before a

straight add-on application can be developed and implemented, a proven method for semi-



automating the design procedure for strengthening of reinforced concrete structures needs to

be developed.

1.2 Objective

The purpose of this thesis is to develop methods that can be implemented in creating an
application to design and verify strengthened reinforced concrete beams and columns. Therefore, two
major components are required in order to make a method for design that not only works but also

capable of being used by others to develop into an application.

The first component is the method, but the method must be developed in such a manner to
allow for easy understanding and simple implementation. Because of this requirement, the methods
are developed in the object-oriented programming language, C# (pronounced “C sharp”). As for any
object-oriented language, C# uses classes which are composed of class methods. Therefore, the design
methods are to be developed into class methods which are accessible when the class is available. For
example, a programmer should be able to calculate the original neutral axis of the reinforced concrete
beam without having to recreate the class method, but rather use the developed methods to simply call

the class method to achieve the desired value.

The second component is to verify the methods do work. Therefore, a window application must
be designed and operating using the class methods and the design process for strengthening. This

application must run several cases and match manual design calculations.

1.3 Organization
Chapter 2 provides a review of the design procedure and governing specifications for strengthening
reinforced concrete structures. A brief discussion on ACI 318 [1] and ACI 440.2R [2] specifications is

presented. Also Chapter 13 of Introduction to Composite Materials Design [4] is discussed in greater



detail, including the design procedure for strengthening beams in flexure and shear, columns in pure

axial and verification of beam-columns.

Chapter 3 explains how to use and what to expect from the windows form application. This chapter can

be considered a user’s guide to the application.

Chapter 4 discusses the developed method and the implementation of the methods in a windows form
application. A general architecture of the application is provided as well as a traceability matrix to help
follow the flow and relationship of different classes and forms throughout the application. First classes

and the associated methods are discussed, followed by forms.

Chapter 5 compares the application outputs against hand calculations to validate the methods and

demonstrate using the applications for all potential design paths.

Chapter 6 summarizes these comparisons and the developed methods, discuss general conclusions of
the methods, and make further recommendations to improving and expanding the methods and

windows form application.



Chapter 2 - Literature Review
2.1 ACI440.2R-08

This section is an overview of the ACI 440.2R-08 which is used to guide design and construction
of externally bonded FRP systems for strengthening concrete structures. Only chapters relevant to the

development of the software are discussed.

2.1.1 Strengthening Limits
Strengthening limits are used to prevent the structure from collapsing when the FRP
reinforcement fails from damage or any other cause. The structure needs to hold a sufficient level of

load so that repairs of the FRP system can be safely done [1].

((pRn)exisiting = (1.1Sp, + 0.755, ) new Eg. 2.1

The minimum resistance of the unstrengthened structure must meet Eq. 2.1 which incorporates

the factored anticipated dead load and live load of the new loading combinations [1].

2.1.2 Environmental Reduction Factor

Because environmental conditions can have adverse affects on FRP, an environmental reduction
factor is used when determining such items as the tensile strength, rupture strain, and elastic modulus.
The reduction factor varies on the type of fiber being considered and the environment the FRP system

will be exposed, and can be seen in Table 2.1 [1].

Most material properties given by the manufacturers do not include long-term exposures.

Therefore the ultimate strength is determined using the environmental reduction factor in Eq. 2.2 [1].

fru = Cefru Eq. 2.2



Table 2.1 Environmental reduction factors [1]

Exposure Fiber Reduction
Conditions Type Factor
Carbon 0.95
Interior Glass 0.75
Aramid 0.85
Carbon 0.85
Exterior Glass 0.65
Aramid 0.75
Carbon 0.85
Aggressive Glass 0.5
Aramid 0.7

The rupture strain is adjusted as well using Eq. 2.3 [1].

eru = Cgépy Eq. 2.3

Typically, unidirectional FRP behaves linear elastically, and therefore Hooke’s law can be used to

determine the modulus for FRP as seen in Eq. 2.4 [1].

Epy = ffu/efu Eq. 2.4

2.1.3 Flexural Strengthening

2.1.3.1 Failure Modes

There are several failure modes that control the flexure strength of a FRP-strengthened section
which include crushing of the concrete in compression before yielding of the steel reinforcement, the
rupture of the FRP after the steel reinforcement yields in tension, the yielding of the reinforcing steel in
tension followed by the crushing of the concrete, the delamination of the concrete cover by shear or

tension, and FRP debonding from the concrete structure [1].



Crushing of concrete is assumed to occur when the compression strain reaches a value of 0.003.
The rupture of the FRP is assumed to occur when the strain reaches the designed rupture strain. The
most concerning issue is cracked-induced debonding. To prevent this failure mode, the effective strain
of the FRP needs to be limited to the strain value from Eq. 2.5. Also, a strength reduction factor for the

FRP is introduced to address issues of reliability of the FRP [1].

_ frc
gfd =041 nEsts < 098fu Eq 2.5

2.1.3.2 Reinforced Concrete Member Assumptions
ACl makes the following assumptions when calculating the flexural resistance of a strengthened

reinforced concrete section using FRP [1].

e “Design Calculations are based on the dimensions, internal reinforcing steel arrangement, and
material properties of the existing member being strengthened” [1];

e “The strains in the steel reinforcement and concrete are directly proportional to the distance
from the neutral axis. This is, a plane section before loading remains plane after loading” [1];

e “There is no relative slip between external FRP reinforcement and the concrete” [1];

e “The shear deformation within the adhesive layer is neglected because the adhesive layer is very
thin with slight variations in its thickness” [1];

e “The maximum usable compressive strain in the concrete is 0.003"” [1];

e “The tensile strength of the concrete is neglected” [1];

e “The FRP reinforcement has a linear elastic stress-strain relationship to failure” [1].

2.1.3.3 Stress and Stain Levels in FRP Reinforcement
The stress and strain levels are important to determine and compare to the ultimate limit states.

The maximum strain is achieved at one of three situations, 1) the strain level of the FRP when the



concrete crushes, 2) when the FRP ruptures, or 3) when the FRP reinforcement debonds from the

concrete. The effective strain can be calculated using Eq. 2.6 [1].

df—C
Efe = gcu( p

) — i < #rq Eq. 2.6

The effective stress of the FRP reinforcement can be determined using the effective strain since the FRP

behaves in a linearly elastic manner as seen in Eq. 2.7 [1].
ffe = Efgfe EC| 2.7

2.1.3.4 Strength Reduction Factor

The application of external FRP reinforcement does affect the ductility of the concrete beam and
though loss is sometimes negligible, the situation of large losses must be addressed. The tension
controlled state must be checked with accordance of Eq. 2.8 which has the strength reduction factor for
ductile sections as 0.9 and for brittle sections as 0.65 with a linear transition for steel that has not

yielded [1].

0.9 for & = 0.005
0.25(&¢—€sy)
.005-&y,

0.65 for & < €,

@ =10.65+ for &, <& <.005 Eq. 2.8

2.1.3.5 Serviceability

To prevent excessive deformations of the reinforced concrete section with FRP reinforcement,
the reinforcing steel should be prevented from yielding under services loads. “The stress in the steel
reinforcement under service load should be limited to 80% of the yield strength as shown in” Eq. 2.9. “In
addition, the compressive stress in concrete under service load should be limited to 45% of the

compressive strength, as shown in” Eq. 2.10 [1].



fos < 0.8f, Eq. 2.9
fos < 0.65f, Eq. 2.10

The stress levels in the FRP need to be limited to avoid creep-rupture or failure to cyclic stresses
and fatigue. Cyclic service load stress limits for FRP reinforcement, Table 2.2, is dependent on fiber type,

and the stress limit is expressed in Eq. 2.11 [1].

Table 2.2 Sustained Plus Cyclic Service Load Stress Limits in FRP Reinforcement

Fiber Type
Stress type GFRP AFRP CFRP
Sustained plus
cyclic stress limit 0.20f 0.30fx 0.55f,
ff.s < sustained plus cyclic stress limit Eq. 2,11

2.1.3.6 Nominal Flexure Strength
The nominal flexure strength of a reinforced concrete section with external FRP reinforcement is

equated using Eqg. 2.12. The reduction factor for FRP is applied with the recommended value of 0.85 [1].
Bic Bic
My, = Asf, (d59) + 9 Apfre (2 Eq. 2.12

2.1.4 Shear Strengthening

2.1.4.1 Completely Wrapped members

A reinforced concrete member can be wrapped completely, therefore all sides of the section
have externally applied FRP reinforcement, but this wrapping scheme is known to produce a failure
mode where there is a loss of aggregate interlock of the concrete before the ultimate fiber strain is

achieved. To prevent this failure mode, the maximum strain of the design is limited to 0.4% when



members are completely wrapped, Eqg. 2.13. Higher strains should not be used for FRP shear

strengthening [1].

&re = .004 < 0.75¢5, Eq. 2.13

2.1.4.2 Bonded U-wraps or Bonded Face Plies

Reinforced concrete sections that have bonded U-wraps (threes side have applied FRP
reinforcement) or sections having bonded face plies (FRP applied to only the two vertical faces of the
sections) delaminate before there is a loss of aggregate interlock in the concrete. Therefore, the

effective strain is calculated using a shear bond-reduction factor, Eq. 2.14 [1].
€fe = Kpépy < .004 Eq. 2.14

The bond reduction factor is calculated using equations 2.15 to 2.18 and is a function of the

concrete strength and the type of wrapping scheme being used [1].

K, = —kele g 75 Eq. 2.15
11,900e5,

23,300

e = W Eq. 2.16

ky = £923 Eq. 2.17

dpp—L
L€ for U — wraps

k, = v Eq.2.18

dpy—2L .
% for two sides bonded
fv

The active bond length calculated in Eq. 2.16 is the length over which the majority of the bond

stress is maintained [1].



2.1.4.2 Shear Spacing

The spacing limitations for FRP strips for shear strengthening adhere to the same limits in ACI
318 for internal steel shear reinforcement which states that for nonprestressed members the spacing
shall not exceed half of the depth or 24 inches (610 mm). The spacing is from the centerline of one FRP

strip to the next [1].

2.1.4.3 Reinforcement Limits
The sum of the contributed strength of the FRP reinforcement and steel shear reinforcement is
taken as the total shear strength. The total shear reinforcement is limited based ACI 318 for steel. Eq.

2.19 gives the shear limit [2].
Vs +Vr < 0.664/f'.bd Eqg. 2.19

2.1.5 Axial Force Strengthening

2.1.5.1 Pure Axial Compression Strength
The axial compression strength of a non-slender concrete column that is confined by externally
placed FRP reinforcement is calculated using Eq. 2.20. The reduction factor should be included based on

the spiral and tie reinforcement [1].

For members with steel spiral reinforcement, Eq. 2.20a is used. For members with steel tie

reinforcement, Eq. 2.20b is used [1].

@B, = 0.85¢[0.85f" __(Ag — As) + f,4s] Eq.2.20a

@B, = 0.809[0.85f" __(Ag — As) + f,As] Eq. 2.20b

The confined concrete compressive strength is found using Eq. 2.21 and the confined pressure

caused by the applied FRP reinforcement is determined from Eq. 2.22. The confined compressive

10



strength includes an additional reduction factor for the FRP reinforcement which is suggested to be
0.95, and an efficiency factor to account for the geometry of the section. The confinement ratio of
confined concrete section (the confined pressure divided by the unconfined compressive strength) has

to be equal to or greater than 0.08 [1].

f'ec = ¥r3.3K4f1 Eq.2.21
2E fnt
f = % Eq. 2.22

The efficiency factor, or shape factor, is calculated based on the cross-sectional area of the
effectively confined concrete area and the side aspect ratio. For circular cross-sections, the
reinforcement provides a uniformed confined pressure, and therefore the efficiency factor is 1.0. When
the cross-section is non-circular, the efficiency factor is calculated using Eq. 2.23. For determining the
confined pressure of a non-circular section, the diameter is assumed to be the diagonal of the

rectangular section, expressed in Eq. 2.24 [1].

Ag b
Kq = A_C(H)Z Eqg. 2.23
D =+/b? + h? Eq.2.24

The ratio of the effectively confined area of concrete expressed in the efficiency factor is found

in Eq. 2.25 as a function of the radius of the corners and the longitudinal steel reinforcement ratio [1].

| _Re—2ro?+(F)w-2ro?)
Ae _ 34g i Eq. 2.25
Ac 1-pg
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2.1.5.2 Stress and Strain Limits
To prevent the loss of concrete integrity from excessive cracking, the compressive strain in the
confined concrete section can be found using Eq. 2.26 and is limited to 0.01. An efficiency factor takes

into account the geometry of the cross-section and is calculated in Eq. 2.27 [1].

0.45
€ccu = € (1.5 4+ 12k, ﬂ(eﬂ) ) Eq. 2.26

fre \ere

_ Ae byos
Ky =256 Eq. 2.27

To ensure that significant cracking of the column does not occur, service loads should not
induced such conditions, and the FRP jacket should only need to contain the damage during conditions
that are excessive and temporary. Therefore, the concrete strain should remain below the concrete
cracking strain, which means that the compressive stress of the concrete should be limited to 65% of the
compressive strength. Also, the longitudinal steel reinforcement should avoid plastic deformation during
sustained and cyclical loading, and therefore the service stress should be below 60% of the yield

strength of steel [1].

The effective strain of the FRP jacket should also be limited to ensure shear integrity and
prevent premature failure of the FRP system caused by multi-axial stress or cracking of the concrete,
which produce concentrated regions of stress. Eq. 2.28 expresses the limitation of the effective strain of

the FRP jacket where the strain efficiency factor is 0.55 [1].

€re = 0.004 < Kp&py Eq.2.28

12



2.2 Loading Combinations

According to ACI 318, the required strength of a member is determined using factored loads
where each load factor assigned “is influenced by the degree of accuracy of which the load effect usually
can be calculated and the variation that might be expected in the load during the lifetime of the
structure.” Also, some factors are assigned to a specific combination of loads because of the probability

of simultaneous occurrence. Equations 2.29 through 2.35 are the given loading combinations [2].

U=14(D +F) Eq. 2.29
U=12(D+F+T)+1.6(L+H)+.5,orSorR) Eq. 2.30
U=1.2D + 1.6(L, or S or R) + (L or 0.8W) Eq.2.31
U=12D+1.6W + L+ .5(L, or Sor R) Eq. 2.32
U=12D+E+L+0.2S Eq. 2.33
U=09D + 1.6W + 1.6H Eq. 2.34
U=09D+E + 1.6H Eq. 2.35

2.3 Flexure Strengthening

2.3.1 Unstrengthened Behavior

An unstrengthened reinforced concrete member is a member without FRP. The behavior of the
unstrengthened section of reinforced concrete is virtually linear. During initial loading, flexure cracks of
the concrete on the tension surface begin to develop when the stress reaches the tension strength of
the concrete. Once cracking occurs, the tensile force is transferred to the steel. Once the steel stress has
reached the yield strength, the reinforced concrete structure will redistribute the forces. If the steel

yields before the concrete crushes, the response is ductile, cracking patterns in the concrete are evident,

13



and the beam experiences considerable deflections before failure. If the reinforced concrete member
has a significant amount of steel reinforcement, therefore requiring more loading to yield, the concrete

will crush before yielding of the steel occurs, causing failure. This is known as brittle failure [4].

2.3.2 Strengthened Behavior

When FRP is applied, the reinforced concrete member is considered to be strengthened. At first,
the stiffness of the member is basically unchanged to the unstrengthened behavior. This is because the
applied FRP strips are very thin and do not cause any notable changes in the stiffness of the structure,
but behavior is affected. The tension force is shared with the steel and FRP reinforcement after the
concrete has cracked, and FRP contribution for tension force is more relevant since it is located the
farthest from the neutral axis. After the steel yields, the FRP is forced to carry the load the steel was
carrying. The strengthened reinforced concrete member collapses at higher levels because of the FRP
but observes lower deflections compared to the unstrengthened member, making the member less

ductile [4].

In addition to the steel and FRP yielding before the concrete crushes, strengthened reinforced
concrete members may be affected by other failure modes. The FRP is capable of failing due to

delamination of the FRP to the concrete [4].

2.3.3 Failure Modes

Because of limitations of the concrete, steel reinforcement, and the FRP, the failure mode need
to be determined. First possible failure mode for strengthened reinforced concrete member is the FRP
failing before or after the steel reinforcement yields but prior to the concrete crushing. This failure
mode is known as weak strengthening configuration (WSC). The other failure mode to be considered is
when the concrete crushes on the compression side of the member before or after the yielding of the

steel reinforcement. This is called strong strengthening configuration (SSC) [4].

14



Also, there is a stage known as the balanced strengthening configuration (BSC) which is used for
preliminary design purposes. The BSC case is when the failure of the concrete and FRP occurs

simultaneously and can be either elastic or inelastic depending on if the steel has or has not yielded [4].

2.3.4 Strong Strengthening Configuration (SSC)
In SSC, the section fails from concrete crushing or reaching strains of 0.003, and the FRP strain

does not reach its effective strain. Egs 2.36 to 2.38 are used to define the strain relationships for the SSC

[4].

& = & =.003 Eq. 2.36
& = scu% — &pi < Efe Eq. 2.37
& = scuﬂ Eq. 2.38

c

The neutral axis is calculated by balancing the tension and compression forces as seen in Eq.
2.39 and solving the system using the quadratic formula by substituting Eq. 2.40-2.44 into Eq. 2.39. Use

Eqg. 2.42 or 2.43 if the steel does or does not yield [4].

C—-Ts—Tr=0 Eg. 2.39
C = 0.85f'.Bichb Eg. 2.40
Ts = Asfyif e = €y Eq. 2.42
Ty = AgEses if €5 < €y, Eq. 2.43

15



0.85if f'; < 27.57 mPa
By =1{0.85—.05(f', — 27.57)/6.9 if 27.57 mPa < f', < 55.1 mPa Eq. 2.44
0.65 if f', > 55.15 mPa

2.3.5 Weak Strengthening Configuration (WSC)
When the FRP fails before the concrete is crushed, also known as WSC, the FRP strain is equal to
the effective stain and the concrete strain is always below the ultimate concrete compressive strain of

.003. The strain relationships are defined in Egs. 2.41-2.43 [4].

c
& = (Sfe - Sbi)E < Ecu Eq. 2.45
& = &fe Eq. 2.46
d—c
&s = (€re — €pi) =, Eq. 2.47

Similarly to the SSC, the neutral axis is solved by balancing the tension and compression forces
in the section, Eq. 2.39, and using the quadratic equation with Egs. 2.40-2.42 and Eq. 2.48 for when the

steel does not yield [4].
d—c ,
Ts = AsEs(€50 — Ebi)h_—z if &5 <€y Eq. 2.48

2.3.6 Balanced Strengthening Configuration (BSC)

The balanced strengthening configuration occurs when the concrete and FRP failure happens
simultaneously. This configuration is used for design purposes because it utilizes both materials
effectively, but to achieve this state is usually not practicable because the area of FRP needed does not

match what is common in marketplace [4].
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Since the strain requirements of BSC are known, the neutral axis is calculated as a function of

the concrete and FRP strain values, Eq. 2.49, and the strain in the steel reinforcement is determined

using Eq. 2.50

_ €cuh
cp = —scu+£fe+ebi Eq. 2.49
€ = Ec—: (d—cp) Eq. 2.50

With the neutral axis known, the required area of FRP can be determined using Eq. 2.39, and Eq.

2.51 is used when the steel does not yield [4].
T, = ASESECﬂ(d —cp)if & <€y, Eqg.2.51
b

By rearranging Eq. 2.39, an estimate for the required area of FRP needed to reach equilibrium

can calculated by Eq. 2.52 or Eqg. 2.53 when the steel yields or does not yield, respectively [4].

1
Efefe

Afp = (0.85f"cf1bcy — Asfy) Eq. 2.52

1

Asp = (0.85f'.B1bc, — ASESECC—:(d — ) Eq. 2.53

Erefe

2.3.7 Serviceability Limit States

To meet ACI stress limitations, three serviceability limit states are considered in determining the
stress levels of the concrete, FRP, and steel reinforcement. The first to be considered is the general case
where all three are present in the strain distribution. The neutral axis is calculated by using Eq. 2.39 and

after substituting the strain relationships of the FRP and steel, Eq. 2.54 [4].

Ecbc? — EAg(d —¢) — EfAp(h—c) =0 Eq. 2.54
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To determine the stress values of the FRP, steel, and concrete, the moment capacity for service
loading is used along with the bending stiffness of the cracked section given by Eq. 2.55. The stress of

the concrete, steel, and FRP is calculated using Eq. 2.56, Eq. 2.57, and Eq. 2.58 respectively [4].

__ Ecbc®

(ED¢r = =5~ + EsAg(d - €)* + EfAp(h — ¢)? Eq. 2.55
fe = EcMc/(ED) ¢y Eq. 2.56
fs =EsM(d —¢)/(ED)cr Eq. 2.57
fr = EgM(h — ¢)/(ED)¢r Eq. 2.58

The second state to be considered is the original configuration, which is before the FRP is
applied. The neutral axis is determined by taking Eq. 2.54 and solving when the area of the FRP is zero,
A; = 0. The stress of the steel and concrete are calculated by using Eq. 2.56 and 2.57 after calculating the
cracked stiffness, Eq. 2.55, with the area of FRP equal to zero. It must be noted that the moment

capacity for this state only takes into account dead loads and reduced live loads [4].

The initial strain can also be calculated by Eq. 2.59. The initial strain is determined at the surface

of the section where the FRP is planned to be applied [4].

~_ Mpr(h—ca)

Epi = EDer Eqg. 2.59

The last state is when the member is strengthened and using the serviceability loading. The
neutral axis is determined using Eq. 2.54 taking into account the applied FRP reinforcement. The stress
of the concrete and steel are calculated using Eq. 2.56 and 2.57 using the supplementary moment due

to the serviceability loading combinations [4].
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Finally the stress of the concrete and steel are determined by adding the stress values of the
second and third states. The stress of the FRP occurring in the third state is calculated by using Eq. 2.60

[4].

_ ¢ (Er\h=cs
ff = f:g (E_s) m - gbiEf Eq. 2.60

2.3.8 Design Procedure
This section will provide a brief overview of the design procedure for strengthening reinforced

concrete beams for flexure.

The first step is to determine the initial moment capacity of the beam and compare it to
minimum required capacity. Also, the maximum allowable reinforcement of the original section is
calculated. Second, the initial strain of the soffit beam as well as the stress distribution is calculated
while only considering dead loads. Next the FRP system is selected and preliminary values are calculated

using the environmental reduction factor [4].

Having the original capacity and the initial strain, an approximate area of FRP can be calculated
using Eq. 2.61. With an estimate of the area of FRP, determine the actual area of FRP to be applied and
the corresponding configuration. Determine the capacity of the strengthen system and verify it meets
the required capacity. If it does not, increase the area of FRP until the strengthened beam satisfies the

required capacity [4].

Lastly, the serviceability requirements must be verified.

19



2.4 Shear Strengthening

Reinforced concrete members can be further strengthened for shear loading to prevent failure
of shear and shear cracking. FRP is applied externally to the faces of the concrete member to achieve
the increased shear strength. Strengthened shear reinforced concrete configurations include continuous
and discontinuous schemes, where the beam is usually completely wrapped, but only where it is
considered necessary. To prevent the beam from debonding or delamination, the strain limits in section

2.1.4 are used [4].

The shear capacity of the unstrengthened reinforced concrete is calculated using Eq. 2.61, which

is a function of the compressive strength of the concrete and the cross-sectional dimensions [4].
bd
V. = A? f'c Eqg. 2.61

Between continuous and discontinuous wrapping, discontinuous is the preferred method of
strengthening because it does not capture moisture which could assist in debonding and delamination.
The nominal shear capacity of the beam is calculated by adding the capacities of each material, as seen

in Eq. 2.62 [4].

Vo=V +V, +yVs Eq. 2.62

2.4.1 Discontinuous Wrapping
The shear capacity of the steel reinforcement of the strengthened section when the FRP is
stripped along the length of the beam in intermittent distances can be determined using Eq. 2.63. Itis a

function of the distance between reinforcement and the angle of the steel reinforcement [4].

Vs = fyAsy :—S [sina + cosa] Eq. 2.63
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The FRP strip’s shear capacity can be calculated using Eq. 2.64 which also a function of the

applied angle of the FRP, as well as the distance of the strips [4].

d .
Vf = ffe(anthf) SLfv [Sll’l ar + COSO.’f] Eqg. 2.64

2.4.2 Continuous Wrapping
When the applied FRP reinforcement is layered along the length of the beam, the applied angles
of the steel and FRP reinforcement are assumed to be 90°. Therefore the shear steel capacity is

calculated by Eq. 2.65 and the FRP capacity is calculated using Eq. 2.66 [4].

a
V= fAswy Eq. 2.65

2.4.3 Design Procedure

In order to determine the number of layers needed to meet the required shear capacity of the
beam, the initial shear capacity of the beam must be determined. That is when the beam is
unstrengthened and all the shear capacity comes from the concrete and steel stirrups. The initial
capacity is then compared to the minimum required strength and the maximum allowable strengthening

governed by ACI 440 [4].

With initial capacities, an estimate of the number of layers is obtained based on the design
scheme, continuous, discontinuous, complete wrapping, three-sided, or two-sided. By rearranging Eq.
2.66 and Eqg. 2.62, the number of layers can be determined as seen in Eq. 2.67 where the nominal

capacity is replaced by the required capacity [4].

1

Vu 1
ne =—
f Wr

[E_VC_VS W Eq. 2.67
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After determining the number of layers to be applied to the reinforced concrete beam, the
shear capacity of the FRP can be calculated and the limit for total shear reinforcement needs to be

verified [4].

2.5 Beam-Column Strengthening

Beam-columns can be strengthened by confining the reinforced concrete with FRP which
increases the confined compression strength of the concrete. A beam-column’s initial behavior for the
confined column is very similar to the unconfined reinforced concrete column. Not until the column has
cracked does the FRP show influence. The stress-strain relationship of the post-cracked confined column

behaves linearly because of the stiffness of the FRP reinforcement [4].

2.5.1 Pure Axial Compression Design Procedure
First the required loading capacity and the unconfined axial capacity of the column are
calculated so that the minimum required capacity and the maximum allowable strengthening can be

checked [4].

With the required capacity known, the confined concrete strength is calculated by rearranging
Eg. 2.20 to solve for the confined concrete strength with the nominal capacity replaced with the

required loading capacity as seen in Eq. 2.68 [4].

_ 1 Py
0.85(Ag—A4s) “Pdece

f,cc - fyAs) Eq. 2.68

To determine the number of required layers of FRP, the confined pressure is needed. By using
the value of confined concrete strength from Eq. 2.68, Eq. 2.21 can be rearranged to determine the

confined pressure (Eq. 2.69). Finally the number of layers is calculated by using Eq. 2.70 [4].

_ frec—f'c
fi= Py Eq. 2.69
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D
n= 20 Eq. 2.70
2trEfefe

The confined capacity of the column is recalculated using the number of layers used, and
compared to the required capacity. If the required capacity is still less than the confined capacity,
additional layers should be used until the capacity is met. Lastly, the serviceability requirements need to

be checked [4].

2.5.2 Beam-Column Verification Procedure
To verify that a confined reinforced concrete column meets the required loading capacity, an
interaction diagram is developed by calculating capacities of the beam-column at significant junctures of

the diagram [4].

Prior to any critical values being calculated, several preliminary values are needed which include
the ratio of the effective confined area over the area of concrete, the effective strain limit, efficiency
factors, the confined pressure, the confined concrete compressive strength, the confined compressive

strain, and the confined stress-block factors [4].

The first point to be calculated is point A in Figure 2.1 where the only axial loading is considered.
Therefore the axial compressive capacity is calculated using Eq. 2.20 for strengthened and
unstrengthened columns. Point D is considered next. Point D is the where an ACl introduced eccentricity

of 0.1h is considered along with the nominal axial capacity [4].

Point B is the first point that considers the stress-strain relationship of the beam-column. At
point B, the extreme compressive fiber is equal to the ultimate confined compression strain and the
strain of the steel reinforcement closest to the tensile fiber of the beam-column is assumed to be zero.
Therefore, in order to calculate the axial and moment capacity of the beam-column, the neutral axis and

the stress resultants of the steel reinforcement needs to be calculated for each layer of steel
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reinforcement in the beam-column. Eq. 2.71 can be used to determine the neutral axis for any given
steel strain. The steel strain is calculated with respect of the distance of the steel reinforcement to the
compression fiber of the member as seen in Eq. 2.72, and the stress resultant for the steel

reinforcement is calculated using Eq. 2.73 [4].

Ec

c= d Eq.2.71
£C+£Sn
Esi = %(di —0) Eq. 2.72
if € =¢6,and g < —€
fsi _ {fy f Sl. y si y Eq. 2.73
Esegiif —¢&, <& <g

The stress resultants for the concrete and steel reinforcement are calculated by Eq. 2.40 and Eq.
2.74, respectively. With the stress resultants, the nominal axial and moment capacities can be calculated

with Eqg. 2.75 and Eq. 2.76 [4].

Rs; = fsiAs Eq.2.74

P,=C—-Y"Ry Eq. 2.75
h h

M, =Pe=C (E - b %) + Z:ls R (d; — E) Eq. 2.76

Point C of the interaction diagram is when the assumed strain distribution has the steel
reinforcement yielding and the concrete crushing simultaneously. Therefore the concrete strain is equal
to the ultimate concrete strain and the steel strain equals the yield strain. The neutral axis is given by Eq.
2.71 and the steel strain is given by Eq. 2.72. Point C uses the same process of calculating the stress
resultants, the values calculated for strain and the neutral axis by using Eq. 2.74 ,which is used to

determine the axial and moment capacity of the beam-column, Eq. 2.76 and 2.77 [4].
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The next value in the interaction diagram is Point E. Point E uses a fixed value of eccentricity
corresponding to the intersection of a line equal to 45° with the interaction diagram. This is also
considered when the eccentricity is equal to 100 mm, but the position of the neutral axis is not known;
therefore, an iterative process is used to produce the eccentricity value of 100 by starting with an
arbitrary value for the neutral axis. With a neutral axis, the same procedure as used with Point B and Cis
used to calculate the capacities. With the capacities, an eccentricity is determined and the percentage
error is determined to see how close to 100 the value is. If the error is too great, then the neutral axis is

changed appropriately, and the process is repeated until the error is within an acceptable range [4].

The last value of the interaction diagram is where only pure flexure is considered, Point F. ACI
only allows unstrengthened cases to be considered for Point F, and thus only steel reinforcement is
considered in the moment capacity, this includes steel on the compression side. The neutral axis is

calculated using Eq. 2.77 which includes the compression steel [4].

0.85f"cfibe + A'sEsecy (S) = Asfy = 0 (modified) Eq. 2.77

The moment capacity of the unconfined beam-column is determined using Eq. 2.78 [4].

, —d’ ' .
My = Asfy (d = B 5) + A'Egee (S5) (B5—d')  (modified) Eq. 2.78

Eqg. 2.77 and Eq. 2.78 are modified equations of Barbero Eq. 13.41 and Eq. 13.47, respectively
because the compression steel reinforcement affects the location of the neutral axis and the nominal

moment capacity.

With all six points calculated for strengthened and unstrengthened cases, the interaction

diagram (Figure 2.1) can be plotted and then used to verify the required axial and moment capacities
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are within the acceptable region. If not, a new design must be selected and then verified using the same

process [4].

Interaction Diagram
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Figure 2.1 Interaction Diagram
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Table 2.3 List of Chapter 2 Equations

Chapter 2 Equation

Equation Source

Eq. 2.1 ACl 440.2R Eq. 9-1
Eq. 2.2 ACl 440.2R Eq. 9-3
Eq. 2.3 ACl 440.2R Eq. 9-4
Eq.2.4 ACl 440.2R Eq. 9-5
Eq. 2.5 ACl 440.2R Eq. 10-2
Eq. 2.6 ACl 440.2R Eq. 10-3
Eq. 2.7 ACl 440.2R Eq. 10-4
Eqg. 2.8 ACl 440.2R Eq. 10-5
Eq. 2.9 ACl 440.2R Eqg. 10-6
Eg. 2.10 ACl 440.2R Eq. 10-7
Eqg.2.11 ACl 440.2R Eqg. 10-8
Eqg.2.12 ACl 440.2R Eq. 10-13
Eqg.2.13 ACl 440.2R Eq.11-6a
Eq.2.14 ACl 440.2R Eq. 11-6b
Eqg. 2.15 ACl 440.2R Eq. 11-7
Eq.2.16 ACI 440.2R Eq. 11-8
Eq.2.17 ACI 440.2R Eq. 11-9
Eq.2.18 ACI 440.2R Eq. 11-10
Eq.2.19 ACI 440.2R Eq.11-11
Eq. 2.20 ACI 440.2R Eq. 12-1
Eq.2.21 ACI 440.2R Eq. 12-3
Eq. 2.22 ACI 440.2R Eq. 12-4
Eq. 2.23 ACl 440.2R Eq. 12-9
Eq. 2.24 ACl 440.2R Eq.12-8
Eq. 2.25 ACl 440.2R Eq.12-11
Eq. 2.26 ACl 440.2R Eq. 12-6
Eq. 2.27 ACl 440.2R Eq. 12-10
Eq. 2.28 ACl 440.2R Eq. 12-12
Eq. 2.29 ACI 318 Eq. 9-1
Eq. 2.30 ACI 318 Eq. 9-2
Eq. 2.31 ACI 318 Eq. 9-3
Eq. 2.32 ACI 318 Eq. 9-4
Eq. 2.33 ACI 318 Eq. 9-5
Eq.2.34 ACI 318 Eq. 9-6
Eq. 2.35 ACI 318 Eq. 9-7
Eq. 2.36 Barbero Eq. 13.16
Eq. 2.37 Barbero Eq. 13.17
Eq. 2.38 Barbero Eg. 13.18
Eg. 2.39 Barbero Eg. 13.19
Eqg. 2.40 Barbero Eq. 13.24
Eg. 2.41 Barbero Eqg. 13.21
Eqg. 2.42 Barbero Eq. 13.22
Eqg. 2.43 Barbero Eqg. 13.23
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Eq. 2.44 Barbero Eqg. 13.25
Eqg. 2.45 Barbero Eqg. 13.33
Eq. 2.46 Barbero Eq. 13.34
Eq. 2.47 Barbero Eqg. 13.35
Eq. 2.48 Barbero Eq. 13.40
Eq. 2.49 Barbero Eq. 13.48
Eqg. 2.50 Barbero Eq. 13.49
Eq. 2.51 Barbero Eq. 13.54
Eq. 2.52 Barbero Eq. 13.55
Eq. 2.53 Barbero Eq. 13.56
Eq. 2.54 Barbero Eq. 13.64
Eq. 2.55 Barbero Eq. 13.67
Eq. 2.56 Barbero Eq. 13.66
Eq. 2.57 Barbero Eq. 13.66
Eq. 2.58 Barbero Eq. 13.66
Eq. 2.59 Barbero Eq. 13.71
Eq. 2.60 Barbero Eq. 13.77
Eq. 2.61 Barbero Eq. 13.86
Eq. 2.62 Barbero Eqg. 13.95
Eq. 2.63 Barbero Eqg. 13.90
Eq. 2.64 Barbero Eg. 13.91
Eq. 2.65 Barbero Eqg. 13.93
Eq. 2.66 Barbero Eqg. 13.94
Eq. 2.67 Barbero Eq. 13.94-95
Eq. 2.68 Barbero Eq. 13.113
Eqg. 2.69 Barbero Eqg. 13.114
Eqg. 2.70 Barbero Eqg. 13.115
Eg. 2.71 Barbero Eqg. 13.126
Eg. 2.72 Barbero Eqg. 13.119
Eg. 2.73 Barbero Eq. 13.125
Eq.2.74 Barbero Eq. 13.125
Eqg. 2.75 Barbero Eqg. 13.117
Eg. 2.76 Barbero Eqg. 13.118
Eq. 2.77 Barbero Eqg. 13.41 modified
Eqg. 2.78 Barbero Eqg. 13.47 modified
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Chapter 3 - Windows Forms Application

3.1 Introduction

In order to make a functional user friendly program, a Windows Form application was produced,
which functions as a supplement to Chapter 4 for preliminary design for the strengthening of reinforced
concrete members. The application handles three different member types: beams, columns, and beam-
columns. This chapter will demonstrate the capabilities of the Windows Form application and serve as a

user’s manual.

3.2 Program Overview

The application has been organized by member type with concrete beams being broken down
even further by strengthening design which includes flexure and shear strengthening. Once the user
selects the desired member type, a series of window forms will follow requiring the inputs such as
loading scenarios, geometric properties, material properties, and such. Once the user has filled all
required fields, the final window form will display results and inform the user of the final outcome of the

preliminary design.

3.2.1 Main Form

When the application is opened, the first form is the Main Form. The Main Form is the beginning
of every path within the program and also where paths restart if the user back tracks. The form is rather
simple as seen in Figure 3.1. The main and only purpose of the Main Form is to determine which
member type the user will be strengthening, and does this by having three buttons each representing a
member type. All the user must do is click on a member type. The application will close the Main Form
and open a new form depending on the path chosen by the user. If the user clicks on the “Close”

button, the Main Form closes and the application ends.
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Main Form Q@@

Flease select member type:

Beam
Column

Beam-Column

Cloze

LHI

Figure 3.1 Main Form

3.2.2 Strengthening of Beams

If the user clicks the button “Beam,” the Main Form closes followed by the Beam Form opening.
The Beam Form is very similar to the Main Form with its formatting and simplicity. The Beam Form only
purpose is to determine if the user wants to strengthen a beam in flexure or a beam in shear, hence the
two buttons as seen in Figure 3.2. Each button closes the current form and opens a new form depending
on the user selection. The “Back” button closes the Beam Form and returns the user to the Main Form

where the user can restart the process.
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Beam Form

Select Strengthening:

Flexure Strengthening |

Shear Strengthening |

Back

Figure 3.2 Beams Form
3.2.2.1 Strengthening of Beams in Flexure
If the user selects beams in the Main Form and flexure strengthening in the Beam Form, the
program will now only follow the flexure strengthening path with produces three forms in succession.
The first being the Loading Scenario form, followed by a form for providing the required properties for
the design process, and finally the form is the design form that informs the user what design

requirements have been meet.

3.2.2.1.1 Loading Scenarios

The Loading Scenario Form is required for all design paths. The purpose of the Loading Scenario
Form is to determine the required capacity of the member according to ACI guidelines. Unlike the
previous forms, the Loading Scenario Form requires user inputs. There are a total of ten loading
conditions that the form requests. The inputs, as seen in Figure 3.3, are the dead load, live load, lateral
fluid pressure load, snow load, rain load, wind load, earthquake load, temperature/creep/shrinkage

load, soil load, and live roof load.
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Loading Scenario E@@

Please Input unfactored Loading Requirsments
for the critical section of the member:

Dead Load: | M-mm
Live Load: Memm
Lateral Fluid

Pressure Load: M-rm
Show Load: M-mm
Rain Load: M-
‘wind Load: M-rm
E arthquake Load: M-mm

Temperature,

C[BBD, ,7 r
Shrinkage load: o

Soil Load: M-rnm
Live Foof Load: [

Back Continue

Figure 3.3 Loading Scenario Form

The loading conditions should not be factored for the application will use the inputs to determine the
required capacity by utilizing ACI’s loading combinations where the factors are applied. It will be up to
the user’s prerogative to determine which loading conditions are applicable. For conditions that are not

applicable, enter zero.

The inputs must match the units displayed to the right of the input box. As seen in Figure 3.3, for
beams in flexure the units are Newton millimeter. For shear strengthening and columns the units are
Newton (not shown). If the values given are not in the correct units the application will continue with

the assumption that the loading is in the required units which will produce wrong results.

After all loading conditions are given, the user needs to click the “continue” button to proceed
in the design process. If one of the conditions does not have a valid number, the application will inform

the user that a number was not entered and will focus on the errounous entry. This means that if a
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condition is not being considered, a zero must be placed in the textbox or the application will warn the

user as shown in Figure 3.4.

@ Loading Scenario

Pleaze Input unfactored Loading Requirements
for the critical section of the member:

Dead Load: M-mm
Live Load: M-
Lateral Fluid

Preszure Load: M-rnm
Snow Load: M-

Fain Load:

M-rnm

Earthquaky Mok a number, Re-enter, H-mm

-

Soil Load: M-rnm
Live Roof Load: H-ram

Figure 3.4 Error message for invalid numerical input

The “back” button will send the user back to the Main Form to start the process over. The

application will not store any input values if the user decides to restart the design.
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3.2.2.1.2 Beams Flexure Properties

The next form in the strengthening of beams in flexure path is the Beam Flexure Properties
form. The purpose of this form is to gather all the required property values need to continue the design
process. The form is broken into five group boxes which each having a unique theme as shown in Figure
3.5. The first group box located in the top left and entitled “Geometric Properties” has four inputs that
are required: length of beam, base of beam, height of beam, and the moment of inertia before cracking

occurs. The units are once again located to the right of the textbox and the input needs to match them.

Beam Flexure Properties E@@
Geometric Properties Steel Properties.
Length of Beam: || i Area of Steel: p——
BaseofBeam [ Modulus of Steel: 200000 MPa
Height of Beam i ‘ield Strength: MPa
Moment of inertia ~
befare cracking: i 4 Clear Cover: i
FRF Properties E xpozure Conditions
Tenzile Strength .
of FRF: MFa " Interior
Ply thickness: ’7 Select exposure conditions: " Esterior
mm
Ultimate Skrair: " Aggressive

Concrete Properties

Compressive
Strength of
Select Fiber Type: Crgenncg[eteo: P

(" Cabon  Glasz © Aramid |

Back Cantirue |

Figure 3.5 Beam Flexure Properties Form

The group box located in the top right is for all steel properties needed for the design. The
inputs are area of steel, modulus of steel, yield strength of the steel, and the clear cover of the tensile
reinforcement from the edge of the concrete beam. When the form is initially opened, the modulus of
steel textbox is already filled with the value 200000 MPa. This is the standard yield modulus of steel but
if the user needs to change this value for whatever reason, the textbox is still enabled for the user to

edit the textbox.
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The lower left corner is dedicated to all properties related to the FRP. The user will find
textboxes for the tensile strength of the FRP, the ply thickness, and the ultimate strain of the FRP. The
user will also encounter three radio buttons. The radio buttons provides three options for fiber type:
carbon, glass, and aramid. The fiber type is required in order to determine the environmental reduction
factor. The application will only allow the user to select one of the three options, and if the user decides
to continue the process without selecting one of the three options, the application will warn the user
through a popup window that a fiber type was not selected after which the application will select carbon

automatically but will still give the user an opportunity to select glass or aramid.

The group box entitled Exposure Conditions located in the right middle of the window form only
has three radio buttons: interior, exterior, and aggressive. The radio buttons represent the three type of
environmental exposure the beam can experience according to ACI guidelines. The exposure condition is
also needed to determine the environmental reduction factor for the FRP. Just like the fiber type, the
application will not allow the user to select more than one radio button, and if the user continues
without selecting a condition, the application will once again use a popup box to warn the user that an

exposure condition was not selected.

The final group box is for concrete properties. It is located in the bottom right corner. There is

only a single textbox which is for the compressive strength of the concrete.

The “continue” and “back” button operates in the same manner as any other form. The
“continue” button will progress in the design process after checking to make sure all inputs are valid,

and the “back” button returns the user to the Main Form.
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3.2.2.1.3 Beams Flexure Design From

The final form for the strengthening of beams in flexure is the Design Form. The form has
several facets. The form has a three stage procedure which is initiated by the user clicking “Calculate
Results” button located in the top middle of the form as seen in Figure 3.6. Once the button has been
clicked, the first stage, Initial Checks, is processed by the application and the results are shown in the

group box entitled “Initial Checks.”

First the form will make two checks that are required before the FRP strengthening design can
be started. The first item checks to see if the original concrete beam has the capacity to meet ACI’s
minimum loading requirements. The application displays these values to the user in the first two
textboxes which both have a light blue background in this group box. The soft yellow textbox right below
the minimum loading capacity and the original loading capacity is where the application will inform the
user if beam has meant the minimum loading capacity. If the beam has satisfied the requirement the
checkbox immediately to the right of the soft yellow textbox will be checked which can be seen in Figure

3.7. This checkbox gives the user an easy verification.

The second initial check that is required is the maximum allowable strengthening. ACI limits the
amount of additional strength that can be added to the original beam. The application will display the
maximum allowable strengthening and the actual strengthening that will occur. Both calculations are
dependent on initial loading conditions. The soft yellow textbox below the allowable strengthening
values will inform the user if the beam meets AClI maximum strengthening requirements, and the

checkbox will be checked if the requirement was met.
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Initial Checks FRF Layers
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Actual Strengthening: % Factored Moment Capacity: | M
- ’_ | r Continue
Final Checks
M aximum Concrete Stress: MPa  Mawimum Steel Stress: MPa  basimum FRP Stress: MPa
Acutal Concrete Stress: MPa  Actual Steel Stress: MPa Actual FRP Stress: MPa
r | | r

Figure 3.6 Beams Flexure Design Form

It is important to note that none of the textboxes in “Initial Checks” group box are enabled. The

textboxes are for read-only purposes; therefore the application prevents the user from having the ability

to edit the displayed values.

The user will also notice that in the right group box, “FRP Layers,” that a minimum number of

layers have an output as well as “Width of ply” and “Enter number of layers” textboxes have become

enabled. The application has at this point determined the number of layers needed to meet what is

known as the balance strengthening configuration (BSC) while assuming the width of the ply to be the

same dimension as the base of the beam. This begins the design stage of the application.
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Initial Checks

Minirmum Load Capacity: (125240000 M

Instrengthened

factored load capacity: 170236100 215652y
|Meets minirmunn loading reguirements. "
M aximum Strengthening: 56.8610123564193
Actual Strengthening: 24 B833452340438
|Satisfies AL auirum allowable B einforement. d

Figure 3.7 Initial Checks Outputs

To continue the design stage, the user will now need to input the width of the ply and the
number of layers the user wishes to use. The group box, “FRP Layers” has a reminder in the upper right
corner to inform the user that if a weak strengthening configuration (WSC) is desired, the user must
enter fewer layers than the BSC. Otherwise, if the number of layers entered is greater than the BSC, it
will be a Strong Strengthening Configuration (SSC). Once the user has provided the width of the ply,
which has to be less than or equal to the base of the beam, and the desired number of layers, the user

needs to click the “continue” button to finish the design stage and proceed to the last stage.

The “continue” button does check the inputs in the “FRP Layers” group box. If the width of the
ply is indeed greater than the base of the beam, a popup box informs the user it is greater than the
base. The number of layers is also checked to make sure it is an integer, and if not the application

informs the user in the same manner as all other invalid inputs, through a popup box.

The final stage of the form is where the last of the requirements of the design are calculated and
checked against standards set by ACI. After the “Continue” button has been clicked, the form will
populate the rest of the disabled light blue and soft yellow textboxes, and the check boxes will be

checked if the requirement has been meet. In the “FRP Layers” group box, the user will find the required
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capacity, this is where the maximum loading combination that was discussed in the Loading Scenarios
form, and the factored moment capacity of the beam after it is strengthened using FRP. The application
will display if the capacity is greater than the required amount. Also the smaller soft yellow textbox will
display the configuration that is being used. This is not always what the user might expect since the

configuration is based on the area of FRP and not just the number of layers.

The group box, “Final Checks,” the application displays values for the maximum allowable stress
in the concrete, steel, and the FRP. Below those values are the actual stress in the concrete, steel, and

FRP. The soft yellow textboxes display if the requirement is meet.

If the user has gotten to this point of the process, the application will show a popup box and
inform the user the outcome of the design by either saying the design has meet all requirements or by

informing the user that the system needs to be redesigned as shown in Figure 3.8.

A =i
= Flexi =|
: - [o]x|
Back Calculate Results Clase
Initial Checks FRP Layers
3 e for BSC assuming “Frermind
inimumn Mumber o layering length of emindsr:
Mirirurn Load Capacity: 135190800 N lavers needed: 323 hase FU{ Wis C.
enter lese
Unstrengthened width of pl 100 layers than
factored load capacity 170898100.215852 B mm BSC. For 55C
ter more
Enter the Number 1 2
i i i : that layers
[Meets mirimum loading requirements. F of Lapers: than BSC
Maimum Strengthening: |95.938393542134 5, s et B 213736000 N
Actual Strengthening 26.0678041981582  + Factored Moment Capacity:  |197186376.357381 M
| Stisfies ACI aximum allowable Reinforement. r
Fital Checks ‘ou have Failed some requirements, You will need to redesign,
Maimurn Concrete Stress: 15.525 M FRP Stress: 11435 MPa
Acutal Concrete Stress 145060700884 MPa  achyal Steel Shess: 34748180165 ps Actusl FRP Stess: 199.19355750 pps
|Maets allowable stress levels. = |Does ot mest allowable stress levels fii |Meets allawable stress levels. "

Figure 3.8 Redesign Popup Box

The “back” button returns the user to the Main Form. The “close” button closes the windows

form application.
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3.2.2.2 Strengthening Beams in Shear

If the user clicks the button “Shear Strengthening” in the Beams Form (Figure 3.2), the
application will continue down the shear strengthening path. This path follows a similar stream as
strengthening beams in flexure (3.2.2.1). The path will lead the user to the Loading Scenarios Form
where the user must input the loading conditions for the beam. Unlike beams in flexure, the units for
this form are Newton, which are displayed to the right of the textboxes. For further explanation of the

Loading Scenario form please refer to 3.2.2.1.1 of this chapter.

3.2.2.2.1 Beam Shear Properties Form

The following form in the Shear Strengthening path is the Beam Shear Properties From. The
objective of this form is to retrieve all the required property values need to complete the design
process. Similarly to the Beam Flexure Properties From, there are five group boxes. There is only one
difference between the Beam Shear Properties Form and the Beam Flexure Properties From. Located in
the steel properties is an additional textbox for the spacing of shear reinforcement along the beam as
seen in Figure 3.9. All steel properties in this form are related to the shear reinforcement of the concrete
beam. When the user clicks “continue” a popup box appears to inform the user that the user must

select FRP wrapping options before calculating results. This is relevant to the final form of the path.
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Figure 3.9 Beam Shear Properties Form

3.2.2.2.2 Beams Shear Design Form

The final form for the shear strengthening path is the Shear Design Form. Just like the Flexure
Beams Design Form, there are three stages: initial checks, design, and final checks. Unlike Beam Flexure
Design, to initialize the first stage requires more than just clicking the “Calculate Results” button. Recall
the popup box shown before closing the Beam Shear Properties Form that inform the users to select
wrapping options before calculating results. The user must do this or the application will inform them

again that they must select a style of wrapping.

Three are two small group boxes located inside the “FRP Layers” group box. Each subgroup box
represents a parameter of wrapping with different options, which can be seen in Figure 3.10. The left
subgroup box requests the user to choose a style of wrapping and presents three options. The complete
wrapping option is for when the beam will be wrapped on all sides and assumes the depth of the layer

to be the height of the beam which is will be displayed in the depth of wrapping textbox and assumes
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the base of the layer to be the base of the beam. The 3-sided wrapping scheme includes all sides of the
beam expect the top. Therefore the application assumes the base of the ply to be the same length as
the base of the beam. The last option in this subgroup is 2-sided wrapping. 2-sided wrapping only
applies FRP to the sides of the beam. If either 3-sided or 2-sided are selected the form enables the depth
of wrapping textbox. The user must input this before clicking “Calculate Results” and it must be less than

or equal to the height of the beam.

FRF Layerz
Style of Wiapping? Continous or Dizcontinous
Wapping?
" Complete & 3-Sided  2-Sided " Continous T Discontinous
Widthof wiapping: | mm yggf?:yfgrf:ﬂrg';gédﬂf ,7 Enteor[ttgyf:gr:ﬂber |7
Dt Wrapping: o0 mm Required Capacity: | M
prsgeers I oy
Spacing of FRP: li i Shear Capacity: | N
Aingle of FRP: Degrees | ]

Figure 3.10 Shear Strengthening Wrapping Options

The second subgroup box located on the right side wants the user to select if the wrapping
should be continuous or discontinuous wrapping along the beam. By selecting continuous, the
application will assume the whole beam will be wrapped and the angle the FRP is applied to be 90
degrees. If discontinuous wrapping is chosen, the user wants to space the FRP shear reinforcement
along the length of the beam. Also by selecting the radio button for discontinuous, textboxes for width
of wrapping, and angle of FRP become enabled and must be entered before continuing into the second

stage of the form.

Once wrapping options have been selected and the appropriate inputs are given, the initial
stage can be initiated. The initial stage is exactly the same as Flexure Beams Results form. The

application will calculate and check the minimum load capacity as well as the maximum allowable
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strengthening allowed by ACI. Then the form will inform the user if the original beam meets these
requirements. The minimum number of FRP layers that is needed will be displayed in the “FRP Layers”
group box. This minimum is for meeting the required shear capacity only. This minimum might not meet
other requirements. Therefore, the user must input the number of layers before continuing to the

design stage of the form.

Once an integer is given for the number of layers, the “Continue” button will become enabled. If
the user has selected discontinuous wrapping, the form will also display the maximum spacing allowed
and enable the spacing of FRP textbox. The user must input the desired spacing that is less than the
maximum allowable or the application will inform you that the spacing has exceed the maximum. After
all these items are attended, the user will need to click the “Continue” button to proceed to the final

stage.

During the final stage the application will calculate the required capacity given from the loading
conditions and the capacity of the beam after strengthening. It will then inform the user if the design
meets the required loading capacity. Unlike Beam Flexure Design Form, the Beam Shear Design Form
only needs to check the maximum allowable shear reinforcement, and just like with all other checks, the
application checks what is allowable versus what is given and informs the user if the design meets the
requirement. Also, a popup box will inform the user if the design meets all requirements or not as seen

in Figure 3.11.
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Figure 3.11 Beam Shear Design Form
3.2.3 Strengthening of Column in Pure Axial Compression
From the Main Form (Figure 3.1), the user can select Column. The column path is designated for
strengthening columns that are only experiencing axial compression. The path has a similar procedure as
beams. The user will be guided through the Loading Scenarios Form, a Properties Form, and finally a
Design Form. The Loading Scenarios form is identical to the shear path Loading Scenarios. For further

reading on the Loading Scenarios form, refer to section 3.2.2.1.1.

3.2.3.1 Column Properties

The objective of the Column Properties From is to input all the required properties for the
strengthening of reinforced concrete columns. As with the previous properties forms, the Column
Properties Form has five group boxes designated towards the same specific categories. Though, the
geometric properties and steel properties do have different textboxes plus the addition of radio buttons

as seen in Figure 3.12.

In the geometric properties group box, the user will find several new features compared to

beams. The first is that there is only one enabled textbox, the length of the column. The rest of the text

44



boxes are disabled when the form is initialed open. Next are two radio buttons: circular and

rectangular. These radio buttons are options for the shape of the column. The user will need to select an
option. By choosing circular, the diameter textbox becomes enabled and the base of column and height
of column become zero. At first the gross cross-sectional area will also equal zero but this is because the
diameter textbox is empty. Once the user inputs a diameter, the gross cross-sectional area automatically
updates. If the user decides to select rectangular as the shape of the column, the diameter textbox is
disabled and the base of column and height of column becomes enabled. Once the user inputs the base

and height of the column, the gross-cross sectional area will update itself.
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Figure 3.12 Column Properties Form

The steel properties group box has less textboxes compared to beams, but there is the addition
of radio buttons. These radio buttons give options to what reinforcement scheme will be used. The user
has the option of tie style reinforcement or spiral style reinforcement. A scheme has to be selected or

the application will not advance to the next form.

The FRP properties, exposure conditions, and concrete properties group boxes are identical to

beams properties. Please refer to section 3.2.2.1.2 Beam Flexure Properties for further explanation on
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the group boxes. All values must be numerical or the application will use a popup box to inform the user

of the conflict and direct to the appropriate text box.

3.2.3.2 Column Design Form
The final form of the strengthening of columns is the Column Design Form. This form, as the
other results forms, has three stages. The initial stage begins by the user clicking the “Calculate Results”

button, and will produce the same checks as beams. For more reading on the initial checks, please read

section 3.2.2.1.3 Beam Flexure Design.

After the initial stage is completed, the form informs the user about the minimum number of
layers needed. The number of layers textbox is enabled, allowing users to input how many layers to
strengthen the column. This begins the design stage of columns. The design stage of columns is the
easiest of the strengthening paths implemented. There is no need for schemes, or configurations, as
there were in shear strengthening and flexure strengthening. The user only needs to input an integer for

number of layers and click the “Continue” button which is also enabled as seen in Figure 3.13.

The final stage of the Column Design Form consists of four checks. Located in the top left corner
of the final checks group box is the check for minimum level of confinement. ACl has a predetermined
minimum level of confinement of 0.08 which is displayed in the read-only textbox. The maximum
compressive strain is also a predetermined number set by ACI. The maximum compressive strain of 0.01
is also being displayed in the read-only textbox. These checks plus maximum concrete stress and
maximum steel stress all follow the same pattern. The application will compare the required or limiting
value to the value of the strengthened concrete column and inform the user if the column has met each

requirement.

46



Column Design g@
Back Calculate Results | Cloze

Initial Checks FRF Layers
Minimum Number of FRF
Minimum Load Capacity:  [3487195 N layers needed: 2
Unstrengthened l—
factored load capacity: 4785264.51845436 Enteor’tt:yl::,lsmber 3
Meets minimum loading requirements. ~ Required Capacity: 5A07232 N
; ing  |B6.5301290779182 -,
Marimum Strenathening: % Factored Asial Capacity: 5934143, 6355061 4 N
Actual Strengthening: 21.3565515052233 &
Satisfies AC| aximum allowable Reinforement " Meets FRequired Load Capacily. ~

Final Checks

Minimum Level OF Confinement: 0.08 et el s 73, 7
Level of Confinement: 0.12524334782508 Conarete Stress: 157TI07IRNET ypy
Does meet minimum level of confinement, ~ Meets allowable stress limits. F
Mawimum CompressiveSirain om b asimum Steel Stress: 2484 MPa

Eempresshve Stran on 3 opgagt 3928051 T 127 TA30BTATAEER  pypy
Meets allowable compressive strain ~ heets allow stress limits F

Figure 3.13 Column Design Form
3.2.4 Beam-Column Verification
The third and final option available to the user on the Main Form is Beam-Columns (Figure 3.1).
The strengthening of beam-columns follows a completely different path because it is not a design
procedure as beams and columns are. The Beam-Columns path is used for verification of the
strengthened design. Therefore, instead of the application informing the user of how many layers of FRP
is required and analyzing the layers the user inputs, the beam-column path will just do that analysis and

display the interaction diagram that will allow the user to use to check the design.

The Loading Scenarios Form is not used. The user will have to provide the factored loading

combinations following ACI guidelines for the required moment and axial compression capacity of the

member.
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3.2.4.1 Beam-Column Properties

Just as the paths for beams and columns required the user to provide required properties for
the procedure, so does beam-columns. The Beam-Column Properties Form has the same five group
boxes that can be found on beams and column plus an additional group box. Of the five original group
boxes only the exposure conditions group box is identical to all other property forms. This is evident in
Figure 3.14. Also, the geometric properties group box is identical to the geometric properties group box

that is used in columns. Please refer to section 3.2.3.1 to read more about the geometric properties.

The FRP properties group box has the same items as beams and columns with the addition of a
textbox for number of layers. Recall the strengthening of beam-columns path is not a design path but
rather a verification path. Therefore, the application needs to know how many layers are applied in the
strengthening of the beam-column. The user can use the verification process as an iterative design

procedure to determine how many layers meet the requirements.

The concrete properties group box only has one item, compressive strength of the concrete.
Previously the user could input in a textbox any value. The beam-columns path does not allow this.
Instead there is a drop-down menu for the user to select the available concrete compressive strengths.
By clicking the down arrow, the user will see three options: 20.68, 27.57, 34.47. The reasoning for
allowing the user only these options is because the application must determine the appropriate
confined stress block parameters, which depends on the concrete compressive strength, and the

application only have such parameters for the three available compressive strengths.
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Figure 3.14 Beam-Column Properties Form

The group box below the concrete properties group box is for the required loading. As stated
previously, this is a verification procedure. Therefore, in order to verify the strengthen design; a loading
requirement is needed to be checked against. There are two textboxes located within the group box.
The first one is for the factored moment loading, and the second is for the factored axial loading. Both

loadings need to be factored by ACI guidelines for loading combinations.

The most significant change among the Beam-Column Properties Form compared to other
properties forms is the steel properties group box. Because the verification process, the application will
need to know more detail about the steel reinforcement. It will need to know how far each layer of
reinforcement is to the compressive side of the member and how much area each layer has. A closer
examination of the layout of this group box is needed to assist in the explanation for what the user is
required to input and how to input these said requirements. Figure 3.15 will show two textboxes and

two list boxes. The list boxes will show the corresponding inputs the user gave for a single layer of
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Figure 3.15 Steel Reinforcement Inputs for Beam-Columns

reinforcement. So each time the user inputs a distance and an area (Figure 3.15a), the list boxes will
automatically update with that value, and the textboxes are clear and ready for another layer (Figure
3.15b). The user must input all the steel reinforcement layers. Do not input more than one distance and
area in at a time. The application will not distinguish the difference between the multiple inputs. If the
layer’s distance and area show up in the appropriate list boxes parallel with each other, the application

will associate that distance with that area.

3.2.4.2 Interaction Diagram

The application will produce an interaction diagram to verify the design as illustrated in
Figure3.16. The interaction diagram displays the nominal capacity at failure modes of the beam column
with respect to stress resultants, the axial force, and bending moment. When the interaction diagram is
initially opened, the form is blank except for the legend and three buttons located on the top of the

form. The “Back” button returns the user to the Main Form, and the “Close” button closes the form.

50



The “Show Results” button when clicked will produce the interaction diagram. The diagram will
produce four lines and a single point. The single point is a blue rectangle which displays the required
loading that was given by the user in the Beam-Column Properties Form. The yellow line displays the
nominal strengthened capacity. The dark green line represents the nominal capacity of the original
beam-column. The red line represents the factored strengthened capacity, and the grey line is the

factored original capacity. Figure 3.16 demonstrates a typical interaction diagram.

If the blue dot, the required factored loading, is below the red line, factored and strengthened
beam-column, the design is adaquete. Else, the strengthening scheme needs to be redesign and requires

producing a new interaction diagram.
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Figure 3.16 Interaction Diagram
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Chapter 4 Software Methods

4.1 Introduction

4.1.1 Design Overview

The software methods for the design process for strengthening reinforced concrete beams and
columns was chosen to be programmed in the C# language because of the common use of C# in the
workforce and because it is object oriented allowing the classes, a template to classify or describe an
object, and methods, actions an object can perform, to be used by other programmers who wish to use
these methods and process with much greater ease and quickness. Instead of an individual needing to
recreate the methods, the programmer can create an object class using the classes described in this

chapter.

The structure of the application was designed to make the process very linear for the user, not
allowing the user to fall away from the designed path for the given concrete structure. Though, the
software method is meant to streamline the design process and allow others a set of classes to use in
developing a different design procedure, the application does hinder the design process because of the

linear path used. Further development may address this.

More importantly, the software method was constructed so that if a different design procedure
were to be employed, the classes are still useable because the classes do not conduct any major
decision. For this application, all design processes are implemented in the event handlers which execute
the design steps. This chapter discusses the structure of the windows application (App) and each

individual class and windows form used in the application.
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4.1.2 System Architecture

The system architecture is displayed in Figure 4.2 and demonstrates the flow of the application.

Main Form

Beam Form

Beam-Column
Properties

Flexure

Interaction Loading Form
Diagram

Column (axial) Beams in Flexure Beamsin Shear
properties Properties Properties

Beam in Flexure Beams in Shear

I Resul
Column Results Recults R

Figure 4.1: System Architecture

The application has four potential paths, one for each type of strengthening and one for beam-
column verification. Each path requires a properties form for inputting required properties of the
structure needed to complete the design and verification. The three strengthening paths will have a
results form displaying the outcomes while the beam-column will instead have a form for displaying the

interaction diagram

4.2 System Components
The system components are broken down into three major categories: classes, forms, and

resource files. Classes are templates used to create “objects” which can be created within any windows
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application. Objects that are created from a certain class can use the class methods defined within that
class. In this case, each class represents a significant step or procedure in a design process, with each
class method implementing the required calculations needed for a particular value to be used again in

the design process.

The forms are used as the medium for the user to interact with the application. The event
handlers are used to execute and guide the design process. The forms are where objects are created and

used within the design process.

The resource file is used to store strings that are used on a frequent base. For this application, it

contains the upper and lower limits for validating any input within the application.

This chapter explains classes and forms with, each class broken down into individual methods
where each class method purpose and procedure is discussed. Each form purpose and important
features are discussed with individual event handlers, which process an action done after a user has

interacted with the form. They are further broken down into specific purposes and processes.

4.2.1 “clsLoading” class
The class “clsLoading” is the first class to be used in the three design paths of the application.
The purpose of the “clsLoading” class is to determine the required strength of the member dependent

on the loading combinations given by Eq. 2.29 through Eq. 2.35.

Since the objective of the class has one singular purpose, there is only one method the class can
use. The method “MaximumLoadingScenerio” can be used to return a double value for the maximum
required strength. The method calls on all ten varieties of loads needed to the loading combinations (Eq.

2.23-2.35). These loads must all be double float values.
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When the method is used, 17 different possible loading combinations are calculated. All these
combinations are provided by ACI. Once the combinations are calculated, each one is put into an array.
That array will then use a built-in array class method called max. The max method returns the largest
value in the array. This value is the maximum loading combination and therefore the maximum required

strength. The method will return the max required strength as double float value.

4.2.2 “cIsFRPEnvironmentalFactor” class

ACI 440.2R-08 uses an environmental strength reduction factor for FRP systems and exposure
conditions. Class “clsFRPEnviornmentalFactor” is a single method class for determining the reduction
factor based on two parameters: exposure conditions and fiber type. The class is used for all program

paths including beam-columns.

The method, “EnvironmentalFactor”, only requires two integer inputs, fiber type and exposure,
which represents different cases. Therefore a double switch-case is implemented with exposure
conditions being considered first. ACI considers three different exposures that have different reduction
factors dependent on fiber type. The method uses 1 as interior conditions, 2 as exterior conditions, 3 as

aggressive environments. For fiber types, 1 represents carbon, 2 for glass, and 3 for aramid.

Using the switch-case conditionals, the method will first look for the correct exposure condition
followed by fiber type. Each branch of the switch case has a unique value for the environmental
reduction factor which is returned as a double float value by the method. For example if the condition is
interior and the fiber is glass, the method will go to exposure case 1, representing the interior exposure
condition, and fiber type case 2, representing glass, to obtain a value of 0.75 for the reduction factor and

return that value to the designated variable within the application.
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4.2.3 “clsFRPSystem” class

The strengthening system being used must be evaluated for the modulus of the FRP, the
ultimate rupture strain, and the ultimate tensile strength. The “clsFRPSystem” class evaluates these
values using three methods, one for each FRP property. The class methods are extremely short because

of the simplicity of calculations required to produce the properties.

The first class method is “UltimateTensileStrengthOfFRP” which main purpose is to calculate the
ultimate tensile strength of the selected FRP system. The environmental factor and the tensile strength
of the FRP are required double float values for the method that are multiplied (Eq. 2.2) to determine the

ultimate tensile strength which is returned by the method as a double float value.

The “UltimateRuptureStrainOfFRP” uses the environmental reduction factor and the ultimate
strain of FRP to produce the ultimate rupture strain of the FRP (Eq. 2.3). The method then returns the

rupture strain to the application as a double float value.

The last of these short methods is the “ModulusOfFRP” method. The method class for the
ultimate rupture strain of the FRP and the ultimate tensile strength of the FRP both of which are double
float values. Though these values do not have the calculated values from the previous “clsFRPSystem”
methods, they must both be either factored or not factored. The modulus of FRP is calculated by the
method by taking the tensile strength and dividing it by the strain (Eq. 2.4). The method will return the

value as a double float type.

4.2.4 “clsOriginalSection” class
The “clsOrignialSection” class encompasses the initial analysis of the original non-strengthened

sections for beams in flexure, beams in shear, and column under axial compression only. The class
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includes these different means of strengthening because of the similarity of the procedure. The only

difference is how the member capacity is calculated which is dependent on what is being strengthened.

The class has four main uses surrounding ACl initial requirements for strengthening. The class
calculates the minimum loading requirement, the nominal capacity of the member, the maximum
allowable strengthening and the actual amount of strengthening. Each member type will use the same
methods for minimum loading requirement, the maximum allowable strengthening and the actual

amount of strengthening. Each member has its own method to determine the nominal capacity.

4.2.4.1 “MinimumLoadCapacityOfUnstrengthendColumn” method

The minimum loading capacity can be calculated by using the class method
“MinimumLoadCapacityOfUnStrengthenedColumn”. The name should not mislead the objective of the
method. The process is independent of the member type. According to ACI 440.R2, “the existing
strength of the structure should be sufficient to resist a level of load as described by Eq. 2.1” Therefore
the minimum capacity is only dependent on the dead and live loads applied to the structure which are
the only two requirement of the method, both being double float values. The method uses Eq. 9.2 to

determine the minimum load capacity and returns it as a double float value to the application.

4.2.4.2 “UnstrengthenedCapacityOfUnstrengthenedColumn” method

The next class method to be found in “clsOrignialSection” is the method for determining the
capacity of a non-strengthened column called “UnstrengthenedCapacityofUnstrengthenedColumn.” The
method does require several inputs related to geometric and material properties listed in Table 4.1. The

table will also inform what variable type the method input has to be.
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Table 4.1 Inputs for “UnstrengthenedCapacityOfUnstrengthenedColumn”

Required Input Variable Type
Reinforcement Style Integer
Concrete Compressive Strength Double Float
Gross Cross-sectional Area Double Float
Area of Steel Reinforcement Double Float
Yield Strength of Steel Double Float

The reinforcement style input is used for the method to distinguish between spiral
reinforcement and tie reinforcement. Each reinforcement style has unique reduction factors which the
method takes into account by checking the reinforcement style input. If said input is equal to 1
corresponding to tie steel reinforcement, the method will set the strength reduction factor to 0.65 and
the eccentricity factor to 0.80. When the reinforcement style is equal 2 for spiral reinforcement, the

strength reduction value is set to 0.75 and the eccentricity factor to 0.85.

Once reduction factors are set, the method calculates the nominal compression capacity using

Eqg. 2.20. The value is returned to the application as a double float type.

4.2.4.3 “MaxPerecentActual” Method

The method’s purpose to calculate the percent of actual strengthening reinforcement that
member will need to meet the required loading. The method requires two inputs of type double: the
nominal capacity of the non-strengthened member and the required loading. Taking the percent
difference of the factored capacity and minimum required capacity is implemented and the percentage

is returned to the application as a double float.
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4.2.4.5 “MaxPercentAllowable” method

Just as “MaxPercentActual,” the method produces the percent of maximum allowable
strengthening of the member by using the percent of the difference of required strength and the
minimum required strength. Therefore the “MaxPercentAllowable” method needs the minimum load
capacity and the max loading requirement, both of type double float. The maximum percent allowable

reinforcement will return as a double float variable.

4.2.4.6 “StressBlockFactor” method

To calculate the nominal capacity of a reinforced concrete beam, several parameters must be
calculated prior. The “StressBlockFactor” method determines the stress block factor B, which is only
dependent on the compressive strength of the concrete of type double float. Eq. 2.44 dictates the

formulation of Byin Sl units.

If the concrete compressive strength is equal to or less than 27.57MPa, B, is equal to 0.85. Else if
the compressive strength is greater than 27.57MPa and less than or equal to 55.15MPa, “B; shall be
reduced linearly at a rate of 0.05 for each 6.9MPa of strength in excess of 27.57MPa” (ACI 318-08).
Though B; cannot be taken less than 0.65 which is why the conditional statement the method checks is

limited to 55.15MPa. B, will be returned as a double float variable.

4.2.4.7 “NeutralAxis” method

This method only purpose to calculate the neutral axis of the soffit beam. The method is very
straight forward but requires several inputs all of which are double float variables. To calculate the
neutral axis of the original beam, the area of steel reinforcement, the steel yield strength, the concrete

compressive strength, the stress block factor (B,), and the base of the beam are required.
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When the “NeutralAxis” method is called, the method will use Eq. 2.12 but assuming the area of
FRP is equal to zero and that the steel does indeed yield. The neutral axis is returned by the method as a

double float variable.

4.2.4.8 “MomentCapacityOfOrignialSection” method

The moment capacity of the soffit section can be calculated using this method. Similarly to other
methods, it simply computes the capacity by using a single equation and returns it to the application as
type double float. The method uses Eq. 2.12, and therefore the method requires the following inputs all
of double float variables: area of reinforcing steel, yield strength of steel reinforcement, depth of the
tensile steel from the extreme compression end of the beam, the neutral axis of the soffit beam, and the

stress block factor (B).

4.2.4.9 “ShearCapacityConcrete” method

The class “clsOrignialSection” not only calculates capacities of columns and beams in flexure, but
also determines the shear capacity of a beam. The method “ShearCapacityConcete” calculates the
capacity of the concrete for shear strength using Eq 2.61 which needs the base of the beam, the depth
of the tensile steel from the extreme compression end of the beam, and the concrete compressive
strength. The method returns the shear capacity of the concrete to the application as a double float
variable. It must also be noted that a built-in class called “Math” and the “Math” class method “Sqrt” are

used. This is because there are no square root operators in C#.

4.2.4.10 “ShearCapacitySteel” method

Just like the shear capacity of steel, the steel shear reinforcement capacity can be calculated
using the method “ShearCapacitySteel.” The method calculates the steel capacity by using Eqg. 2.65. The

inputs called by the method are the yield strength of the steel reinforcement, the area of shear steel
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reinforcement, the depth of the tensile steel from the most extreme compression end of the beam, and
the spacing of the steel shear reinforcement. All input are double float variables. The capacity of the

steel is returned as a double float type to the application.

4.2.4.10 “ShearFactoredCapacityBeam” method

The “ShearFactoredCapacityBeam” method determines the shear capacity of a beam. The
method reduces the sum of the concrete and steel shear capacities by the strength reduction factor.
Therefore, the method inputs are the strength reduction factor, the shear capacity of the concrete, and
the shear capacity of the steel. All of which are type double float. The factored shear capacity of the

beam will be returned as a double float.

4.2.5 “clsAxialColumnDesign” class

The class “clsAxialColumnDesign” includes all methods need to complete the strengthening
design of any concrete column experiencing only axial loading. The class has five methods which vary
from initial calculations that will be carried through the design process to the number of plies needed

and the new capacity of the column after addition reinforcement is applied.

4.2.5.1 “FRPEfficiencyFactor” method

ACI 440.2R-08 requires a shape factor to be incorporated when determining the confined
pressure of the column. The “FRPEfficiencyFactor” method determines what value of that factor should
be used depending on the cross-sectional shape of the column by using Eq. 2.23. The method requires

several inputs which can be seen in Table 4.2.

The method will use the geometry integer to check the shape of the column. If geometryisa 1,

the FRP efficiency factor will be set to 1 as defined in section 12.1.1 of ACI 440.2R-08 because the
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column is considered circular. Now, if geometry is equal to 2, the method will assume the shape to be

non-circular and use Eq. 2.23. The factor will be returned as type double float.

Table 4.2 Inputs for “FRPEfficiencyFactor” method

Required Input Variable Type
Geometry Integer

Base of Column Double Float

Height Of Column Double Float

Gross Cross-sectional Area Double Float

Area Of Steel Double Float

AeAc Double Float

4.2.5.2 “AEAC” method

When the column cross-section is non-circular, the longitudinal steel reinforcement ratio is
needed to calculate the FRP efficiency factor. Method “AEAC” will calculate or return a zero value for
the reinforcement ratio dependent on the geometry integer input. The required inputs are listed in

Table 4.3.

When geometry is 1, the longitudinal steel reinforcement ratio is zero. The method sets the
ratio to zero only because the ratio is required in other methods, for example the “FRPEfficiencyFactor”
method which only uses it when it is a non-circular cross-section but the method requires the ratio in its
inputs. Therefore it is easier to just use both methods and have those function no matter of the cross-

section instead of creating unique methods for different shapes.
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Table 4.3 Inputs for “AEAC” method

Required Input Variable Type
Geometry Integer

Base of Column Double Float

Height Of Column Double Float

Gross Cross-sectional Area Double Float

Area Of Steel Double Float

If the geometry is 2, meaning a non-circular section, the method will set a local double float variable
“roundedcorners” to 0.25. First this is a local variable because it is only needed to calculate the
longitudinal steel reinforcement ratio. The rounded corners variable is the radius of the corners of the
column which are typically shaved down to a radius of 25mm [4]. It was created as a variable to also
allow for easy adjustment if the typical radius changes. Also, when the cross-section is non-circular the
method uses Eq. 2.25 to calculate the longitudinal steel reinforcement ratio. Once the ratio has been set

to zero or calculated, it is returned as a double float type.

4.2.5.3 “ConfinedPressure” method

The confined pressure caused by the FRP wrapping of the column can be calculated by using the
“ConfinedPressure” method. The required inputs are available in Table 4.4. The method determines the
strength reduction factor and the eccentricity factor based on the reinforcement style integer. If the
integer is 1 for tie reinforcement, the strength reduction factor is 0.65 and eccentricity factor is 0.80.
Else, if the reinforcement style integer is equal to 2 for spiral reinforcement, the strength reduction

factor is 0.75 and the eccentricity factor is 0.85.
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After the factors are set, the method will use Eq. 2.22 to calculate the pressure produced from confining

the concrete column with FRP, and return the value as a double float to the application.

Table 4.4 Inputs for “ConfinedPressure” method

Required Input Variable Type
Reinforcement Style Integer

Number of Layers Double Float

Modulus of FRP Double Float

Ply Thickness Double Float

Diameter Double Float

Ultimate Rupture Stain of FRP Double Float

4.2.5.4 “RequiredNumberOfLayers” method

This method is used to calculate the number of layers that would be needed to meet the
confined pressure of the concrete column. The method requires several inputs summarzied in Table 4.5.
The method first initiates four local variables: strength reduction factor for the FRP, the compressive
strength of the confined column, the confined pressure, and the number of layers. Each local variable

will be discussed in greater detail in this section.

First the method will determine the strength reduction factor and the eccentricity factor in the
same manner as explained in the “UnstrengthenedCapacityofUnstrengthenedColumn” method and the

“ConfinedPressure” method.
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Table 4.5 Inputs for “RequiredNumberOfLayers” method

Required Input
Reinforcement Style
Max Loading
Gross Cross-sectional Area
Area of Steel
Reinforcement

Yield Strength of Steel

Modulus of FRP

FRP Efficiency Factor

Variable Type
Integer
Double Float

Double Float

Double Float

Double Float

Double Float

Double Float

Required Input
Diameter
Base of column
Height of column
Concrete Compressive
Strength
Ply Thickness
Ultimate Rupture

Strain of FRP

Variable Type
Double Float
Double Float

Double Float

Double Float

Double Float

Double Float

Once the factors are set within the method, an estimated compressive strength of confined

column, a local variable, is calculated. This is treated as a local variable because it back calculates the

compressive strength using Eq. 2.20 without the strength reduction factor and is not the compressive

strength of the confined column because it does not incorporate the area of FRP which is being

calculated in the method.

The strength reduction factor for FRP is set to 0.95 as given by ACI 440.2R-08 section 12.1. This

is not a recurring variable so it was treated as a local variable.

The method also calculates an estimated confined pressure of the column using Eq. 2.69 This is

also a local variable because similarly to the compressive strength, the equation back calculates the

pressure without knowing the area of FRP reinforcement and does not represent the actual confined

pressure.




Finally the method calculates the layers needed using Eq. 2.70 based on the above calculated
estimated values. The result is a number that is not a whole number and therefore the method then
uses the built-in “Math” class and the method “Ceiling” to round the number of layers up to the next
whole number. “Ceiling” is used because a partial ply or layer is not practical solution, and to meet the
required confined pressure there must be an equivalent or greater number of layers and “Ceiling” meets

that criterion.

The method then returns the number of layers to the application as a double float type.

4.2.5.5 “FactoredAxialCapacity” method

The last method in the “clsAxialColumnDesign” class is the “FactoredAxialCapacity” method.
This method takes into account the number of layers being used and determines the factored capacity
of the confined concrete column in pure axial compression. The method inputs are listed in Table. 4.6.
Just like in the “UnstrengthenedCapacityofUnstrengthenedColumn” method and the
“ConfinedPressure” method the “FactoredAxialCapacity”method determines the strength reduction
factor and the eccentricity factor depending on the cross-sectional shape. Also, the strength reduction

factor for FRP is also used here as a local variable and set equal to 0.95.

By using Eq. 2.21, the method calculates the confined concrete column strength which is a local
method variable. Afterward the factored axial compressive capacity of the column is calculated using Eq.
2.20 being distinguished by the reinforcement style used in determining the factors. The method then

returns the factored capacity to the application as a double float variable.
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Table 4.6 Inputs for “FactoredAxialCapacity” method

Required Input Variable Type
Reinforcement Style Integer
Confined Pressure Double Float
Concrete Compressive Strength Double Float
FRP Efficiency Factor Double Float
Gross Cross-sectional Area Double Float
Area of steel reinforcement Double Float
Yield Strength of Steel Double Float

4.2.6 “clsAxialColumnACIRequirements” class
This class purpose is to provide methods to calculate any ACI 440.2R-08 design requirements.
Requirements included confinement, concrete strain and serviceability requirements for the concrete

and steel.

4.2.6.1 “ConfinementRatio” method

ACI 440.2R-08 requires the confinement ratio of the concrete column to be greater than or
equal to 0.08. What this method does is calculates the confinement ratio by dividing the confined
pressure by the concrete compressive strength, both of which are required double float inputs for the
method. The method does not determine if the confinement ratio meets the ACI requirement. It only

calculates the ratio and returns it to the application as type double float.
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4.2.6.2 “CompressiveStrainOnConfinedColumn” method

Another requirement by ACl is that the maximum compressive strain in the FRP-confined
concrete must be less than 0.01. The “CompressiveStrainOnConfinedColumn” method only determines
the induced strain on the confined concrete column by using the Eq. 2.26. The required inputs for the

method are located in Table. 4.7.

Before the strain on the confined column can be calculated, the FRP efficiency Factor must first
be determined. The method does this by identifying the cross-sectional shape of the column by using
the geometry integer. If geometry is equal to 1, meaning a circular column, the FRP efficiency factor is
set to 1. Else, if the geometry integer is 2 for a non-circular section, Eq. 2.27 is use to calculate the
efficiency factor which requires the built-in “Math.Pow” class method for raising the ratio of base and

height of the beam to the 0.45 power because there is no power operator available in C#.

After the FRP efficiency factor is set, the compressive strain is calculated using Eq.2.26 and also
uses the built-in class method “Math.Pow” to complete the calculation, and returns the stain as a
double float variable to the application if the compressive strain is less than 0.01 else the method sets

the strain equal to 0.01.

4.2.6.3 “ConcreteStress” method

The “ConcreteStress” method’s purpose is to calculate the stress in the concrete to be
compared to the serviceability requirement given by ACI. All required inputs are of double float type and
are as follows: dead load, live load, gross cross-sectional area, area of steel reinforcement, modulus of

steel, yield strength of steel reinforcement, and the compressive concrete strength.
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Table 4.7 Inputs for “CompressiveStrainOnConfinedColumn” method

Required Input Variable Type
Geometry Integer
Longitudinal Steel Double Float
reinforcement ratio
Height of Column Double Float
Base of Column Double Float
Confined Pressure Double Float
Concrete Compressive Strength Double Float
Ultimate Rupture Strain of FRP Double Float

By using Eqg. 2.56 with respect to axial loading, the method calculates the stress in the concrete
but the equation requires values which are not mentioned in the inputs. Eq. 2.56 needs the modulus of
the concrete and the serviceability loading condition. The method calculates the modulus using ACI 318-
08 section 8.5.1. The method does assume that the concrete will be of normal weight. The serviceability
loading conditions is just the dead load and live load with no factors. Once those items are determined
and the concrete stress is calculated, the concrete stress is returned by the method to the application as

a double float variable.

4.2.6.4 “SteelStress” method

The last of the methods in the “clsAxialColumnACIRequirements” class is the “SteelStress”
method which calculates the stress experienced by the steel reinforcement after confinement to be
compared to ACI limits. The method inputs are of all type double and follows: modulus of steel, gross
cross-sectional area, area of steel reinforcement, dead load, live load, and concrete compressive

strength.
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Similarly to the “ConcreteStress” method, the procedure is the same expect to the method uses
Eqg. 2.57 with respect to axial loading to calculate the stress in the steel. The stress is returned as a

double float variable.

4.2.7 “clsInitialStrainOfBeam” class

The “clsInitialStrainOfBeam” class contains the methods needed to determine the initial strain
of a concrete beam before it is strengthened using FRP. The class has methods to calculate the neutral
axis of the beam after it cracks, the effective stiffness of a cracked beam, and the initial strain on the

beam prior to strengthening.

4.2.7.1 “NewNeutralAxis” method

This method calculates the neutral axis for the soffit beam assuming that the beam has cracked.
Therefore this method is not the same as “NeutralAxis” method in the “clsOriginalSection” class.
“NewNeutralAxis” uses Eq. 2.54 and solves for the neutral axis by applying the quadratic equation.
Required inputs for the method are modulus of concrete, modulus of steel, the area of steel
reinforcement, the base of the column, and the depth of the tensile steel from the extreme compression

side of the section. All inputs are type double float.

Each constant in Eq. 2.54 is calculated individually and used to determine the discriminant. A If-
statement is used to determine if the discriminant is positive or not. If the discriminant is indeed below
zero, signifying a non-real root, the neutral axis will be set to “double.NaN” The double float variable
type has a built-in method “NaN” which sets a double float variable to “not a number.” When the
discriminat is larger than zero, the method will calculate the quadratic equation and set the neutral axis

to be returned as a double float type.
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4.2.7.2 “EffectiveStiffnessOfCrackedBeam” method

When a concrete beam cracks, the stiffness is affected. Therefore, this method is used to
recalculate the stiffness using Eq. 2.55 and assuming the area of FRP is zero. The method needs the
following double float inputs: modulus of concrete, base of beam, neutral axis of cracked section,
modulus of steel, area of steel reinforcement, and the depth of tensile steel from the extreme

compression side of the concrete beam. The effective stiffness is returned as a double float type.

4.2.7.3 “InitialStrain” method

The initial strain of the soffit beam can be calculated using the “InitialStrain” method. Eq. 2.59 is
implemented and using only the dead load to calculate the initial strain. All inputs are double float
variables and include dead load, height of beam, neutral axis of cracked section, and effective stiffness

of cracked section. The strain is then returned as a double float to the application.

4.2.8 “clsFlexureFRPDesign” class
The “clsFlexureFRPDesign” class is used for determine the number of layers needed to meet
required capacity, as well as calculating capacities for determine strengthening configurations, weak and

strong, and all other needed methods for calculating capacities and required layers.

4.2.8.1 “AreaFRPforBSC” method
In the design process, the balanced strengthening configuration (BSC) is used in determining the
minimum number of layers needed to meet the required capacity. The “AreaFRPforBSC” method’s main

purpose is to determine the total area need to meet that capacity for the balanced configuration.

The method attempts the process by assuming the existence of one layer of FRP. Using that one
layer, the effective strain of the FRP for which debonding occurs is calculated using Eq. 2.5. The effective

debonding strain is checked to see if it is less than 90% of the ultimate rupture strain of the FRP. If true,
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the method will set the effective strain to the effective debonding strain. Else, the effective strain will be

equal to 90% of the ultimate rupture strain.

With an effective strain, an initial estimate of the area of FRP is determined first by using Eq.
2.52 which calculates the area of FRP as a function of the additional moment carried by the FRP. Prior to
calculating the required area of FRP, a strength reduction factor for FRP is set to 0.85 as suggested by

ACl 440.2R-08 section 10.2.10.

With the addition of a layer of FRP, the neutral axis changes and the strain of the steel
reinforcement also changes. The method uses Eq. 2.49 to calculate the adjusted neutral axis and Eq.

2.50 for the strain of the tensile steel reinforcement which is dependent on the neutral axis.

The method will determine the area of FRP needed to meet the balanced strengthening
configuration, which depends on if the steel reinforcement is yielding. When the steel does yield, Eq.
2.52 is calculated to determine the area of FRP. If the steel has not yielded, than Eq. 2.53 is used. The
method then returns the area of FRP required for the balanced strengthening configuration (BSC) to the

application as a double float variable.

4.2.8.2 “StrainEffective” method

The “StrainEffective” method is used to calculate the effective strain of the FRP reinforcement.
The process is very similar to what is described in section 4.2.8.1 when calculating the effective strain
expect instead of the number of layers being preset to 1 in the method, the number of layers is a double

float input.

4.2.8.3 “NumberOfLayers” method

The purpose of this method is to determine the number of required layers needed to meet the

balanced strengthening configuration. The method does assume that the FRP reinforcement will be the
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entire length of the base of the beam. The required inputs area all type double float and are the area of
FRP required for balanced strengthening configuration, the ply thickness, and the width of the base of

the beam.

By dividing the required area by the the ply thickness and the base of the beam, the number of
layers is calculated as a double float. The method then uses the “Math.Round” built-in class method to
round the number of layers to 3 significant values. This is done only for display purposes. The rounded

double float value is then returned.

4.2.8.4 “NeutralAxisWSCSteelYeild” method

The method uses Eq. 2.39 to calculate the neutral axis for when the steel yields for a weak
strengthening configuration. All inputs are of double float type and are as follows: area of steel
reinforcement, yield strength of steel, area of FRP reinforcement, modulus of FRP, effective strain of
FRP, concrete compressive strength, stress block factor, and base of beam. The value returns as a

double float variable.

4.2.8.5 “StrainCompression” method

The “StrainCompression” method is used to calculate the compression strain on the beam after
strengthening by using Eq. 2.45. The required input are all type double: effective strain of FRP, initial
strain, the neutral axis, and the height of the beam. The compression strain is retuned as double float

type.

4.2.8.6 “StrainSteelTensileWSC” method

The strain in the tensile steel of in a weak strengthening configuration (WSC) can be calculated
using the “StrainSteelTensileWSC” method. The method uses Eq. 2.47 and needs the effective strain of

FRP, the initial strain, the neutral axis, the height of the beam, and the depth of the tensile steel
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reinforcement from the most extreme compression fiber in the beam. All inputs are of double float type,

as well as the strain of the tensile steel which is returned to the application.

4.2.8.6 “NominalMomentCapacityWSCSteelYield” method

This method will calculate the nominal moment capacity of the strengthened reinforced
concrete for when the steel has yielded and when the beam is in a weak strengthening configuration.
Eqg. 2.12 is used to calculate the capacity while assuming the stress in the steel is equal to the yielding

strength of the steel since the steal has been assumed to have yielded.

The required inputs for the method are the area of steel reinforcement, the yield strength of the
steel, the depth of the tensile steel with respect to the most extreme compression fiber of the beam,
the stress block factor, the neutral axis, the area of FRP, the modulus of FRP, the effective strain of the
FRP, and the height of the beam. All inputs and the returned value, nominal moment capacity, are

double float variables.

4.2.8.7 “NeutralAxisWSCSteelNotYield” method

When the steel has not yielded for a weak strengthening configuration (WSC), the
“Neutral AxisWSCSteelNotYield” method can be used to calculate the neutral axis of the beam after
strengthening has occurred. Eq. 2.39 with eq. 2.40 and 2.48 are solved using the quadratic equation
using the same procedure mentioned in section 4.2.7.1. The method will require the modulus of
concrete, the modulus of steel, the area of steel reinforcement, the base of the beam, the depth of the
tensile steel with respect to the extreme most compression fiber of the beam. All inputs are type double

float as well as the neutral axis which is returned.
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4.2.8.8 “NominalMomentCapacityWSCSteelNotYield” method

The method calculates the nominal moment capacity of the strengthened concrete beam in the
weak strengthening configuration when the steel reinforcement has not yielded. Similar to
“NominalMomentCapacityWSCSteelYield” method, Eq. 2.12 is used, though the stress in the steel is not
assumed to be the yield strength because the steel has not yielded. Therefore, the method instead

calculates the steel stress using Eqg. 2.48 in the nominal capacity equation.

The method requires the following double float inputs: concrete compressive strength, stress
block factor, base of the beam, the modulus of steel, the area of steel reinforcement, the effective strain
of the FRP, the initial strain of the beam, the modulus of FRP, the area of FRP reinforcement, the height
of the beam, depth of the tensile steel with respect to the most extreme compression fiber of the beam,
and the neutral axis. After calculating the nominal capacity of the beam after strengthening as a double

float type, the method returns the value.

4.2.8.9 “StrainFRPSSC” method

The strain experienced by the FRP reinforcement is calculated using the method “StrainFRPSSC.”
Needing only the height of the beam, the neutral axis, and initial strain of the beam for inputs, all of type
double float, the method uses Eq. 2.6 to calculate the FRP strain. Though the Eq. 2.6 uses the effective
depth of the reinforcement, the method instead uses the height of the beam because the addition
distanced added by the FRP layers is negligible compared to the beam height. The strain is returned to

the application as a double float.

4.2.8.10 “StrainSteelTensileSSC” method
When the beam is using a strong strengthening configuration (SSC), this method can be used to

calculate the strain in the tensile steel. Eq. 2.38 is calculated using just the neutral axis and the depth of
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the tensile steel with respect to most extreme compression fiber of the beam. Both are inputs of double

float as well as the strain which is returned.

4.2.8.11 “NeutralAxisSSCSteelYielding” method

This method calculates the neutral axis of the strengthened concrete beam for a strong
strengthening configuration (SSC) and the steel reinforcement has yielded. Using the quadratic formula
to solve Eq. 2.39 with Eq. 2.40, 2.41, and 2.42 and using the same procedure as described in section
4.2.7.1 to solve the quadratic formula, the neutral axis is calculated and returned as a double float type

to the application.

4.2.8.12 “NominalMomentCapacitySSCSteelYield” method
Using Eq. 2.12, the method calculates the nominal moment capacity of the strengthened

concrete beam in the strong strengthening configuration, assuming the steel has yielded.

The method also assumes the steel stress is equivalent to the yield strength and the strain of the FRP is

calculated using Eq. 2.37.

The required inputs are the area of steel reinforcement, the yield strength of the steel, the
depth of the tensile steel with respect to the most extreme compression fiber of the beam, the stress
block factor, the neutral axis, the area of FRP reinforcement, the modulus of FRP, the effective strain of
the FRP, and the height of the beam. All values are of type double float including the return value, the

nominal moment capacity.
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4.2.8.13 “NeutralAxisSSCSteelNotYield” method

The “Neutral AxisSSCSteelNotYield” method calculates the neutral axis of the strengthened
concrete beam in the strong strengthening configuration and when the steel reinforcement has been
considered to have yielded. The method uses the quadratic equation to solve for the neutral axis using

Eqg. 2.39 with Eq. 2.43, 2.40, and 2.41 and uses the same process as section 4.2.7.1.

The inputs are the concrete compressive strength, stress block factor, the base of the beam, the
modulus of the FRP, the area of FRP reinforcement, the effective strain of the FRP, the initial strain of
the beam, the area of steel reinforcement, the yield strength of steel, the height of the beam, and the
modulus of steel, and the depth of the tensile steel reinforcement from the extreme compression fiber

of the beam. All are type double float including the return value, the neutral axis.

4.2.8.14 “NominalMomentCapacitySSCSteelNotYield” method
The method calculates the nominal moment capacity of the strengthened concrete beam that is
using a strong strengthening configuration and the steel did not yield. Eq. 2.12 is where the steel stress

is a function of the steel strain and the modulus and the FRP strain is calculated using Eq. 2.37.

All the inputs are type double float, and are as follows: the area of the steel reinforcement, the
modulus of steel, the depth of the tensile steel with respect to the most extreme compression fiber of
the beam, the stress block factor, the neutral axis, the area of FRP reinforcement, the modulus of FRP,
the effective strain of the FRP, and the height of the beam. The nominal moment capacity is returned to

the application as a double float value.

4.2.9 “clsFlexureACIRequirements” class
The “clsFlexureACIRequiremetns” class contains class methods which are used in checking ACI

requirements for serviceability limit states for beams undergoing bending. The methods calculate the
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stress level of the FRP, concrete, and steel in both stages of strengthening, prior to the application of

FRP and after strengthening occurs.

4.2.9.1 “NeutralAxisStageB” method
This method calculates the neutral axis of the strengthened concrete column in stage B, which is
after the FRP is applied. By solving the quadratic function Eq. 2.54, the method determines the neutral

axis using the same procedure as section 4.2.7.1.

The mandatory inputs for the “NeutralAxisStageB” method includ the modulus of concrete, the
base of the beam, the modulus of steel, the area of steel reinforcement, the modulus of FRP, the area of
FRP reinforcement, the depth of the tensile steel reinforcement with respect to the most extreme

compression fiber of the concrete beam, and the height of the beam. All are double float values.

4.2.9.2 “StressConcrete” method

The “StressConcrete” method calculates the concrete stress for both stages A and B under
serviceability loading. By using Eq. 2.56 without FRP, the method solves for the stress in stage A for the
concrete, and the stress in stage B is calculated by using Eq. 2.56 with FRP. Once both stage stresses are
calculated, the method then just sums up the two stresses to determine the total concrete stress that

will be used to compare to ACI serviceability requirements.

The method requires the following inputs: the dead load, the live load, the neutral axis, the
modulus of concrete, the base of the beam, the modulus of steel, the area of steel reinforcement, the
depth of the tensile steel reinforcement with respect to the most extreme compression fiber in the
beam, the modulus of FRP, the area of FRP reinforcement, the height of the beam, and the neutral axis

of stage B. All inputs and return values are of double float type.
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4.2.9.3 “StressSteel” method

The “StressSteel” method calculates the steel stress for both stages A and B under serviceability
loading. By using Eqg. 2.57 to calculate the stress of the steel in stage A without the FRP, and Eq. 2.57
with the FRP to calculate the stress of the steel in stage B, the total stress of the steel in the beam can

determined by summing the stress in stages A and B.

The method needs identical inputs as the “StressConcrete” method calls for. All area still type

double float and the stress of the steel is returned to the application as a double float value.

4.2.9.4 “StressFRP” method

The method “StressFRP” can be used to calculate the stress the FRP is experiencing and later be
used to check against ACI requirements. The method only calculates the stress from stage B because
stage A is prior to the addition of FRP strengthening. Therefore there is no FRP to analyze. To calculate

the stress in stage B, Eqg. 2.60 is implemented.

The method calls for the following inputs of double float type: the steel stress, the modulus of
steel, the modulus of FRP, the height of the beam, the depth of the tensile steel with respect to the
extreme most compression fiber in the concrete beam, the neutral axis in Stage B, and the initial strain

of the beam. The FRP stress is returned as a double float value.

4.2.10 “clsShearDesign” class
The “clsShearDesign” class provides the application with any required values and calculations
needed for the design procedure for shear strengthening using FRP as well as any ACI requirements

including maximum allowable shear reinforcement and maximum allowable spacing.
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4.2.10.1 “StrainEffective” method
The “StrainEffective” method calculates the maximum strain in the FRP which is limited
according to Eq. 2.13 and 2.14. There are only three required inputs: FRP wrapping scheme (style), the

ultimate rupture strain of the FRP, and the bond reduction factor.

The FRP wrapping scheme has three different possibilities: four-sided, three-sided, and two-
sided. Each scheme is represented by an integer. Therefore the FRP wrapping scheme input has to be an
integer type. When the input is equal to one for four-sided or otherwise known as complete wrapping,
the method will then check to see if 75% of the ultimate rupture stain is greater than 0.004. If it is true,
the effective strain is set to 0.004, else it is equal to 75% of the ultimate rupture stain. When the
wrapping scheme is not complete wrapping, meaning the wrapping scheme is either three or two-sided,
the method will check if the ultimate rupture strain after being reduced by the bond reduction factor is
less than 0.004. When it is less than 0.004, the effective strain is Eq. 2.14, else the effective strain is set

to 0.004.

As previously stated, the wrapping scheme input is of type integer, but the bond reduction
factor and the ultimate rupture strain are both double float values as well as the return value, the

effective strain.

4.2.10.2 “RequiredShearCapacityFRP” method

This method is very simple. Its purpose is to calculate the required shear capacity the FRP. The
required inputs are all double float values and include the max loading, the strength reduction factor,
the shear capacity of the concrete, the shear capacity of the steel reinforcement, and the strength

reduction factor of the FRP.
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To calculate the required shear capacity, Eq. 2.67 is substituted into Eq. 2.62 which is rearranged
so the shear capacity can be solved. Eq. 4.1 displays the final result of the rearrangement. The capacity is

returned as double float value.

VR=—[2-v, -] Eq. 4.1

4.2.10.3 “NumberOfLayersContinouslyWrapped” method

This method can be used to calculate the number of layers of FRP needed to meet the required
capacity when the layering is a continuously wrapped along the beam. To calculate an estimate of the
number of required layers, the method solves for the number of layers in Eq. 2.67 for continuous

wrapping and sets the FRP capacity to the required shear capacity of the FRP.

The inputs required are the required shear capacity of the FRP, the effective strain limit, the
depth of FRP, the angle of the FRP, the modulus of the FRP, and the ply thickness. All are type double

float. After the number of layers is calculated, it is returned as a double float value.

4.2.10.4 “ShearCapacityFRPContinousWrapping” method
When the number of layers being applied is known, the “ShearCapacityFRPContinousWrapping”
method can be used to calculate the shear capacity for the FRP when it is continuously applied along the

length of the beam. Eq. 2.66 is used to calculate the shear capacity of the FRP.

The method requires the following double float inputs: the number of layers, the ply thickness,
the depth of the FRP, the effective strain limit of FRP, the modulus of FRP, and the angle of FRP. The

shear capacity of the FRP is returned as a double float value.

81



4.2.10.5 “BondReductionFactor” method

The purpose of this method is to calculate the bond reduction factor which is needed
determining the effective strain limit when the wrapping scheme is either three or two-sided. According
to ACI 440.2R-08, the bond reduction factor is dependent on two different modification factors and the

effective length.

The method will first solve for the effective length using Eqg. 2.16. The method also defines a
variable called “fraction” to be two-thirds. This was done to eliminate an error occurring when using the
“Math.Pow” class method where two-thirds is the power. With “fraction” being set, the first

modification factor is calculated using Eq. 2.17.

Next the wrapping scheme is checked to see if it is equal to 2 which stand for three-sided
wrapping. When it is equal to 2, the second modification factor is calculated using Eq. 2.18 for “U-
wraps.” If the scheme does not equal 2, then the method assumes that scheme to be two-sided and

calculates Eq. 2.18 for “two sides bonded.”

With both modification factors and the effective length calculated, the method finally
determines the bond reduction factor by using Eq. 2.15. The reduction factor is then checked to see if it

is over 0.75. If it is over 0.75, the bond reduction factor is set to be equal to 0.75.

The required inputs include an integer value for the wrapping scheme, and double float values
for the following inputs: concrete compressive strength, number of layers, ply thickness, modulus of
FRP, ultimate rupture strain of FRP, and depth of FRP. The bond reduction factor is returned as a double

float value.
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4.2.10.6 “MaxShearSpacingFRP” method

When the shear FRP reinforcement is not continuously wrapped along the length of the beam,
this method can be used to calculate the maximum allowable spacing between strips of FRP
reinforcement as designated by ACI 318-08. Eq. 2.64 is rearranged to solve for the spacing of the FRP

reinforcement assuming the shear capacity to be the required shear capacity of the FRP.

All inputs for the method are double float type and are as follows: number of layers, ply
thickness, width of FRP, depth of FRP, the effective strain limit, the modulus of FRP, the required shear

capacity of the FRP. The max spacing allowed is returned as a double float type to the application.

4.2.10.7 “NumberOfLayersDiscontinousWrapping” method

This method is used when the wrapping scheme is discontinuous along the length of the beam
meaning that FRP reinforcement is applied in intermittent strips. The number of layers is calculated
similarly to a continuous scheme mentioned in section 4.2.10.4 expect Eq. 2.64 is used instead of Eq.

13.92.

The following are required inputs of type double float: shear spacing of the FRP, the required
shear capacity of the FRP, the ply thickness, the width of FRP, the depth of FRP, the effective strain limit
of the FRP, the modulus of FRP, and the angle of FRP. After calculated the number of layers for a

discontinuous strengthening system, the number of layers is returned as a double float value.

4.2.10.8 “ShearCapcityFRPDiscontinousWrapping” method
The shear capacity of the FRP reinforcement for a discontinuous wrapping scheme can be
calculated by using the “ShearCapacityFRPDiscontinousWrapping” method. The method uses Eq. 2.64 to

calculate the shear capacity of the FRP.
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The method inputs required are the number of layers, ply thickness, width of FRP, effective
strain limit of FRP, modulus of FRP, angle of FRP, depth of FRP, and the spacing of the FRP strips. All

inputs are of type double float as well as the return value, the shear capacity of the FRP.

4.2.10.9 “ShearReinforcement” method

The purpose of the “ShearReinforcement” method is to calculate the sum of the shear capacity
of the steel and FRP reinforcement to be checked against ACI 440.2R-08 requirements. The method
requires only the shear capacity of the steel and the shear capacity of the FRP, both of type double float.

The shear reinforcement is returned also as a double float value.

4.2.10.10 “MaxAllowableShearReinforcement” method

The maximum allowable shear reinforcement limit can be calculated using this method. The
method uses the Eq. 2.19 to determine the allowable limit. The inputs are all double float values and
included the concrete compressive strength, the base of the beam, and the depth of the tensile steel
with respect to the most extreme compression fiber of the beam. After calculating the allowable shear

reinforcement, the method returns it as a double float value.

4.2.11 “clsBeamColumns” class
The “clsBeamColumns” class provides all required methods to calculate values for strengthened
and non-strengthened members, as well as factored and non-factored axial and bending capacities for

specific locations on the interaction diagram which is used for verifying the design.

4.2.11.1 “TotalAreaOfSteel” method
The “TotalAreaOfSteel” sums the area of longitudinal steel reinforcement. The method is

required because of how the steel reinforcement is entered by the user. The steel is separated by layers.
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Therefore, the total area of steel is not given by the user, but is required for several calculations for the

interaction diagram, hence the purpose of the method.

There is only one input for the method, the area of steel as a “list” of type double float. The
“list” class is a built-in class that is an array of undefined length of double float values. This allows for the

array to become larger when the user puts in multiple layers of steel reinforcement.

There are two local variables defined. The first is a double float variable called

“totalAreaOfSteel” which will eventually be the value that is returned. The second is an integer value

wsn
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called “i” which is used as a dummy counter.

The method calculates the total area of steel by using a for-loop. For every for-loop, there are

ou:n
|

three parameters. The first parameter defines what variable is being defined. In this case, “i” is being set

o“:n
|

to zero stating that the loop will first run with “i” equaling to zero. The second parameter checks to see

if a conditional statement is true. If it is true, the loop continues, else the loop terminates. For this

w:n

method the conditional statement set is “i” is less than “areaOfSteel.Count.” The “areaOfSteel.Count”

class method counts the number of entries in the “list” array “areaOfSteel.” Therefore the loop will

“w:n
|

continue when “i” is less than the total number of entries in the entered array. When the second

parameter is true, the third parameter is applied to the loop. The third parameter’s purpose is to change

awusn
[

the value of the defined variable for the loop. So, when is less than the count, the loop will add one

aw:n
|

to the previous “i” value.

So, when the for-loop is running, it begins an iterative process of adding up the values of the
“list” area. It takes the value of “totalAreaOfSteel” and adds the value located at the i’th place to total.

“w:n
|

For example, when “i” is equal to zero, the total area of steel is initial equal to zero and the O’th place

area, which is the first value in the array because of how C# defines arrays. This process continues until
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the count of entries in the array is equal to “i” after which the total area of steel is returned as a double

float value to the application.

4.2.11.2 “StrainEffective” method
The “StrainEffective” method is used to determine the limit of the effective strain of the FRP
using Eq. 2.28. The only input required for this method is the ultimate rupture strain of the FRP as a

double float type.

The method checks to see if 55% of the ultimate rupture strain is less than 0.004. If true, the
effective strain limit is 55% of the ultimate rupture strain. If it is false, the effective strain is set to 0.004.

After the effective strain limit is determined, it is returned as a double float value.

4.2.11.3 “ConfinedPressure” method
The confined pressure of the beam-column can be calculated using the “ConfinedPressure”
method. The method will use Eq. 2.22 to determine the confined pressure caused by the FRP

reinforcement, but first the appropriate diameter must be determined.

This must be done because a beam-column may have a non-circular cross-section. The input
“geometry,” an integer type, defines the cross-section. If it is equal to 2, then the cross-section is non-
circular and the method calculates the diameter using Eq. 2.24. Afterward the confined pressure is

calculated and returned as a double float type.

The following are all additional required inputs for the method: modulus of FRP, number of

layers, ply thickness, diameter, effective strain limit, base of member, and height of member.

4.2.11.4 “UltimateAxialCompressionStrainOfConfinedConcrete” method
The objective of this method is to determine the maximum compressive strain in the FRP-

confined concrete. The method is similar to section 4.2.5.2 when calculating “AeAc” and 4.2.6.2 when
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calculating the maximum compressive strain which is determined using Eq. 2.26. The maximum

compressive strain in the confined concrete is returned as a double float value to the application.

4.2.11.5 “ConfinedConcreteCompressiveStrength” method

To calculate the confined compressive strength of the concrete, the
“ConfinedConcreteCompressiveStrength” method should be used. The method uses the same process to
calculate “AeAc” value as in section 4.2.5.2. For calculating the confined concrete compressive strength,

Eg. 2.21 is implemented.

The required inputs for the method are the concrete compressive strength, confined pressure,
geometry, base of the member, height of the member, total area of steel, and the gross cross-sectional
area of the member. All are type double float except for geometry which is an integer value. The

confined compressive strength is retuned as a type double float.

4.2.11.6 “StressBlockParameterA” method

This method’s objective is to determine the stress block parameter A to be used in the beam-
column interaction diagram. The parameter is function of the concrete compressive strength, the ratio
of confined compressive strength to the unconfined concrete compressive strength, and the
compression strain of the confined concrete. The method uses tabular values provided by Barbero [4] to
determine the parameter through a bilinear interpolation dependent on the ratio of concrete strengths

and the compression strain of the concrete.

There are only three inputs required for the method, all type double float: concrete compressive
strength, confined concrete compressive strength, and the axial compression strain of confined

concrete. The value will return the stress block parameter A as a double float value.

87



Before the return value is calculated the method process with tabular values to use and
interpolate those values to calculate the parameter. The first thing that is done is the defining of all local
variables required for the bilinear interpolation. The axes of the tabulated charts are defined with the
top axis as a double float array, representing the ratio of strengths, starting from 1 and ending at 3 in
increments of 0.2. The side axis is a double float array, for confined concrete strain, with values ranging
from 0.0035 to 0.01 in increments of 0.0005. Two additional arrays are defined, “tempArrayX” and
“tempArrayY.” Both are empty arrays that are the length of the corresponding axis array. An empty 14
by 11 matrix is also defined. Five integer values are defined: “X1”, “X2”, “Y1”, “Y2”, and “i”. The first four
integer values are set to zero. There are also five double float values defined: “Q11”, “Q21”, “Q12”,

“Q22”, and “tempnumber.” The purpose of these local variables will be discussed later in the section.

The tabulated values provided correlation to a unique strength of concrete. Therefore, the
method will first determine which table to use by checking the concrete compressive strength versus
the strength corresponding to the table. Since Barbero [4] only provides three different strengths, the
method checks to see if the compressive strength is equal to 20.68, 27.57, or 34.47 and then sets the

empty 14 by 11 matrix equal to the corresponding tabulated table.

From this table and the predefined axes, a bilinear interpolation can be done, but unfortunately
there is no built-in class method that could handle this request. Therefore, a unique process was created
to find the required values (“Q11”, “Q12”, “Q21”, “Q22") for the interpolation which has been visually

represented in Figure 4.3.
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X1 X2

Y1 Ql1l Q21

Y2 Ql2 Q22

Figure 4.2 Bilinear Interpolation Diagram
The initial step is to determine “X1” and “X2” which are the values in the confined and
unconfined strength ratio before and after the calculated ratio using the entered values. A for-loop is
initiated with “i” equaling to zero for the first parameter because the first index in an array is zero. The

wsn
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second parameter is the conditional that “i” is less than the length of the top axis array. The last

“wsn
l.

parameter adds one to the previous value of

To determine if a value on the top axis of the table is below or above the calculated ratio, the
for-loop takes the current index of the top axis array and subtracts it from the calculated ratio and adds
it to the “tempArrayX” at the same index. Therefore if the values of the “tempArrayX” are below zero, it
means the top axis array value at that corresponding index is below the calculated value. If the value of
the “tempArrayX” is above, it means the top axis array value at that index is above the calculated value.
The “tempArrayX” value calculated for that current interval is set to the “tempnumber” variable to be

used later in determining indexes.
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Next the for-loop will check to see if “i” is greater than zero. If it is not, meaning that it is the

first entry in the array, then “X1” is set to the index where “tempnumber” is equal to a value in the
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“tempArrayX” array. This is done by using the built-in class method
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“Array.IndexOf<double>(tempArrayX, tempnumber).” If “i” is indeed larger than zero, then the loop will
check if the latest value of “tempArrayX” is less than zero and if the latest value is greater than the
previous value of “tempArrayX”. This is a critical check because in order to perform the bilinear
interpolation, the values immediately below the calculated ratio are needed, and this checks to see that
the latest value is smaller than the calculated value but still larger than any calculated value with a lower

indexes. When these conditionals are true, “X1” is set to the index of the current installment of

“tempArrayX.”

If either of the two conditionals is false, then the loop will check to see if the value is the
immediate value above the calculated ratio. To do this the conditional statements checks to see if the
previous value in “tempArrayX” is less than the current value and if the previous value is greater than
zero. This looks to make sure the value is above the calculated ratio and to make sure that the smallest
of these values is being used. When either is not true, the loop sets “X2” to the current index of
“tempnumber” in “tempArrayX.” This should always happen when the calculated difference between
values in the top axis and the calculated ratio, and therefore making the second set of conditional
statements a redundancy, but is still kept as a safe guard against potential changes in the arrays. So
when the second set of if-statements are true, the loop then checks to see if “X2” is equal to zero and if

itis, it sets “X2” equal to the previous index of “tempArrayX” that was calculated.

The same procedure is used for the side axis and “Y” values and Figure 4.4 shows the

programming of the method for procedure.
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" ] for (; 1 < stressParameterATopAxis.Length; i++)
{
tempArrayX[i] = stressParameterATopAxis[i] -confinedConcreteCompressiveStrength / concreteCompressiveStrength
tempnumber = tempArrayX[i];

if (1>@)
{
if (tempArrayX[i] <= @ && tempArrayX[i] > tempérrayX[i - 1])
X1 = Array.IndexOf<doubles(tempArrayX, tempnumber);
else if (tempArrayX[i - 1] < tempArrayX[i] &% tempArrayX[i - 1] »= @)
{
if (X2 == 8)
X2 = Array.IndexOf<double(tempArrayX, tempArrayX[i - 1]);
}
else
X2 = Array.Index0f<double(tempArrayX, tempnumber);
}
else
X1 = Array.IndexOf<doubles(tempArrayX, tempnumber);

Figure 4.3 Bilinear Interpolation X-axis procedures

Once “X1”, “X2”, “Y1”, and “Y2” are determined, the intermediate “Q” values can be looked up
in the tabulated table defined earlier. The “X” and “Y” values are indexes which together produce an
index within a matrix. Therefore, using the names of the “Q” variables, the proper values can be
assigned. For example, “Q21” is set to the corresponding value located at “X2” and “Y1”. Figure 4.4 can
further illustrate this concept. Also, “X” and “Y” are now locally defined as the ratio of confined concrete
compressive strength and the unconfined concrete compressive strength, and the axial compression
strain on the confined concrete, respectively. This was done to easy the length of the bilinear
interpolation equation. Finally, the bilinear interpolation can be done to produce the stress block

parameter A.

4.2.11.7 “StressBlockParameterB” method
The “StressBlockParameterB” method is identical as the “StressBlockParameterA” method
expect for the tabulated tables have changed and are provided by Barbero [4]. The tables are still

dependent on the ratio of strength, the compression strain, and the concrete compressive strength.
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4.2.11.8 “PointA” method

This method calculates the value at point A which is when the beam-column is in pure axial
compression for any of the four plots. The method checks to see which plot point is to be calculated
based on the check integer input. If check equals 1, for non-factored strengthened member, Eq. 2.20 is
used without the strength reduction factor with the compression strength being equal to the confined
compression strength. If check equals 2 for factored strengthened member, Eq. 2.20 is used with the
reduction factor. If check equals 3, non-factored and non-strengthened member, Eq. 2.20 is used with
no strength reduction factor and the compression strength is equal to the unconfined strength. If check
equals 4, for factored non-strengthened member, Eq. 2.20 is used again but with the strength reduction

factored added.

The following inputs are also required and are all double float values: the confined concrete
compressive strength, the gross cross-sectional area, the total area of steel, the yield strength of the
steel reinforcement, the concrete compressive strength, the strength reduction factor and the

eccentricity factor. When Point A is calculated, it is returned as a double float value.

4.2.11.9 “PointD” method

Point D in the interaction diagram for beam-columns is calculated using the “PointD” method.
Point D in the diagram is where a minimum eccentricity of 10% of the height of the member is
introduced to Point A values. The method checks to see which plot the point is being calculated similarly
to “PointA” method. The method requires the following double float inputs: point A axial strength, point
A non-strengthen strength, height of the member, and the strength reduction factor. Also, the check

integer input is required. The method returns Point D as a double float value.
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4.2.11.10 “StrainSteel” method

The purpose of the method is to calculate the strain the steel reinforcement is experiencing for

wsn
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a given layer of steel reinforcement. There are two integer value inputs required for the method: “i” and

“n” and the importance of these values will be explain in section 4.2.11.12.
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The method first checks to see if “i” is equal to “n” and if this is the case, then it checks to see if

the ultimate steel strain is equal to zero. When this is true, the steel strain is equal to zero. Else when “i”

does not equal “n,” the steel strain is equal to Eq. 2.72. The steel strain is returned as a double float

value.

Other required inputs include the ultimate concrete strain, the neutral axis, the concrete
compressive strength, the distance of the current layer of steel reinforcement, and the ultimate steel

strain. All of these inputs are of double float type.

4.2.10.11 “StressSteel” method

The “StressSteel” method determines the stress of the steel with respect to the steel strain to
the ultimate steel strain. The method first checks to see if the steel strain is greater than the ultimate
strain. If true, the steel stress is equal to the yield strength of the steel because it assumes the steel has
yielded. Else, if the steel strain is less than the negative value of the yield strength, then the steel stress
is the negative value of the yield strength. When neither of the conditional statements is valid, the

method calculates the steel stress using Hook’s law. This piecewise system is shown in Eq. 2.73.

The method requires the following double float inputs: the strain of steel, the ultimate strain of
steel, the modulus of steel, and the yield strength of the steel reinforcement. The steel stress is returned

as a double float value.
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4.2.10.12 “PointBorC” method

Since the procedure for both Point B and Point C of the interaction diagram are the same, one
method was used. The method determines the axial and bending capacities for all four plots by
calculating the internal compression force and the stress resultants of the steel reinforcement layers. Eq.

2.75 and 2.76 are used to calculate the capacities.

First, the method defines all the local variables, but more importantly, this method also defines
a local class object which is called “beamcolumnPointBorC” which is a “clsBeamColumn” class. This

allows for the method to use this object and any class methods associated with the object’s class.

The neutral axis is calculated by using Eqg. 2.71. For point B, the ultimate steel strain should be
equal to zero. With the neutral axis determined, the method checks to see if it is calculating an axial
capacity or a moment capacity by using the input integer check. 1, 2, 5, and 6 all represent the confined
members while 3, 4, 7, 8 means members are unconfined. The procedures for both cases are very

similar with the single difference being how the concrete compressive stress block is calculated.

If either conditional statement is true, the local variables total stress resultant and tensile stress
block are set to zero, followed by the calculation of the concrete compressive stress block. Eqg. 2.40 with
the confined stress block parameters is used when the member is confined. If it is not confined, then Eq.

2.40 is used instead.

After the stress block is calculated a for-loop is initiated with the local integer “i” being set to
zero for the first parameter. The second parameter is the conditional statement that “i” is less than the
total number of entries of the “areaOfSteel” array, and the last parameter adds one to the current value
of “i.” During the loop, the class method “beamColumnPointBorC.StrainSteel” is called. For more
information on this method please refer to section 4.2.11.10. The method is called to calculate the steel

strain for the first layer of steel reinforcement. The following values are used in the inputs for the
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“beamColumnPointBorC.StrainSteel” method: the ultimate concrete strain, the neutral axis, the
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concrete compressive stress block, the distance of steel at index “i”, the ultimate steel strain, “i”, and
the number of entries in the “distanceOfSteel” array. The steel strain method does account for
appropriated strains such as the closest layer of steel reinforcement to the tensile fiber for Point B being

equal to zero.

The loop continues by calling the method “StressSteel” which is described in section 4.2.11.11.
The steel stress returned by “StressSteel” method is then added to the previous total steel resultant
value. The tensile stress block as seen in Eq. 2.76 is also calculated and added to the total pervious value

of the tensile stress block.

After the loop terminates, the method checks to see what plot value needs to be calculated. For
check values of 1 or 3, Eq. 2.75 is used. For check values of 2 or 4, Eq. 2.75 is multiplied by the strength
reduction factor. Eq. 2.76 is used for 5, 6, 7, and 8, but when check equals 6 or 8, the strength reduction

factor is also applied.

The required inputs for the method can be seen in Table 4.8.

4.2.11.13 “PointE” method

This method calculates Point E of the interaction diagram for any of the four plots. The method
calculates Point E by using an iterative procedure for when the eccentricity of the beam-column system
is equal to 100. The method first defines any local variables to be used and creates a class object

“BeamColumnPointE” as a “clsBeamColumns” class.
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Table 4.8 Inputs for “PointBorC” and “PointE” methods

Required . Required . Required .
V leT V leT V leT
Inputs ariable Type Inputs ariable Type Inputs ariable Type
. Concrete Confined
Ultimate .
. Double float compressive Double float concrete Double float
concrete strain
strength strength
B f Ultimate steel
Yield Strength Double float ase o Double float 'ma e. stee Double float
member strain
Axial
. compression
Depth of Distan f
ept © Double float stance 0 List <double> strain of Double float
Tensile Steel steel .
confined
concrete
Stress block Double Float Area of steel List <double> Modulus of Double float
factor steel
. Strength
Height of
Check Integer clght o Double float reduction Double float
member
factor
Stress block Double float Stress block Double float
parameter A Parameter B

“_n

Afterwards, an assumed value of 0.6 for “g” is set. “g” is the ratio of the neutral axis and the
depth of the tensile steel reinforcement. This value is used to vary the neutral axis during the iterative

process. Also the “error” variable is set to zero.

The error was set to zero so when the method runs the while-loop, the loop will initiate. The
while-loop unlike the for-loop will run until the conditional statement is false. For this while-loop, while

the error is greater than 1.01 or the error is less than 0.99, the loop will continue to run.

So while the loop is running, the neutral axis is calculated by multiplying the depth of the tensile
reinforcement with the “g” value. The method then checks to see if it is calculating a confined member
or non-confined member depending on the value of the check integer. This is done in the same manner
as “PointBorC” method mentions in section 4.2.11.12 except after the moment and axial capacities are

calculated the method determine the eccentricity by dividing the moment capacity by the axial capacity.
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With the new eccentricity, a new error is calculated around the value 100. If the error is less than 0.999
the “g” value is reduced by 0.00001. Else if the error is greater than 1.001, then the “g” value is

increased by 0.00001. This continues until the while-loop condition is false.

All the required inputs can be seen in Table 4.8. The value of Point E is returned as a double float

type.

4.2.11.14 “PointF” method

The “PointF” method calculates the values at Point F in the interaction diagram which is
considered to be in pure flexure. The initial variables are defined including a list<double> called sort
which equals the distance of steel array. The sort “list” is used to arrange the values of the distance of

steel list provided by in ascending order.

First the method uses the class method “Sort” to achieve the rearrangement. Then a temporary
variable is used to store the last item in the sort array. That temporary value is looked up in the original
distances of steel array to produce an index to be used to find the value of corresponding area of steel

for that layer. This process provides the area of steel for the tensile steel reinforcement.

The area of steel for the compression steel reinforcement must also be determined. Since the
sort array is arranged in ascending order, the initial value of the array at index 0 is equal to a temporary
value. Then the index of that temporary value is looked up in the original distance of steel reinforcement

and with that index the area of steel for the compression layer is called.

With these areas determined, Eq. 2.77 is used with the area of FRP equal to zero and a new
term for the compressive steel reinforcement. This term is developed by using similar triangles of a
strain diagram for a double reinforced section [6]. The quadratic equation is used to solve Eq. 13.42. The

procedure is similar to section 4.2.7.1. With a neutral axis calculated, the steel compression strain is
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calculated by using the new term. The steel stress in compression is calculated by multiplying the

modulus of steel by the steel compression strain. The strain of steel in tension is also calculated by

multiplying the modulus by the tensile steel strain.

The method then checks to see if the plot point is factored or not. When not factored, Point F is

equal to Eq. 2.78 with area of FRP is equal to zero. When it is factored, the same is equation is used with

applying the strength reduction factor.

All inputs can be seen in Table 4.9. Point F is returned as a double float.

Table 4.9 Inputs for “PointF” method

Required . . . Required .
Inputs Variable Type | Require Inputs | Variable Type Inputs Variable Type
Concrete Stress block
Area of steel List<double> compressive Double float factor Double float
strength
B f M [ f Iti
a>e 0 Double float odulus o Double float Ultimate . Double float
member steel concrete strain
Distance of ST Depth of
List<double> reduction Double float p Double float
steel tensile steel
factor
Check Integer
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4.3 Windows Forms Design

To execute the design process for strengthening of reinforced concrete by using FRP, the
Windows Form application uses what are known as forms. These forms help move the user through
stages of the design by allowing the user to interact through buttons and enabled textboxes for entering
required information. Through these interactions, the form uses the classes and methods designed
described in Section 4.2 to implement the design process. The majority of the decision making and
procedures used for design are done within the form’s programming. Therefore, this section will explain
the programming of each form from the interacting with the user and entered values, to the design

process implemented within the background of the application.

4.3.1 Form structure

Each form has a similar structure composed of four major sections. The first major section is
dedicated to only defining all required global variables and objects to be used within the form. Iltems
included here range from variables such the diameter of the column or the clear cover of the reinforcing
steel to all objects that are implemented including any buttons, textboxes, and labels. Another point of
importance is whether the item is public or private. When an item is declared to be private that means
only within the form is the object allowed to be changed, but if it is considered a public object than it is

allowing other classes and forms to manipulate the values and objects in the form.

The second section of the form structure is the Initialization component. The purpose of this
section is developing the interface for the user. The form code requires this so the form can be built
when the application is run. For any object on the window form, it will show up here with addition items
informing the location of the object, if the object is enabled, any texts associated with the object, the

color of the object, and when there is an event associated with the object, the instance is created here.
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It will be assumed that user has basic C# knowledge, and therefore this section of the form will be

skipped when discussing individual forms.

The third section found in every form is the form constructor. The constructor is what the form
first does when it is called by another form or method. The constructor behaves in a similar manner to a
method but its main purpose is to generate the form. It does this by calling the Initialize Component
section of the form, and if there is anything else the form must do when it is immediately built, this is

where it is located. Only constructors that do more than just initialize components will be discussed.

The fourth section of the form structure deals with any event handlers. An event handler is used
when the form is to do something after the user has initiated an event. Events could be the act of
clicking a button on the window form to losing focus on a textbox. Nevertheless, when these actions
take place, the form will run the event handler. These event handlers are where majority of the design

process takes place and each form will have a variety of handlers doing unique operations.

4.3.2 “frmMain”

When the application first opens, the Main Form, “frmMain”, opens as seen in Figure 3.1. The
purpose of this form is to direct the user to the appropriate path depending on what type of member
will be strengthened. Therefore, three buttons were needed for each member type: beam, column, and
beam-column. Each of these buttons has an event handler for when the user clicks the button. There are
two critical items defined in the first section of the form. There is a fourth button called “btnClose.” It
also has an event handler which will explain in section 4.4.2.4. Lastly, a single variable called
“membertype” which is an integer value is defined. The purpose of this value is to keep track of which

member was selected to be used in the “frmLoading” form.
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4.3.2.1 “frmMain” Event Handler “btnBeam_Click”
The “btnBeam_Click” handler is used when the user clicks the Beam button. The handler creates
a new object from the “frmBeam” form and uses the build-in method to show this new object and as

well to hide the current form.

4.3.2.2 “frmMain” Event Handler “btnColumn_Click”

This event handler proceeds in the same manner as “btnBeam_Click” but it creates a object
from the “frmLoading” form with the input of “membertype” which was set to be equal to 3 in the event
handler. The three will be used to convey to “frmLoading” that the use has selected the column member

to be strengthened.

4.3.2.3 “frmMain” Event Handler “btnBeamColumn_Click”
The same process is done in this event handler as section 4.4.2.1 except it will open a new

“frmBeamColumnProperties” from instead.

4.3.2.4 “frmMain” Event Handler “btnClose_Click”
When the user clicks the close button, the event handler will close the form and exit the

application. This will be the case for every close button within the application.

4.3.3 “frmLoading”

The “frmLoading”, Figure 3.3, form’s purpose is to collect loads and determine the maximum
loading combination using Eq. 2.29 to Eq. 2.35. The form is designed to have an enabled textbox for
each variety of loading which are all defined in the first section of the form structure. The form has two
buttons: back and continue, each with event handler. Also, the form constructor takes into

consideration the member type. Therefore member type has been defined as integer as well.
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4.3.3.1 “frmLoading” constructor

The form constructor does more than just initialize components of the form because the
“frmLoading” is used by every member type expect beam-columns. Therefore, each time the form is
constructed, the labels that displays the units for the loading varieties changes by using a switch-case.
The switch case looks to see what the member type integer is equal to. When the case is equal to 1, all
of the unit labels are changed to “N-mm” for moment loading or when the case is equal to 2 or 3, the
labels are changed to “N” for axial or shearing loads depending on the member type. This a must so the
user is a aware of the required units the inputs must be for the all design process are dependent on the

a particularly unit for all inputs.

For the form to know what member type has been selected, the constructor requires an input
that is an integer value. So, when “frmMain” or “frmBeam” creates a new loading form, they are

required to input an integer value for the switch-case to examine.

4.3.3.2 “frmLoading” event handler “btnBack_Click”

If the user clicks the back button on the window form, the event handler will create a new Main
Form for the user to start from by closing the current window form. This is the same procedure that is
used for every back button within the application. Therefore all back buttons returns the user to the

Main Form.

4.3.3.3 “frmLoading” event handler “btnContinue_Click”

The event handler first defines all local variables needed to complete all actions within the
event. A double float object is created for all loads as well as for the max loading combination, and for
the minimum and maximum values to validate the loading inputs. Also, a Boolean value called “flag” is
also defined. This Boolean value is used for anytime “double.TryParse” method is used so it can be
checked to see if it is false.
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The event handler will create a new object class “Loading” using the class “clsLoading” which is

described in section 4.3.1.

After all the needed objects have been defined, the handler will convert all the input values in
the textboxes to double float numbers and check to see input is a number and if is within the allowable
range. Figure 4.5 demonstrates the general approach for all of these types of checks throughout the

application.

/Convert Text fo number
flag = double.TryParse(txtDeadlLead.Text, cut loadDead);
if (flag == false)

1
MessageBox.Show("Not a number. Re-enter.");
txtDeadload.Clear();
txtDeadload. Focus();
return;
}
else if (loadDead < minLoadCase || loadDead > maxlLoadCase)
1

MessageBox.Show("Not within allowable range.™);
txtDeadload. Clear();

txtDeadload. Focus();

returng

Figure 4.4 General Structure for checking for valid user inputs

This general structure for checking inputs will first try to convert the input text to a number by
using the “double.TryParse” method. This method will take the text from the given textbox, convert it to
a number and set the given variable equal to that number while setting the Boolean “flag” equal to true

if the conversion was successful or false when the input was not a number.

When “flag” is false, the handler will create a message box informing the user that an input was
not a number. Afterwards it will clear and focus in on the textbox that failed this check, and return to

the current form.

The check must also look to see if the converted text is within an allowable range by using an
else-if conditional statement. The statement will see if the converted number is below a minimum value

or above a maximum value. If either case is false, the handler will produce a message box informing the
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user the value was not within the allowable range and clears and focuses on the textbox in question.

Then the handler returns the user back to the current form.

After all the textbox inputs have been validated, the handler calculates the maximum loading
combination but using the “MaximumLoadingScenerio” method described in section 4.3.1. This value

will be used as the required strength of the concrete member.

With a max loading combination, the handler advances the application to the appropriate form
depending on the member type integer. If member type equals 1 for beams in flexure, the handler will
open a new “frmFlexureBeamProporties” form and hide the current form. When member type is 2 for
beams in shear, a new “frmShearBeamProperties” form is open and the current form is hidden. Lastly if
member type is equal to 3 for columns in pure axial compression, the handler will open
“frmColumnProperties” form and close the current form. All three forms require the max loading

combination, the dead load, and the live load.

4.3.4 “frmBeams”

The “frmBeam” from, Figure 3.2, is used to distinguish how the user plans to strengthen the
concrete beam. Three buttons are located on the windows form, two buttons for flexure strengthening
or shear strengthening, and the last as a back button. The event handlers for the strengthening buttons
will use the same procedure as section 4.3.2.2 except the member type when flexure is select is equal to

1 and when shear is selected is equal to 2. The back button is the same as stated in section 4.3.3.2.

4.3.5 “frmFlexureBeamProperties”
This form is used to collect all required geometry and material properties need to complete the
design for strengthening of beams for flexure (Figure 3.5). The form has what are known as group boxes.

A group box is created for five different set of properties: geometry, steel, FRP, exposure, and concrete.

104



The group box allows for objects within the box to behave in a conjoining manner which is particularly
useful when using radio buttons for fiber type and exposure conditions. The form also defines all

maximum and minimums for each textbox inputs.

There are only two buttons. One is a back button used return the user to the Main Form. The

other button is a continue button with a unique event handler.

4.3.5.1 “frmFlexureBeamProperties” event handler “btnContinue_Click”

This event handler will check all textbox inputs in the same manner as described in section
4.3.3.3. The statues of the radio button also checked. The handler will see which radio button is checked
for fiber types and exposure conditions. Figure 4.6 demonstrates the general process for checking radio
buttons. The fiber type is equal to 1, 2, or 3 when the radio button for carbon, glass, or aramid is
selected, respectively. If a radio button is not selected, the handler will create a message box that asks
the use to select a fiber type and then focus on the carbon radio button. The exposure conditions are
done in the same fashion. The condition is equal to 1 for interior conditions, 2 for exterior conditions,

and 3 for aggressive conditions.

if (rbtnCarbon.Checked == true)

fiberType = 1;

!

}
else if (rbtnGlass.Checked == true)

fiberType = 2;
1
I
else if (rbtnAramid.Checked == true)

{
}
else

{

fiberType = 3;

MessageBox.Show("Please select Tiber type");
rbtnCarbon.Focus();
return;

1
.

Figure 4.5 General structure of checking radio buttons
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The “btnContinue_Click” event handler does create a new local class from
“clsFRPEnvironmentalFactor” and uses the method “environmentnalReductionFactor” to calculate the

environmental reduction factor using the fiber type an exposure.

Once all the inputs are validated, the event handler will then create a new “frmFlexureResults”
form. Once the form is created, all of the public variables in “frmFlexureResults” are updated using the
converted input texts given by the user. Afterwards the new form is open and the current form is

hidden.

4.3.6 “frmFlexureResults”

The form is used to display and process the design of the strengthened beam in flexure as well
as any calculated values and display required checks (Figure 3.6 and 3.8). All variables that are user
inputs are defined as public in the form to allow other sources to access and update the values. The rest
of the variables defined in the form are used within the form only. Five object classes
(“clsOriginalSection”, “clsInitialStrain”, “clsFRPsystem”, “clsFlexureFRPDesign”,

“clsFlexureACIRequirements”) are created initially too, each representing a unique step in the design

process.

There are four buttons on the form (Figure 3.6). The Back and Close button functions the same
as stated in earlier sections. The Calculated Results button is used to initiate the design process and
complete all design calculations prior to user entering the number of layers of FRP to be used. The
Continue button is used after the user has entered the number layers to finish the design process and

complete all ACI requirements.
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4.3.6.1 “frmFlexureResults” event handler “btnCalculateResults_Click”
The event handler will complete the first few steps of the design process for strengthening a

reinforced concrete member.

First, the initial moment capacity, the required moment capacity, and the maximum allowable
reinforcement need to be calculated. The required moment capacity should have been determined in
the “frmLoading” form and passed forward in the process, but the capacity of the original section is
unknown. To calculate the capacity, the handler must first solve for the stress block factor, the neutral
axis, and the depth of the tensile steel. “StressBlockFactor” method, section 4.3.4.6, is called and returns
the stress block factor. The neutral axis is calculated using the “NeutralAxis” method from section
4.3.4.7. The depth of the tensile steel reinforcement is calculated by subtracting the clear cover from the
height of the beam. With these three items solved, the moment capacity of the original beam is
calculated by using “MomentCapacityOfOriginalSection” method, section 4.3.4.8. The handler then finds
the factored capacity by multiplying the original capacity by the strength reduction factor which is

assumed to be 0.9.

The purpose for calculating the original moment capacity is to see if it meets the minimum
loading capacity and if it meets maximum allowable reinforcement. The minimum loading capacity is
calculated using the “MinimumLoadCapacity” method, section 4.3.4.1. To compare allowable
reinforcement, the maximum allowable and the actual percent of strengthening must be calculated. The
event handler calls “MaxPercentActual” and “MaxPercentAllowable” methods to return the percents

needed for comparison.

With this four values determined (minimum loading requirement, original moment capacity,
percent actual strengthening, max allowable strengthening) the handler finally compares them by using

if-statements. First the original moment capacity is checked to see if it is greater than the minimum
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loading requirement. If false, the textbox for this requirement is updated to say that the beam didn’t
meet the minimum loading requirement and changes the minimum strength checkbox to false. If it is
true, then the textbox for minimum strength is updated to inform the user it has met the requirements
and the checkbox is true. Also, when the moment capacity is greater than the minimum loading, the
percents are checked to see if the actual percent of strengthening is less than the allowable percent. If
true, then the max allowable reinforcement textbox informs the user of meeting the requirement, and
the allowable reinforcement checkbox is true. Else, if it is not true, the same textbox display that the

user failed the requirement and the checkbox is equal to false.

The second stage of the design process for beams in flexure is to determine the initial strain at
the soffit of the beam and the initial stress distribution before strengthening. In order to calculate the
initial strain the position of the neutral axis of for when the section is cracked is needed. Therefore, the
handler will calculate the modulus of the concrete according to ACI 318 section 8.5, and use the method
“NewNeutralAxis” as discussed in section 4.3.7.1. Because the method does use the quadratic formula
to solve for the neutral axis, it must check to see if the method returns a non-number. If it does the
event handler will create a message box explaining there are no real roots for the solution and return to

the form.

The effective stiffness is also needed and is found using “EffectiveStiffnessOfCrackedBeam”
method, section 4.3.7.2. With the neutral axis and the effective stiffness, the initial strain of the

concrete beam is calculated using the method “InitialStrain” described in section 4.3.7.3.

The third stage is determining the preliminary design quantities regarding the FRP. The ultimate
tensile strength, the ultimate rupture strain, and the modulus of the FRP are calculated using methods

from section 4.3.3.
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With all the preliminary design calculations done, the fourth stage of the design process begins
in this event handler. An estimated area of FRP need for the balance strengthening configuration is
determine using “AreaFRPforBSC” method, section 4.3.8.1, and therefore an estimate for the number of
layers needed, assuming the FRP to be applied to the entire base of the beam, can be calculated using
“FlexureFRPDesign.NumberOfLayers” class method, section 4.3.8.3. That double float value is converted
to a string and displayed to the user in the “txtRequiredNumberOfLayers” textbox. The event handler
then checks to see if the two checkboxes for the initial requirements are both true. If both are true, the

textboxes for user inputs for the width and number of FRP layers are enabled for the user to use.

4.3.6.2 “frmFlexureResults” event handler “btnContinue_Click”

This event handler occurs when the user clicks the continue button. Hopefully, this is done after
the user inputs a number of layers and a width for the FRP. Nevertheless, the inputs are checked in a
similar manner as Figure 4.5 expect the it will check to see if the user entered a width greater than the

beam instead of checking against a range.

If both are valid inputs, the number of layers is converted to a double float value called layers.
This is because the handler checks to see if the input for the number of layers is an integer to prevent
the user from using a terminating decimal because a fraction of a ply is not applicable. With the double
float layers, the total area of FRP is calculated by multiplying the ply thickness and the width by the

number of layers. This concludes step 5 of the design.

Step 6 determines the moment capacity of the strengthened concrete beam and verifies to see
if it meets the required capacity governed by the loading conditions. Prior to any checking of the
configuration, the effective strain is recalculated using “FlexureFRPDesign.StrainEffective” again with
updated values. Now the event handler determines what type of configuration was selected by

comparing the area of FRP applied to the area of FRP needed to meet the balance strengthening
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configuration (BSC). When the area applied is less than the BSC area, then the event handler knows that
the beam will be using a weak strengthening configuration (WSC). The other option is when the area

applied is greater. This produces a strong strengthening configuration (SSC) for the beam.

If the beam is in WSC, the textbox dedicated for the configuration is changed to WSC, and the
design stage to find the strengthened concrete beam capacity begins. First, the failure mode of the
beam should be checked to see if it is tension controlled. Therefore the event handler calculates the
neutral axis when the steel reinforcement has yielded by using “Neutral AxisWSCSteelYeild” method and
calculates the strain of the tensile steel using “StrainSteelTensileWSC” method. According to ACI 318,
when the strain of the steel is greater or equal to 0.005, this considered to be in a tension controlled
state. Therefore, the strength reduction factor is 0.9 and the steel is assumed to yield before the

concrete fails.

If the beam is in a tension controlled state, the nominal moment capacity is calculated using
“NominalMomentCapacityWSCSteelYeild” method. The compression strain is also determined by using
the method “StrainCompression.” With the nominal capacity and the strength reduction factor, the
factored moment capacity is calculated and then changed to a string value to be used by the
“txtFactorCapacity” textbox to be displayed to the user. Also, the required loading is converted to a
string for the “txtRequiredCapacity” textbox. The handler then compares these two capacities to see if
the strengthen beam is strong enough to meet the requirements. If so, the textbox informing the user
displays “Meets Required Moment Capacity” and the associated checkbox is set to true. Else if the
factored capacity is less than the required capacity, the textbox informs the user the beam failed to

meet the required capacity and changes the checkbox to false.

Now, it is possible for the concrete beam to not be in tension controlled state, but rather be in a

transitional or compression controlled state. So when the steel strain is less than 0.005, a new neutral
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axis is calculated using “NeutralAxisWSCSteelNotYield” which solves a quadratic formula to find the
neutral axis. The event handler handles this in the same manner as described in section 4.3.6.1. With the
neutral axis, the nominal moment capacity is determined by the method
“NominalMomentCapacityWSCSteelNotYield.” To factor the nominal capacity the strength reduction
factor needs to be determined. Since the beam is not in a tension controlled state, the strength
reduction factor is not 0.9, but rather a function of the steel strain and the ultimate steel strain. If the
strain is less than the ultimate strain, the strength reduction factor is set to 0.65. Else, the strength
reduction factor is calculated based on ACI 318 section 9.3.2. With the new strength reduction factor the

procedure is identical to when the steel yielded for the beam in a WSC.

When the area of FRP selected by the user is greater than the area needed for the balance
strengthening configuration, the beam is considered to be in a strong strengthening configuration (SSC).
So if this is true, the event handler begins the design process to calculate the moment capacity in a
nearly identical procedure as for WSC, expect different methods are used to calculate the same value.
First the neutral axis is calculated with the assumption that the steel yielded and using the
“NeutralAxisSSCSteelYield” method which solves a quadratic formula and therefore checks the return
the values for a non-number. The strain steel is determined using the “StrainSteelTensileSSC” method
and used to see if the beam is in a tension controlled state. If true,
“NominalMomentCapacitySSCSteelYield” method returns the nominal capacity of the concrete beam.
The rest of the process is identical to WSC in tension controlled state expect the strain of the FRP is

calculated using “StrainFRPSSC” and the compression strain is set to 0.003.

If the SSC is not in a tension controlled state the same process as WSC not in a tension
controlled state is followed using the appropriate methods for SSC with the addition of the FRP strain.

“NeutralAxisSSCSteelNotYielding” returns the neutral axis. “NominalMomentCapacitySSCSteelNotYield”
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is used to find the nominal capacity. The steel strain is recalculated using “StrainSteelTensileSSC.” The

rest of the process is identical to WSC when not in tension controlled state.

The event handler also handles the last step of the design process which is checking ACI
requirements. This is always done when the continue button is clicked no matter if the beam meets
required capacity. ACl 440.2R-08 requires the stress of the concrete, steel, and FRP be under a certain
limit which varies depending on the material. But before any stress is calculated, the neutral axis of the
beam after the FRP is applied needs to be calculated by using “NeutralAxisStageB” method. The method
solves a quadratic equation and needs to be checked to see if it is a non-number as described earlier.
With the neutral axis, the concrete stress, steel stress, and FRP stress are calculated using
“StressConcrete,” “StressSteel,” and “StressFRP” methods, respectively. The max stress are 45% of the

concrete strength, 80% of the steel yield strength, and 55% of the ultimate tensile strength of the FRP.

The handler will check each of these stresses against the max allowable stress. If the stress
meets the requirement, the associated textbox is updated to say “Meets allowable stress levels” and
checkbox is equal to true. Else if the stress doesn’t meet the requirement, the same textbox will say

“Does not meet allowable stress level” and the checkbox equals false.

Finally, the event handler looks to see if all the checkboxes on the form equal true. If so, a
message box pops up informing the user that the design meets all requirements. If not, the message box

will say “You have failed some requirements. You will need to redesign.” (Figure 3.8)

4.3.7 “frmShearProperties”

This form is used to collect all required properties needed to complete the design process for
strengthening reinforced concrete beams for shearing (Figure 3.9). The form has the same values and
design as the flexure properties form with an additional input, spacing between steel reinforcement.

There are still five group boxes for each type of material and exposure conditions. The spacing of
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reinforcement is located in the steel properties group box. Also, all maximum and minimum values for
every input are defined prior to any event handlers are called. There are only two buttons on the form.

The Back button, and the Continue button.

4.3.7.1 “frmShearProperties” event handler “btnContinue_Click”

This event handler has the same purpose as the “btnContinue_Click” handler for
“frmFlexureBeamProperties.” Every input given by the user will be checked to verify it is a number and
then set that value to a defined variable using the “double.TryPharse” method as seen in Figure 4.5

which includes checking to see if the input value is within allowable ranges.

The radio buttons are also checked in the same manner as Figure 4.6 and with radio button
values given, the environmental reduction factor is returned from the “EnvironmentalFactor” method
which becomes passed along to the “frmShearResults” form along with all relevant values needed for

the design process.

4.3.8 “frmShearResults”

The “frmShearResults” takes the all the public values given from the “frmShearProperties” and
begins the design process for strengthening for shear (Figure 3.10 and 3.11). Since the design process
requires several other factors in how to apply the FRP reinforcement, the group box for FRP layers has
subgroup boxes containing radio buttons to ask the user how the FRP is going to be wrapped and if the
wrapping is continuous or discontinuous along the length of the beam. Because of these options, several

textboxes within the FRP layers group box will be enabled or disabled using event handlers.

The form does create three new class objects which are used for the design process. The

“clsOriginalSection” class is used to help in determining initial capacities and values of the beam. For
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finding preliminary values for the FRP system, “clsFRPsystem” object class is created. Lastly, the design

process of the shearing reinforcement will take advantage of the “clsShearDesign” class methods.

4.3.8.1 “frmShearResults” constructor

The form has a unique constructor not only initializes all components of the window form and
define any inputs required by the form constructor, the form updates the textbox for the FRP to 90
(Figure 3.11). This is just a default value for the angle the FRP is applied. Also the constructor uses a
message box to inform the user they must select a FRP wrapping option before calculating results. The
message shows up prior to the form. The wrapping scheme is needed in order to determine how many

layers of FRP will be needed, hence why the message box informs the user to select first.

4.3.8.2 “frmShearResults” event handler “rbtComplete_CheckedChanged”

When the user changes the status to the complete wrapping scheme button in the subgroup
box indicating that the user plans to confine the entire beam with FRP, an event handler is activated to
check if the complete radio button is indeed selected. If the radio button is selected, the textbox for the
depth of the FRP is updated to display the height of the beam after converting the value to a string as
well as disenable the textbox so the user can’t input a value. The style integer is set to 1 and the FRP

strength reduction factor is set to 0.95.

4.3.8.3 “frmShearResults” event handler “rbt3Sided_CheckedChanged”

When the status of the 3-sided radio button has changed, the event handler checks the status of
the radio button. If the status informs the handler that the radio button has been selected, the textbox
for the depth of the wrapping is enabled so the user may input a value. The style integer is equal to 2

and the FRP strength reduction factor is 0.85.
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4.3.8.4 “frmShearResults” event handler “rbt2Sided_CheckedChanged”

When the status of the 2-sided radio button has changed, the event handler checks the status of
the radio button. When the radio status says it has been selected, the textbox for the depth of the FRP
reinforcement is enabled. The style integer is equal to 3, and the FRP strength reduction factor is equal

to 0.85.

4.3.8.5 “frmShearResults” event handler “rbtContinous_CheckedChanged”

When the status of the Continuous radio button has changed, the event handler checks to see if
the status states the button has been selected. When the button is selected, the textbox of the width of
the FRP and the spacing of the FRP become disenabled, and both text boxes are updated to show “N/A.”
the textbox for the angle for the FRP reinforcement is also disenabled, but text is updated to show 90
because the wrapping is continuous meaning that applying the FRP reinforcement at an angle is

impracticable and is assumed to be applied in a vertical manner to the beam with respect to the beam.

4.3.8.6 “frmShearResults” event handler “rbtDiscontinous_CheckedChanged”
When the status of the radio button for discontinuous wrapping of the beam has changed, the
event handler checks to see if the discontinuous radio button has been selected. If the button has been
selected, the textboxes for the width, spacing, and angle are all cleared with the width and angle
textboxes also being enabled for the user to input values. The spacing is not enabled because if the
preliminary design steps have not been completed, a maximum allowable spacing isn’t available to
compare the input value to, and therefore the enabling waits till the allowable spacing has been

determined.
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4.3.8.7 “frmShearResults” event handler “btnCalculateResults_Clicked”
The design process begins when the user clicks the Calculate button. The event handler
determines the initial capacity of the beam for shearing and checks it against the minimum loading

capacity and the maximum allowable strengthening.

Before the factored shear capacity of the beam is calculated and compared to the minimum
loading capacity, several class methods are used to calculate required values. First the depth of the
tensile steel is determined by subtracting the clear cover from the height of the beam. Then, the
minimum loading capacity is calculated using “MinimumLoadCapacityOfUnStrengthenedColumn.” The
shear capacity of the concrete is calculated using “ShearCapacityConcrete” and the capacity of the steel
reinforcement is calculated using “ShearCapacitySteel.” The strength reduction factor is set equal to
0.75 as given by ACI 318 section 9.3.2.3 for shear strength. With these values the factored capacity is

determined using “ShearFactoredCapacityBeam” method.

The maximum allowable and actual percent of strengthening is determined using the factored
shear capacity, minimum loading capacity, and the required loading capacity by using the

“MaxPercentActual” and “MaxPercentAllowable” methods.

With all values needed to confirm the requirements of allowable strengthening and minimum
capacity, the textboxes for the associated values are updated with the corresponding variables. The
event handler then checks to see if the factored capacity is greater than the minimum capacity required
and process in an identical manner as described in section 4.3.6.1 when dealing with checking the

maximum allowable strengthening and minimum loading requirements.

After determining the initial capacity of the beam, the preliminary values for the FRP system are

calculated using the “UltimateTensileStrengthOfFRP,” “UltimateRuptureStrainOfFRP,” and

116



“ModulusOfFRP” methods are used to calculate the ultimate tensile strength, ultimate rupture strain,

and modulus of the FRP.

Before the required number of layers are determined, the event handler must first determine
which wrapping scheme is being used and obtain the required values for the scheme. Therefore, the
wrapping scheme radio buttons are checked to see if they are selected, first with the complete radio
button. If the complete radio button is indeed selected, the depth of the FRP is equal to the height of
the beam. Else if the radio button for 3-sided wrapping is selected, the input for the depth of the FRP is
converted to a value and checked to make sure the input is a value. The process is the same as shown in
Figure 4.5 except the limits on the input value is the height of the beam, and the message box reflects
the excess of the input. Else, if the 2-sided radio button is selected, the depth of the FRP input is
checked in the identical manner as for the 3-sided scheme. Lastly, if none of the buttons are checked,

the textbox for the depth of the FRP and the Continue Button is disenabled.

After determining the wrapping style, the input for the angle of the FRP is converted to a double
float value and under goes the same check as any input. When the Boolean variable is true, the angle of

the FRP is converted to radians because all design equations are radian dependent.

Finally the event handler begins the process for determining the number of layers required to

III

meet the required shear capacity. First a local variable called “styleLocal” is set to 1 to reflect a complete
wrapping scheme. This is a required assumption in order to calculate a bonding reduction factor. With
the local style equal to 1, the effective strain limit is determining using “StrainEffective” with the bond
reduction factor equal to zero. The required shear capacity of the FRP is calculated using the
“RequiredShearCapacityFRP” method. With the required capacity of the FRP and the effective strain, a

first estimate of the number of layers needed is determined by using the

“NumberOfLayersContinouslyWrapped” method, and therefore assuming a continuously wrapped
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beam. The output raised to the next whole number because a partial layer is not practical. Now with
preliminary number layers needed for a completely wrapped continuous FRP shear reinforcement, a
more appropriate bond reduction factor is calculated using “BondReductionFactor” method in order to
obtain a better effective strain limit and the number of layers needed to meet the required capacity of

the beam.

The number of layers is once again raised to the next whole number and converted to a string to
be displayed to the user in the appropriate textbox. The textbox for the user to input the number of

layers is also enabled.

4.3.8.8 “frmShearResults” event handler

“txtUserlnputNumberOfLayers_TextChanged”
When the user does input a number of layers to be used on the concrete beam, the event
handler checks if the wrapping is continuous or discontinuous and checks the required inputs are valid,

and determine the maximum allowable spacing of the FRP reinforcement if needed be.

The first thing the event handler will do is convert the number of layers into a type integer and
check to see if it is a valid input in a similar process as seen in Figure 4.5. Next the radio buttons are
checked to see if one is selected. If the continuous radio button is selected, the angle of FRP is equal to
90 and then converted to radians. The Continue button is enabled. The number of layers is converted to
a type double float value. If the discontinuous radio button is selected, the width of the FRP is enabled,
cleared, and focused. The inputs of the depth and angle of the FRP are validated, and if the angle is
validated, the process will assume that the beam will be continuously wrapped to determine the
maximum allowable spacing of the FRP reinforcement by converting the angle to radians, and the

number of layers to a double float type. The maximum spacing is calculated using the
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“MaxShearSpacingFRP” method. The return value is then converted to a string and displayed in the

“txtMaxShearSpacing” textbox. The spacing textbox is enabled as well as the Continue button.

If neither radio button has been selected, the event handler will disenable the textboxes for
with width and spacing of the FRP and the Continue button. A message box will pop up indicating that

the user needs to select if the beam will be continuously or discontinuously wrapped and to resubmit.

4.3.8.9 “frmShearResults” event handler “btnContinue_Click”

To complete the final design process for shear strengthening, the Continue button is clicked to
calculate the shear capacity of the strengthened beam and to check any ACI requirements. First the
handler sees if the beam is discontinuously wrapped. If so, the input for the spacing of the FRP
reinforcement must be validated using the same process as seen in Figure 4.5 expect the limiting value

is just the max shear spacing.

Next the capacity can be calculated, but two different methods are used depending if the beam
is continuously or discontinuously wrapped. If the beam is continuously wrapped, the capacity is
calculated by using the “ShearCapacityFRPContinousWrapping” method. Else, if the beam is
discontinuously wrapped, the method “ShearCapacityFRPDiscontinouslyWrapping” is used to determine
the shear capacity. With the capacity known, it is converted to a string in displayed in the window form
in the “txtFactoredCapacity” textbox, and the required capacity is also displayed to the user. The
capacity is then checked against the required capacity. If greater, the form updates the corresponding

textbox and checkbox. Else, those boxes will reflect the failure to meet the required capacity.

The only ACI requirement to satisfy is the maximum allowable shear reinforcement. The method
“MaxAllowableShearReinforcement” method is used to calculate the maximum allowable while the
shear reinforcement of the beam is calculated using the “ShearReinforcement” method. Both values are

converted to strings and displayed, then compared to see if the shear reinforcement is less or equal to
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the maximum allowable. If true, the textbox to display the result is updated to say it meets the
requirements and the checkbox is changed to true. Else, the textbox displays to the user that the

requirement was not met, and the checkbox is changed to false.

Lastly, the event handler sees if all check boxes are true. If true, a message box appears and tells
the user the design met all requirements. Else, the message box will inform the user that the design

failed some requirements and needs to be redesigned.

4.3.9 “frmColumnProperties”

This form is used to gather user inputs for required variables needed to complete the design
process for strengthening reinforced concrete columns (Figure 3.12). The majority of the inputs within
the form are similar to the other properties forms. The Geometric properties group box now has two
radio buttons for the shape of the cross-sectional area which is needed first find the gross cross-
sectional area of the column and also determine several factors related to the shape. Also a diameter
and gross cross-sectional area also have textboxes in the geometric properties group box. The only other
group box that is different is the steel properties group box. There is no longer a textbox for neither
clear cover nor shear spacing of the reinforcement. Instead, there are two radio buttons for the user to
select the style of steel reinforcement, tie or spiral. The selection will dictate several factors within the

design process. There are only two buttons on the window form, Back and Continue.

There are several event handlers for the form because of the cross-sectional shape. Depending
on the selection of the shape, an event handler will enable or disenable the diameter, base of column,
and height of column textboxes which each have a handler for determining the gross cross-sectional
area. Also, the Back button behaves like the other back buttons in the application, and the event handler

for the Continue button is explained in section 4.3.9.6.
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4.3.9.1 “frmColumnProperties” event handler “rbtnCircular_CheckedChanged”
If the status of the radio button for circular changes, the event handler will check to see if the

status is selected. When the radio is selected, the textboxes for the base and height of the column

become read-only and the text is updated to zero. The textbox for the diameter becomes enabled,

cleared, focused, and the no longer read-only.

When the radio button is not selected, the textboxes have a reversal of behavior. The diameter
textbox becomes read-only and disenabled reading just zero. The height and base of the column

textboxes are enabled, cleared, focused, and no longer read-only.

4.3.9.2 “frmColumnProperties” event handler
“rbtnRectangular_CheckedChanged”

The event handler is extremely similar to “rbtnCircular_CheckedChanged” except it behaves in
the opposite manner. When the radio button for rectangular cross-section is selected, the event handler
does the identical procedure as when the radio button for circular cross-sectional is not selected. The
same goes for when the rectangular radio button is not selected the event handler does the same thing

as when the circular radio button is selected. Refer to section 4.3.9.1.

4.3.9.3 “frmColunProperties” event handler “txtDiameter_LostFocus”
The purpose of this event handler is to calculate the gross cross-sectional area of the column
when the diameter textbox is no longer in focus. The event handler first defines the Pi and the outer and

inner limits of the diameter.

Next, the status of the circular radio button is checked to see if it is currently selected. This is to
make sure to only calculate the gross cross-sectional area using the diameter if the radio button has
been selected because the event handler is activated when the textbox losses focus, not when the text

changes. Therefore the user could focus in on the textbox even when it is disenabled and the event
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handler will still run after the focus is lost. So if the circular button has been selected, the diameter input
is validated in the same process as seen in Figure 4.5. Then the gross cross-sectional area is calculated by
simply calculating the area of a circle. This value is then converted to a string to be shown in the

diameter textbox. Also the geometry integer is set equal to 1 to represent a circular cross-section.

4.3.9.4 “frmColumnProperties” event handler “txtBaseOfColumn_LostFocus”
The event handler will activate when the textbox for the base of the column loses focus. When it
does lose focus, the gross cross-sectional is calculated using the base and height of the column. First the

upper and lower limits of the base and height are defined using the “double.TryParse” method.

Afterwards, the height textbox is checked to see if the textbox is not null or empty which means
it checks to see if there was an input in the height textbox. If there was, then it will validate both the
height and base inputs using the procedure seen in Figure 4.5. If both are valid inputs and have been
converted to double float values, the gross cross-sectional area is calculated by determining the area of
a rectangle. The value is converted to a string and displayed in the gross area textbox. The geometry

integer is set equal to 2 to represent a non-circular cross-section.

4.3.9.5 “frmColumnProperties” event handler “txtHeightOfColumn_LostFocus”
The purpose of this event handler is the same as section 4.3.9.4 and the process is the same for
when the height of column textbox loses focus, but instead of checking the height textbox to see if it is
null or empty, the event handler will check the base textbox to make sure it is not empty or null. If it is
not, the same validation and calculates as discussed in section 4.3.9.4 take place. The reason for having
two different event handlers that run the same process is to make sure that no matter which value the

user inputs first, that the gross cross-sectional area is always calculated.
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4.3.9.6 “frmColumnProperties” event handler “btnContinue_Clicked”

For when the user clicks the Continue button (Figure 3.12), the event handler process is similar
to 4.3.7.1 and 4.3.5.1. The event handler first defines all local variables and upper and lower limits for all
inputs. The exposure radio buttons and fiber radio buttons are checked in the same manner as Figure
4.6 and all user inputs are validated using Figure 4.5 structure. The environmental reduction factor is
calculated using the “EnvironmentalFactor” method. Finally the form “frmColumnResults” is created and
all the new form’s required public variables for design purposes are defined. Afterward the new form

(see Figure 3.13) is shown as the current form is hidden.

4.3.10 “frmColumnResults”

The “frmColumnResults” form is to use the inputs from “frmColumnProperties” form to run the
design process for strengthening reinforced concrete columns (Figure 3.13). The layout of the window
form is similar as beams with initial checks, FRP layers, and Final checks group boxes. There are four
buttons on the window form: Back, Close, Calculate Results, and Continue. The Back and Close buttons
both function as all other Back and Close buttons in the application. The Calculate Results button is used
to begin the design process by calculating preliminary values and initial estimates of required FRP. The
Continue button is to be used after the user inputs the number of layers of FRP that will be applied, and

the event handler will then finish the design process by validating the capacity and all ACI requirements.

4.3.10.1 “frmColumnResults” event handler “btnCalculateResults”

When the user clicks the Calculate Results button, the initial design steps begin with first step
being determining the factored axial strength of the unconfined concrete column to be checked against
the minimum load requirements which is calculated by using the
“MinimulLoadCapacityOfUnstrengthenedColumn” method. The factored capacity of the unconfined

column is determined using the “UnstrengthenedCapacityOfUnstrengthenedColumn” method. With
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these values, the maximum allowable and actual strengthening of the column can also be calculated so
they can later be compared. These are determined by using the “MaxPercentActual” and

“MaxPercentAllowable” methods.

All of these values are then converted to strings and displayed in the corresponding textboxes in
the Windows Form so the user can see the calculated results of these methods. Then unconfined

capacity and the actual strengthening checked in the same procedure as 4.3.6.1.

The preliminary values for the FRP system is calculated using the “clsFRPsystem” class methods

to calculate the ultimate tensile strength and rupture strain as well as the modulus of the FRP.

Next the longitudinal steel reinforcement ratio and the FRP efficiency factor are calculated by
“AEAC” and “FRPEfficiencyFactor” methods to be used in determining the number of required layers of
FRP is needed to meet the required loading capacity. Before the “RequiredNumberOfLayers” method is
implemented, the event handler checks to see if the cross-section is non-circular, and if true, a diameter

is calculated using Eq. 2.24 because the method requires a diameter.

With a diameter, “RequiredNumberOfLayers” returns the value which is then converted to
string to be displayed to the user. Lastly, the event handler then checks to see if the two checkboxes for
minimum loading requirements and maximum allowable strengthening are both true. If so, the textbox

for entering the number of layers is enabled for the user.

4.3.10.2 “frmColumnResults” event handler “btnContinue_Clicked”
After the user inputs an integer in for the number of layers being applied and clicks the Continue
button, the event handler runs the final steps of the design process for strengthening reinforced

concrete columns.

124



First, the handler validates the entered number of layers. If the input is valid, then the integer
value given is converted to a double float, and the process for calculating the confined concrete column
capacity begins by first calculating the confined pressure of the column by using the “ConfinedPressure”
method. The confined pressure is needed for the “FactoredAxialCapacity” method used to determine
the capacity of the confined column. The returned value from the method is converted to a string and
displayed to the user. Then the capacity is compared to the required load capacity. Just like any other
comparisons during the design phase, the corresponding textbox is updated with information that the
column meets or does not met the required capacity while the checkbox is changed to true or false

depending on the outcome.

ACI has several requirements for confining concrete columns with FRP which included a
confinement ratio, compression strain limit, and concrete and steel stress limits. First, the event handler
recalculates the longitudinal steel ratio which is used in the method “ConfinementRatio,” then returns
to the event handler the confinement ratio of the confined concrete column. The compression strain of
the confined column is calculated using the “CompressiveStrainOfConfinedColumn” method. The
concrete stress and steel stresses are calculated using the “ConcreteStress” and “SteelStress” methods,
respectively. All these values are converted to strings and displayed in the window form. The allowable
stress levels of the concrete, 65% of the compressive strength of concrete, and the steel, 60% of the

yield strength of steel, are calculated and also displayed to the user.

All of these ACI requirements are then compared and informs the user of the outcome and
appropriate checkboxes are updated to reflect the outcome. The confinement ratio is checked to see if
it is greater than 0.08 as mentioned in ACI 440.2R-08. The compressive strain has to be less than 0.01 as
stated by Eq. 2.26. The concrete and steel stresses have to be less than the allowable stress levels as

mentioned above.
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The last check the event handler makes is to see if all the checkboxes are true. When this occurs
a message box pops up informing the user that the design met all requirements. Else, the message box

says the design has failed requirements and needs to be redesigned.

4.3.11 “frmBeamColumnProperties”

The beam-column form for collecting all the required properties and values is the
“frmBeamColumnProperties” form (Figure 3.14). Just like other properties forms, this form uses
textboxes for entering values and arranges these items in different group boxes for each type of
material or significant items. There is an additional group box for required loading which is for entering
the factored moment and factored axial required loading for the beam-column. Since the beam-column
path is not a design path, but rather a verification path, the application will not use the “frmLoading”
form to determining the maximum loading combination. Instead, the user will need to determine this

prior and input the values.

The geometric properties group box is identical to the same group box in the
“frmColumnProperties” form, and uses the same event handlers to calculate the gross cross-sectional
area depending on which radio button is selected. Please refer to Sections 4.3.9.1 through 4.3.9.5 for

the process of these event handlers.

Since this path is only for verification, a textbox for the number of layers is added to the FRP
properties group box because in order to verify a design is valid, the strengthening design must be

included.

There is also a change in the concrete properties. Usually the compressive strength is an input
value given by the user, but for beam-columns because of confined stress block parameters are

dependent on the compressive strength, and the methods used for finding the stress block parameter

126



are tailored to specific concrete compressive strengths, a drop down list is used to limit the user’s

selection. The drop down list has three strengths: 20.68 mPa, 27.57 mPa, and 34.37 mPa.

The steel properties group box combines the textboxes and need values from beams in flexure
and columns, but it also two unique list boxes which are connect to the distance of reinforcement and
the area of steel textboxes. In order to develop the interaction diagram for a beam-column, individual
layers of steel reinforcement must be known. So the textbox for distance is used for entering a layer’s
distance from the compression side of the concrete beam-column, while the textbox for area of steel is
used to input the area of steel for the current layer of steel reinforcement. There are event handlers for
these two textboxes to update the list boxes which show the list of distances and areas for each layer of

steel entered (Figure 3.15).

4.3.11.1 “frmBeamColumnProperties” event handler
“txtDistanceOfReinforcement_LostFocus”

So when the user takes the focus away from the distance of Reinforcement textbox, the event
handler will validate the inputs for the distance and area of steel and then add them to the
corresponding list boxes. First the upper and lower limits of the area of steel and distance are defined.
Then the area of steel textbox is checked to see if it is not null or empty, there saying that the user has
entered something in the textbox. Afterwards, using Figure 4.5 structure, the event handler validates
the area of steel and the distance entered. If both are valid, the distance is added to the list array
“distanceOfSteel” and the area is added to the list array “areaOfSteel.” Then the text from the two
textboxes is added to the items list of the list box to be displayed to the user in the windows form.
Lastly, the textboxes of the distance and area are cleared so the next layer can be entered and

processed (See Figure 3.15).
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4.3.11.2 “frmBeamColumnProperties” event handler
“txtAreaOfSteel_LostFocus”

This event handler does the same thing as described in section 4.3.11.1 expect instead of
checking to see if the textbox for the area of steel is null or empty, the event handler checks to the text
box for the distance of steel to see if the null or empty. If not, the process is what is described in section

4.3.11.1.

4.3.11.3 “frmBeamColumnProperties” event handler “btnContinue_Clicked”
The purpose of this event handler is to validate all the inputs and push the values into the next
form. The process is very similar to all other properties forms. For every textbox input, the structure

from Figure 4.5 is used to validate. For every radio button, the process from Figure 4.6 is used.

The environmental factor is calculated using the “EnvironmentalFactor” method. Next the form
“frmBeamColumnResults” is created and all the public variables are updated with the corresponding

input values. Finally the new form is shown while the current form is hidden.

4.3.12 “frmBeamColumnResults”

This form’s purpose is to generate the interaction diagram (Figure 3.16) to help verify a design
for beam-columns that have been strengthened. The interaction diagram shows the relationship of the
beam-column’s capacity for moments and axial loads. The form shows a key in the top right corner of

the diagram for the four different lines and the required loading point.

The window form has three buttons: Back, Close, and Show Results. The Back and Close buttons
event handlers act as all other back and close buttons throughout the application. The Show Results
button event handler generates the interaction diagram based on the inputs given in the

“frmBeamColumnProperties” form.
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4.3.12.1 “frmBeamColumnResults” event handler “btnShowResults_Click”
The “btnShowResults_Click” event handler generates the interaction diagram for the beam-
column by calculating six different values on the diagram, each representing a different failure mode,

and then plotting them with respect to a moment-axial load coordinate system.

First the event handler defines all local variables, which include eight predefined arrays for each
type of capacity which include strengthened, non-strengthened, factored, and non-factored moments
and axial loads. These arrays will assign values as the points are calculated and eventually used to plot

the interaction diagram.

Next, preliminary values that will be used throughout the plotting process are calculated. The
eccentricity factor is set equal to 0.8 if the reinforcement is ties or equal to 0.85 for spiral reinforcement.
The depth of the tensile steel is equal the difference between the height of the member and the clear
cover. The ultimate tensile strength and rupture strain is calculated by using the
“ultimateTensileStrengthOfFRP” and “UltimateRuptureStrainOfFRP” methods. The modulus of the FRP is
then calculated using the “ModulusOfFRP” method. The concrete stress block factor is determined by
using the “StressBlockFactor” method. The total area of steel is returned from the “TotalAreaOfSteel”

method and the effective strain limit is determined by the “StrainEffective” method.

The confined concrete strength, the confined pressure and the axial strain of the confined
concrete member are calculated using the “ConfinedPressure” and
“UltimateAxialCompressionOfConfinedConcrete” methods. The

“ConfinedConcreteCompressioveStrength” method is used to calculate the confined concrete strength.

With the concrete strength, confined concrete strength, and the compression strain, the stress
block parameters A and B are calculated using the “StressBlockParameterA” and

“StressBlockParameterB” methods to finish off all preliminary calculations.
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The first point to be calculated is Point A (See Figure 2.1) which represents the capacity of the
member when it undergoes pure axial loading. This will be plotted on the axial capacity axis, and
therefore, the all four moment arrays at index 0, are set equal to 0 while “PointA” method is used to
calculate the first values of the four axial arrays. It must be noted that in the “PointA” method, the input

for the check integer changes with each array.

The check integer represents which array is being calculated because the process is slightly
different for moment and axial loads when the member is factored and or strengthened. Therefore, 1 is
for strengthened axial. 2 is for factored strengthened axial. 3 is for non-strengthened, non-factored
axial. 4 is for factored non-strengthened. 5 is for strengthened moment. 6 is for factored strengthened
moment. 7 is for non-strengthened, non-factored moment. 8 is for factored non-strengthened moment.
Every time a point is calculated for all the arrays, the check integer will match the array so the method

knows which point is being calculated.

The second point is Point D (See Figure 2.1). Point D determines the capacity of the beam-
column by taking into account a load eccentricity due to imperfections in the construction or in the load

estimates. Method “PointD” is used to calculate the value for index 1 in all the arrays.

Point B (See Figure 2.1) is when the strain distrubtion on the extreme compression fiber is equal
to the ultimate concrete strain and the strain at the steel reinforcement closes to the tensile fiber is
zero. Method “PointBorC” is used and the input for the ultimate concrete strain is 0.003, and the

ultimate strain of the steel is equal to 0. Each array in index 2 is equal to Point B.

The next point, Point C (See Figure 2.1), assumes that strain distribution has the concrete
crushing and the steel yielding simultaneously. Therefore the concrete strain is equal to 0.003 and the
steel strain equal to the ultimate steel strain. The return value for Point C from “PointBorC” method is

set to index 3 for every array.
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Point E (See Figure 2.1) uses a fixed value of eccentricity. This means that the interaction
diagram uses a value of eccentricity that produces a 45 degree line that intersects the diagram. Method

“PointE” is used to accomplish this calculation and the value is place in index 4 of all the arrays.

The Last point, Point F (See Figure 2.1), is when the beam-column is experiencing pure flexure.
Therefore the strength reduction factor is set to 0.9, and all the axial loading arrays are equal to zero for
plotting purposes. Also, the interaction diagram for pure flexure does not consider FRP strengthening
according to ACI, thus only unconfined capacity is calculated using “PointF” method. The return value is

set to index 5 of the moment arrays, even the strengthened arrays so they can be plotted.

After all six points are calculated for every array, the event handler adds the required moment
and axial capacity to the chart. Next Point C and E are compared to each other because if the greater
axial capacity of the two needs to be plotted after the smaller one. So if Point C is less than Point E,

every value at index 3 and 4 are reversed in all arrays.

Finally, the interaction diagram is plotted using four for-loops: strengthened, factored
strengthened, non-strengthened, and non-strengthened and non-factored. The for-loop uses the

wsn

counter integer “i” and sets it equal to 0 so the loop starts with the first index of the array. The loop than

“wsn
|

adds a point to corresponding series to the chart for the index “i.” The for-loop will increase the value of
“i” by 1 until “i” is equal to or greater than the length of the array which is six. This allows for each item

in the array to be plotted.
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4.4 Traceability Matrix

The traceability matrix allows a quick glance on which forms and classes are correlated and how

dependent some classes are compared to others.
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clsOrginialsection
clsAxialColumnDesign
clsAxialColumnACIRequirements
clsInitialstrainOfBeam
clsFlexureFRPDesign
clsFlexure ACIRequirements
clsShearDesign

clsBeamCelumns

Validators.resx

>
3

E

Figure 4.6 Traceability Matrix
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Chapter 5 - Software Output

5.1 Introduction

In order to validate the developed methods, a comparison of outputs of the application
versus examples is shown in this chapter to demonstrate the use of the application and
consistency among answers. Examples were taken from a variety of sources and updated to
match the ACI 440.2R-08. Each comparison will show the required inputs for the design process
and the forms used to enter these values and to display the results. Also, the updated
computations for the examples will be discussed, and details of manual calculations of every

example can be seen in the associated appendix.

5.2 Strengthening Beams in Flexure
5.2.1 Example A

Example A is a rectangular reinforced concrete beam experiencing an additional 60% of the
current live loading, and strengthening is required [4]. Table 5.1 shows the input values needed to
complete the design process which includes geometric, steel, concrete, and FRP properties. Figure 5.1

displays these values within the appropriate form.

Table 5.1 Example A Inputs

Geometric Properties [4] Steel Properties [4] FRP Properties [4]
length [mm] 6300 Area of steel [mm~2] 850 FRP tensile strength [mPa] 2200
base [mm)] 300 yield strength [mPa] 413.68 FRP ultimate strain 0.011
modulus of steel
height [mm] 600 [mPa] 200000 ply thickness [mm)] 0.333
Moment of
Inertia mmA4] 5.40E+09 clear cover [mm)] 40 Fiber Carbon
Loading Requirements [4] Exposure Concrete Properties [4]
Dead Load [N-
mm] 6.7E+07 Interior Concrete Strength [mPa] 34.5
Live Load [N-
mm)] 8.34E+07
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=L

——— ]

Pleaze Input unfactored Loading Requirements
for the critical section of the member:

[ead Load: BE320000 M-rm
Live Load: 23350000 M-ram
Lateral Fluid

Pressure Load: ’07 N-mm
Show Load: ’07 H-rm
Rain Load: ,07 N-min
“whind Load: o N

E arthquake Load: |0 M-mm

Temperature,

Creep. ,7 4
Shrinkage load: o N-rnm
Soil Load: L M-mm

Live Roof Load: |0 M-
Back Cantinue

Geometric Properties

Length of Beam: 5300 mm
]ﬁ— mm

Height of Beam  [gnp

Base of Bean:

mrm

Moment of inertia (5400000000

before cracking: I

FRP Properties
Tensile Strength
of FRP: 12200

Pl thickness: | 333

MPa

Ultirnate Strair: | 011

Select Fiber Type:
(¢ Cabon © Glass © Aramid

Steel Properties.
Areaof Steel 1“850—‘ o
Modulus of Steel: (500000 e
‘Vield Strength;  |412.68 1Pa

40 o

Clear Cover.

Erposure Conditions

® Interior
Select expozure conditions: " Esterior

" Agaressive

Conecrete Properties -

Compressive
Strenath of M5 MPa
Concrete:
Back | Continug

Figure 5.1 Example A: Windows Application Inputs

Flexure Design and Results

Back

Initial Checks

Minimum Load Capacity: 435130500 N

Unstrengthened
factored load capacity: 170836100.215652 1y

|Meets minirurn loading reguirements. ¥

Maximum Strengthening: 56.336993542134 b4

Actual Strengthening: 250678041981582 5

Satizfies ACI aximum allowable Reinforement. "
Final Checks

M aximum Concrete Stress: 15.525 MPa

Acutal Concrete Stess: 14.3577712282 1pg

Calzulate Results |

FRP Layers

tinimurn Mumber of FRP
layers needed:

‘wiidth of ply:

Enter the Mumber
of Layers:

Fiequired Capacity:

Factored Moment Capacity:

for BSC assuming

: “Reminder:
2573 Eél,l:élng length of For WL,
enter less
200 layers than
mm BSC. For 55C
enker more
1 than layers
than BSC
213736000 N
|2231 40788.699111 K

WSC |Meets Required moment capacity.

b aximum Steel Stress: 330.344

Actual Steel Stress:

327211110907

- oo ]

11435

tPa b aximum FRP Stress: MPa

MPa Actual FRP Stress: 191.22889708 ppPa

[Mests allowable stress lavels. rd

[Mests allowsble strass lavels.

[ |Meets allowable stress levels. =

Figure 5.2 Example A Outputs
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After running the values through the application, the minimum number of layers needed to
achieve balanced strengthening configuration was 3.273 layers. The updated example solved by hand
also produced a value of 3.273 layers. One layer with a width of 200 mm was selected to continue the
design process and check all requirements. A comparison of the results is shown in Table. 5.2. This

example is updated with respect to [4] to meet current ACI 440.2R-08 pratices. See Appendix A for hand

calculations.

Table 5.2 Comparison of Example A outputs

Updated

Example Application | Difference
Required capacity 2.14E+08 2.14E+08 0.00E+00
Factored capacity 2.23E+08 2.23E+08 0.00E+00
actual concrete
stress 14.3577 14.357 7.00E-04
actual steel stress 327.311 327.302 9.00E-03
actual FRP stress 191.229 191.227 2.00E-03

5.2.2 Example B

Example B is a rectangular beam requiring strengthening to resisted the additional loading [6].
Table 5.3 provides the inputs from the updated example and will be used in the application. Figure 5.3
demonstrates these values in the window forms. This example is updated with respect to [6] to meet

current ACI 440.2R-08 pratices and by increasing the required loading. See Appendix A for hand

calculations.
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Table 5.3 Example B Inputs

Geometric Properties [6] Steel Properties [6] FRP Properties [6]
length [mm] 9140 Area of steel [mmA2] 2458 | FRP tensile strength [mPa] 1020
base [mm] 305 yield strength [mPa] 414 FRP ultimate strain 0.0129
height [mm] 660 modulus of steel [mPa] | 200000 ply thickness [mm] 0.144
Moment of Inertia mm~4] | 7.31E+09 clear cover [mm] 77 Fiber Glass
Loading Requirements [6] Exposure Concrete Properties [6]
Dead Load [N-mm] 3.78E+08 Exterior Concrete Strength [mPa] ‘ 27.6
Live Load [N-mm] 4.95E+08

Beam Properties

Geometic Properties

before cracking:

Select Fiber Type:
(" Cabon & Glass

Moment of inertia | 731 0000000

" Aramid

Length of Beam:  [g147 i
BassofBeam:  [305 .
HeightofBeam [gen

mm”4

FRP Properties
Tensile Strength
of FRP; 1020 MPa
Ply thickness: 44 o

Ultimate Strain: [ 0129

Steel Properties.

Area of Steel: 2453 -
Moduluz of Steet (200000 MPa
‘ield Strength,  |414 MPa
Clear Cover 77 mm
Exposure Conditions
" Interior
Select exposure conditions: &+ Ewterior
" Aggressive
Concrete Properties
Compressive
Strength of 276 MPa
Concrete:

Back

Continue

QE]E Loading Conditions

Fleaze Input unfactored Loading Requirements
far the critical section of the member:
Dead Load: ’W Nemm
Live Load: ’W Mo
Lateral Fluid
Pressure Load: |0 -mrim
Snow Load: a N-mm
Rain Load: a -mrim
Wwind Load: ’07 -mrim
Earthquake Load: ’07 M-mm
Temperature,
gﬁ;&age load: 0 hom
Soil Load: a -mrim
Live Roof Load: ’07 M-rm
Back

Figure 5.3 Example: B Window Form Inputs
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Back

Initial Checks

Minimum Load Capacity: 337508000 M

Unstrengthened
factored lnad capacity: 4B8815811.007522

M eets minimum loading requirements. ¥

96.5107461903486

o

Maximum Strengthening:

41.5131453382931

i

Actual Strengthening:

Satisies AC! avirmum allowable R einforement. i
Final Checks
I aximum Concrete Stress: 1242 MPa

Acutal Concrete Stress: 24.7145358847 ppa

Does not meet allowable stress levels. I~

Figure 5.4 Example B Outputs

Calculate Results

FRP Layers

Pirimumm Nurmber of FRP
layers needed:

\width of ply:

Enter the Number
of Layers:

Fiequired Capacity:

Factored Moment Capacity:

ME]
Close

for BSC azsuming

; "Reminder:
7 ngémg length of For WSC.
enter less
00 layers than
L BSC. For55C
enter more
5 than layers
than B5C
552436000 M
|522?58521 TE1547 M

|SSC |Does not meet required moment capacity.

- [

b aimurn Steel Stress: 2 MPa  Masimum FRF Stress: J64.65 MPa
Achual Steel Stress: 327202891070 1ips Actual FRP Stress: 138.02071783 tPa
|Meets allowable stress levels. v |Meets allovsable stress levels. "

The application suggests 3.763 layers to obtain balanced strengthening configuration while the

updated Example B suggest 3. 774. Five layers of FRP reinforcement was chosen to be applied with a

width of 300 mm. Table 5.4 shows calculated values for capacities and all required checks. Both the

application and the example have the beam not meeting the required capacity nor the maximum

allowable concrete stress.

Table 5.4 Comparison of Example B Outputs

Updated

Example Application | Difference
Required capacity 6.63E+08 6.63E+08 0.00E+00
Factored capacity 5.23E+08 5.23E+08 0.00E+00
actual concrete
stress 24,714 24714 0.00E+00
actual steel stress 327.198 327.203 -5.00E-03
actual FRP stress 138.019 138.021 -2.00E-03
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5.2.3 Example C

Example Cis an updated example of rectangular beam experiencing an increase of 50% of the
current live loading [3]. Table 5.5 shows the parameters of the example which are entered into the
application. Figure 5.5 and 5.6 shows the values in the application and the outputs. This example is

updated with respect to [3] to meet current ACI 440.2R-08 pratices. See Appendix A for hand

calculations.
Table 5.5 Example C Inputs
Geometric Properties [3] Steel Properties [3] FRP Properties [3]
length [mm)] 7315.2 Area of steel [mm~2] 1935.6 FRP tensile strength [mPa] 620.55
base [mm] 305 yield strength [mPa] 414 FRP ultimate strain 0.017
height [mm)] 610 modulus of steel [mPa] 200000 ply thickness [mm] 1
Moment of Inertia
mmA4] 5.77E+09 clear cover [mm] 64 Fiber Carbon
Loading Requirements [3] Exposure Concrete Properties [3]
Dead Load [N-mm] 1.00E+08 interior Concrete Strength [mPa] 34.5
Live Load [N-mm] 1.76E+08
= BEIE Beam Properties

Flease Input unfactared Loading Fequirements

far the critical section of the member: Geometiic Properties Steel Properties
Dead Load 100000000 M-mm Lenath of Beam: 73152 i Area of Steek 19356 2
Live Load: 176000000 e
Lateral Fluid Base of Beam:  [305 i Modulus of Steet [200000 MPa
Fressure Load: M-mm
Snow Load: M- Height of Beam 510 mm *ield Strength: 44 MPa
olLeatt HHm Moment of inertia 5770000000 —— "3“7
‘wind Load kg befare cracking: Clear Cover: .
E arthguake Load: M-mm

FRP Properties E xpozure Conditions

Temperature,

Creep, ,7 r
Shrinkage load: Nt
Soil Load: M-mm

Tensile Strength
e e MPa & Interior

Ply thickness: 1 - Select exposure condtions: " Ewteriar

Live Roof Load: ¥z Ulimate Shaire [o77 " Aggressive
Back Continue Concs;is:zszi:;es
. Strength of 345 MPa
Select Fiber Type: Concrete:

+ Cabon " Glass © Aramid
Back Continue

Figure 5.5 Example C: Windows Forms Inputs
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LB Flexure Design and Results

Back

Initial Checks

Calculate Results |

FRP Layers
for BSC aszuming

Minimum Load Capacit 242000000 N Mmlml?ﬂﬁﬂﬁiﬁf i ’W Eg:gng e EEFE\}EC?:
fachgrgérfon‘féhce;pzdcity: J61469350.382636 Widkh of pb: s mm gaggs':lzrag SC
,— enter more

tdeets minimum loading requirements. v E ntecrlftl'ljgyfigl?wber 2 EE:: Iéagecrs
Maimum 5 trengtheing: BR 9504132231405 - Required Capacity: |4EI1 £00000 M

Actual Shengthening: 11.1013045727607 = Factared Moment Capacity: |44EDD4DDS. 718649 N

S atizfies ACI aximum allowable R einforement. 7 |SSE |Meets Reguired moment capacity. v

Final Checks
Maximum Concrete Stress: 15.525 MPa b aimum Steel Stress: Iz MPa  Maximum FRP Stress: 24237375 Mpa

Acutal Concrete Shress: 20.0156286828 MPa  Actyual Steel Shess: 281171004855 \Pa Actual FRP Stess: 37617823102 ppa

Does not meet allowable stress levels. ol |Meets allowable stress levels. V |Meets allovable stress levels. rd

Figure 5.6 Example C Outputs

The application suggests using only 0.037 layers to meet BSC while the updated example also
gives a suggestion of 0.037. Two layers of FRP reinforcement was selected with a width of 305 mm. Both
the application and the example says the design does not meet the maximum allowable stress levels. A

comparison of the application outputs and the example can be seen in Table. 5.6.

Table 5.6 Comparison of Example C Outputs

Updated

Example Application | Difference
Required capacity 4.01E+08 4.02E+08 | -1.00E+06
Factored capacity 4.42E+08 4.42E+08 0.00E+00
actual concrete
stress 19.995 20.016 -2.10E-02
actual steel stress 280.89 281.171 -2.81E-01
actual FRP stress 37.551 37.618 -6.70E-02

139



5.2.4 Example D

Example D is a reinforced concrete rectangular beam that needs addition of strength because
the current level of live load was doubled [5]. Table 5.7 shows the loading and properties of the beam
and FRP reinforcement. Figure 5.7 and 5.8 displays these values in the application as well as the outputs
of the design. This example is updated with respect to [5] to meet current ACI 440.2R-08 pratices. See

Appendix A for hand calculations.

Table 5.7 Example D Inputs

Geometric Properties [5] Steel Properties [5] FRP Properties [5]
length [mm] 6700 Area of steel [mm~2] 2026.8 FRP tensile strength [mPa] 650
base [mm)] 381 yield strength [mPa] 414 FRP ultimate strain 0.017
height [mm] 610 modulus of steel [mPa] 200000 ply thickness [mm] 0.89
Moment of Inertia mm~4] 7.21E+09 clear cover [mm)] 64 Fiber Carbon
Loading Requirements [5] Exposure Concrete Properties [5]
Dead Load [N-mm] 9.01E+07 interior Concrete Strength [mPa] 38
Live Load [N-mm] 2.05E+08

f - [B]x]
Pleass Input unfactored Loading Hequwrerﬁents
J for the critical section of the member: Geometric Properties Steel Properties.
| Dead Load: 90100000 Nemm Length of Beam:  [g700 o Area of Steel: 2026.8 2
E Live Load: 205000000 Nemm
| Lateral Fluid Base of Beam: 387 . Modulus of Steel 200000 MPa
| Pressure Load |0 M-mm
E Snow Load: u M-mm Height of Beam  [g10 mm ‘ield Strength 414 MPa
Riain Load: 0 M-mm .
Moment of inertia ]?21 0000000 -
\iind Load: il e before cracking: Clear Cover: B4 mm
Earthquake Load: |0 M-rmm
Temperature, FRF Froperties Exposure Conditions
Creep, i Tensile Strength i
Shrinkage load: 4 Memm of FRF: 650 MPa &+ |nterior
hillnad ] i Ply thickness: a9 o Select exposure conditions: " Esterior
Live fioof Load: |0 N-rmrm Ultimate Straine [ 97 " Aggressive
Continue Concrete Properties
Compressive =
Strength of
Select Fiber Type: Eroenrlg[a; M

* Cabon " Glass O Aramid
Back Continue

Figure 5.7 Example D: Windows Form Inputs
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Flexure Design and Results

Back

Initial Checks

tinirurn Load Capacity: | 252850000 N

Unstrengthened
factored load capacity: 38GIEBTE.18EG4 |y

teets minimum loading requirements. i
b aimum Strengthening: 724748872834092 o
Actual Strengthening: 128133315241528 5
|5 atisfies ACI avimum sllowable Feinforernent. r
Final Checks

Mawimum Concrete Stress: 171 MPa

Acutal Concrete Stress: 16.97896980254 jpa

Meets allowable stress lewels. ~d

Calculate Results |

FRF Layers

Wi Number of FRP for BSC assuming

trrnr Murnber o layering length of
layers needed: 0.974 bglse e
“wfidth of ply: 3 mm
Enter the Mumber 1
of Layers:

Required Capacity: |435‘| 20000
Factored Maoment Capacity: |BE|55959I33.52?2B1

|SSC |Meets Required moment capacity.

i

Cloze

“Remitder:
For'wSC,
enter less
lapers than
BSC. For S5C
enter mare
than layers
than BSC

- G

bl aximum Steel Stress: 3312 MPa b aximum FRP Strezs: 333625 Pa
Actual Steel Streszs: 23333134461 P pctusl FRP Stress: 32413836234 pa
|Meets allowable stress levels. d |Meets allowable stress levels, 7

Figure 5.8 Example D Outputs

Both the application and the example suggest for 0.974 layers of FRP to reach BSC. To

demonstrate the application can handle larger number of layers than a few, 11 layers with a width of

381 mm were chosen. All requirements were met by the application and the updated example. Table

5.8 compares the output values.

Table 5.8 Comparison of Example D Outputs

Updated

Example Application | Difference
Required capacity 4.36E+08 4.36E+08 0.00E+00
Factored capacity 6.06E+08 6.06E+08 0.00E+00
actual concrete
stress 16.96 16.98 -2.00E-02
actual steel stress 233.084 233.336 -2.52E-01
actual FRP stress 32.366 32.413 -4.70E-02
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5.3 Strengthening Beams in Shear

5.3.1 Example E

Example E is a beam experiencing an increase shearing live load by 50% [4]. The parameters are

listed in Table 5.9. Figures 5.9 and 5.10 show these values in the form application and the outputs

generated. This example is updated with respect to [4] to meet current ACI 440.2R-08 pratices. See

Appendix A for hand calculations.

Table 5.9 Example E Inputs

Geometric Properties [4] Steel Properties [4] FRP Properties [4]
length [mm] 6300 Area of steel [mmA2] 141.7 FRP tensile strength [mPa] 3700
base [mm)] 300 Shear spacing [mm] 200 FRP ultimate strain 0.016
height [mm] 500 yield strength [mPa] 275.79 ply thickness [mm] 0.2
Moment of Inertia mm~4] 3.13E+09 modulus of steel [mPa] 200000 Fiber Carbon
Loading Requirements [4] clear cover [mm)] 40 Concrete Properties [4]
Dead Load [N-mm] 7.25E+04 Exposure Concrete Strength [mPa] 20.68
Live Load [N-mm] 5.67E+04 interior
T HEH
Fleaze Input unfactored Loading Requirements
for the critical section of the member: Geometric Froperties Steel Properties.
Dead Load: 72500 N Length of Bearn: ’53007 it Aea of Steel ]T‘ﬂ?i 2
Live Load: [T] N
X Spacing between
Lateral Fluid Base of Beam: 30a mm reinforcement: 200 i
Pressure Load: |0 M
S ’07 | Height of Beam ’&lﬂi o Moduluz of Steel: |200000 WP
% 0 e
fianiboad: 1 Moment of inertia. (3130000000 e Yield Strength; | 275.79 MPa
ditaad 0 N befaore cracking:
Clear Cover: 40 mn
Earthquake LDad:iD M
FRP Properties Ezposure Conditions
Temperature, Tensile Strenglh
ensile
gﬁﬁi’age load: 0 N of FRP: 3700 MPa * |nterior
Sl Load: 0 N Ply thickness: 00 o Select exposure conditions: " Exterior
Live Roof Load: |0 M Utirate Straire [ 76 " Aggressive
- Concrete Properties
QBaCk Compressive
: Strength of 2068 MPa
Select Fiber Type: Concrete:
* Carb " Gl " framid
A i el Back Cantinue

Figure 5.9 Example E: Windows Form Inputs
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Shear Design and Results

Back

Initial Checks

Mimimumn Load Capacity: |1 22275 W

Unstrengthened
factored load capacity: 145856.876481224

M aximum Strengthening: 45.3445103250863 o

Actual Strengthening: 21.8454722790374 o

Final Checks

M aximum Allowable shear reinforcement:

| 414158 740976864 N

|M eets minimumm loading requirements. d

|Satisfies AL aximum allowable Reinforement. i

Calculate Results

FRP Layers

Style of Wrapping?

" Complste

Width of wrapping: mm
Depth of “wWrapping: 300 mm

M ax Spacing
Allowed:

Spacing of FRP:
Angle of FRP:

Continous or Discontinous

Wiapping?
¢ 35ided " 2Sided * Continous ¢ Discantinous
Minirurn Mumber of Enter the Mumber
FRP layers needed: |1 of Layers:

—

Fequired Capacity: |49981.3?U2255305

i Cantinue |
mrn

Degrees

Shear reinforcement:

|165744.274196883

N

Shear Capaciy: | 75961 5552968834

|Meets required capacity.

|Meets A1 masimum allowable reinforcement.

Figure 5.10 Example E Outputs

The design was decided to be 3-sided continuous wrapping of the beam. Therefore, the depth of

the FRP to be applied to the side faces of the beam was selected to be 300 mm. The application and the

updated example both suggested 1 layer of FRP to meet the required shear capacity. Table 5.10

compares the example’s capacities and allowable shear reinforcement to the application’s outputs.

Table 5.10 Comparison of Example E Outputs

Updated

Example Application | Difference
Required capacity 4.99E+04 5.00E+04 | -1.00E+02
Factored capacity 7.59E+04 7.59E+04 0.00E+00
actual reinforcement 1.66E+05 1.66E+05 0.00E+00

5.3.2 Example F

Example F is a rectangular concrete beam needing shear strengthening [6]. The loading

requirements and all properties of the beam are located in Table. 5.11. Figures 5.11 and 5.12 show these

properties in the window forms application and outcome of the parameters. This example is updated
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with respect to [6] to meet current ACI 440.2R-08 practices and the required loading was increased. See

Appendix A for hand calculations.

Table 5.11 Example F Inputs

Geometric Properties [6]

Steel Properties [6]

FRP Properties [6]

length [mm] 7620 Area of steel [mm~2] 258 FRP tensile strength [mPa] 3481.9
base [mm)] 356 Shear spacing [mm] 355.6 FRP ultimate strain 0.0153
height [mm] 762 yield strength [mPa] 414 ply thickness [mm] 0.254
Moment of Inertia mm~4] 1.31E+10 modulus of steel [mPa] 200000 Fiber Carbon
Loading Requirements [6] clear cover [mm)] 40 Concrete Properties [6]
Dead Load [N-mm] 2.44E+04 Exposure Concrete Strength [mPa] 27.6
Live Load [N-mm] 3.81E+05 interior

Flease [nput unfactored Loading Requirements
far the critical section of the member:

Dead Load: ’W N
Live Load: Eéﬁﬁ— N
Lateral Fluid

Pressure Load: [0 N
Snow Load: a N
Rain Load: a i}
wind Load: a N
E arthquake Load:fﬁ— M
Temperature,

gﬁi&age laad: u N
Soil Load: [D— i
Live Roof Load: lD—‘ N

Back Cantinue

Geometric Properties

Length of Beam:  [7520
=
Height of Beam [féi—
Mament of inertia 13100000000

befare cracking:

Base of Beam:

~FRP Properties

TenglfeF%t'r:Ength ETT
Ply thickness: 254

Ultirnate Strair: - | 0153

Select Fiber Type:

& Cabon (" Glass © Aramid

mm

Steel Properties.

Area of Steel:

268
3566

200000

—

Spacing between
reinforcement:

Moduluz of Steel:

*ield Strength:
Clear Cover:
Ezposure Conditions

{* |nterior

Select exposure conditions " Ewterior

" Aggressive

Concrete Properties

Caompressive
Strength of
Concrete:

| Back

276

MPa

Cantinue

Figure 5.11 Example F: Windows Form Inputs
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BEIES
Back Calculate Results Cloze

Initial Checks FRP Layers
Style of Wrapping? Continous or Discontinous
ing?
Finimum Load Capacity:  {212590 N A
e barastiarad @ Complete © 3Sided ¢ 2Sided " Continous  © Discontinous
nstrengthene:
factored load capacity: [331442. 364174858
e ; : Wwidth of ing. |305 Mirimum Mumber of Enter the Number
|Meets minimum loading requirements. v 1ath af wrapping i FRP Iy iendoc |8 it 2
M asimum Strengthening: 104 382737771522 5 Denth of Wrapplng: Il Required Capacity: |431 430 57653669 M
927571464344 261 Kllﬂé%?cmg — S
Actual Strengthening: : 4 Spscing of FRP: 400 s Shear Capacity: |53?389.95825E|98 H
Satizfies AC| aximum allowable R einforement. I Angle of FRP: 90 Degrees |Meets required capacity. [
Final Checks
Mawimurn Allowable shear reinforcement: Shear reinforcement:
|891 221.535207707 N | 754237 965249858 N [Mets ACI mavimum allawable reinforcemert. ¥

Figure 5.12 Example F Outputs

This example uses complete discontinuous wrapping scheme to strengthen. The width of the
FRP was 305 mm. The angle of application of the FRP was 90, and the spacing of the FRP strips was 400

mm. The application and updated example both suggest using 2 layers. Table 5.12 shows the results.

Table 5.12 Comparison of Example F Outputs

Updated

Example Application | Difference
Required capacity 4.31E+05 4.31E+05 0.00E+00
Factored capacity 5.37E+05 5.37E+05 0.00E+00
actual reinforcement 7.54E+05 7.54E+05 0.00E+00

5.3.3 Example G

Example G is a rectangular beam with increased shear live loading [3]. Table 5.13 displays the
parameters in terms of properties and loading. The parameters can be seen entered into the application
in Figures 5.12 and 5.13. This example is updated with respect to [3] to meet current ACI 440.2R-08

pratices. See Appendix A for hand calculations.
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Table 5.13 Example G Inputs

Geometric Properties [3] Steel Properties [3] FRP Properties [3]

length [mm] 4000 Area of steel [mmA2] 113.14 FRP tensile strength [mPa] 3481.9

base [mm] 381 Shear spacing [mm] 200 FRP ultimate strain 0.0153

height [mm] 635 yield strength [mPa] 275.79 ply thickness [mm] 0.254

Moment of Inertia mm~4] 8.13E+09 modulus of steel [mPa] 200000 Fiber Carbon

Loading Requirements [3] clear cover [mm] 76.2 Concrete Properties [3]

Dead Load [N-mm] 9.20E+04 Exposure Concrete Strength [mPa] 20.68

Live Load [N-mm] 1.30E+05 interior

[Please Input unfactored Loading Requirements
| fior the critical section of the member: ~ Geometric Propertiss - Steel Propertiss.
Dead Load: 192000 ; .
M Length of Beam: {4000 i Area of Steel: 11314 B
Live Load: 11 20000 N .
Lateral Fluid Base of Beam: aa it S?;ﬁ}g?cgﬁg;?n ]2DD mm
Pressure Load: ]D M
]D : Moduluz of Steet [200000

Snow Load: N Height of Beam (35 i MPa
Rain Load: iD M .

Moment of inetia 5130000000 B Yield Strength;  |275.79 MPa
wind Load: 10 N before cracking:

Clear Cover: 762
Earthquake Load:iﬂ N SR A
Temperature, |~ FRF Froperties - 7| Exposure Conditions  —
Creep, I— Tensile Strength -
Shiinkage load: 1 i of FRP. | |3481.9 MPs @ Interor
Soil Load: !U N Fly thickness: 254 e Select exposure conditions: ™ Exterior
iRl iD N Ultimate Strain: [ 0153 [ O Aggressive
Back T — Concrete Properties
Compressive 8
Strength of ] .
Select Fiber Type: Croenncg[aeo: Hia
o P S L : |
! Back Continue

Figure 5.12 Example G: Windows Form Inputs
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Shear, Design and Results

Back

Initial Checks

Minirnum Load Capacity:  [{98700 N

Unstrengthened
factored load capacity: 186408 284306283

|Does hot meet minimum loading requirements. ]

aximum Strengthening: B0 2415702063412 o

Actual Strengthening: 7OB07B5876MBIS =

| &
Final Checks

Mazimum Allowable shear reinforcement;

[ N

Calculate Resuls

FRP Layers
Style of Wrapping?

" Complete ¢ 3-Sided

‘width of wrapping:  |309 mm
Depth of Wiapping: 406.4 T

mm

mm
ELL Degees

Max Spacing
Allowed:

Spacing of FRP:
Anale of FRP:

Shear reinforcement:

+ 2-Sided

Cloze

Continous or Discontinous
“Wiapping?

(" Continous ™ Discontinaus

Minirurmn Murmber of
FRP layers needed:

Enter the Mumber
of Layers:

Fequired Capacity: | M

Shear Capacity: | M

| I
=

Figure 5.13 Example G Outputs

The application and the updated example agree that the minimum loading capacity was not

met. Therefore, the application does not allow the user to continue the design and the strengthen

capacity and the maximum allowable shear reinforcement are not calculated and can’t be compared to

the example which does calculate those values even though the beam does not satisfy the ACI’s

minimum load capacity. Table 5.13 shows the available outputs.

Table 5.13 Comparison of Example G Outputs

Updated

Example Application
Required capacity 2.07E+05 N/A
Factored capacity 1.42E+05 N/A
actual reinforcement 2.29E+05 N/A

5.4 Strengthening Columns in Pure Axial Compression

5.4.1 Example H

Example H is a circular column experiencing a 50% increase in live loading in pure axial

compression [4]. Table 5.14 displays the all required parameters of the problem. The parameters can
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also be seen in Figure 5.14 which shows the values as inputs in the application. Figure 5.15 displays the

outputs of the application.

Table 5.14 Example H Inputs

Geometric Properties [4] Steel Properties [4] FRP Properties [4]
length [mm] 5000 Area of steel [mmA2] 1061 FRP tensile strength [mPa] 3300
diameter [mm)] 450 yield strength [mPa] 275 FRP ultimate strain 0.016
base [mm)] 0 modulus of steel [mPa] 200000 ply thickness [mm] 0.25
height [mm] 0 Reinforcement style Sprial Fiber Carbon
Loading Requirements [4] Exposure Concrete Properties [4]
Dead Load [N-mm] 9.50E+05 interior Concrete Strength [mPa] 27.57
Live Load [N-mm] 1.28E+06

|Please Input unfactored Loading Requirements
for the critical section of the member:

Dead Load: 950000 N
Live Load: 1280000 N
Lateral Fluid

Pressure Load:

Snow Load:
Rain Load: ]D N
wind Load: 0 N

Earthquake Load:lD M
Temperature,

Creep, ,—'
Shrink.age load: 0 N

Soil Load: [o N
Live Roof Load: |0 N

Back

Geometric Properties

Lenath of Calurnn: (5000 —

Select shape of

colum: & Circular ¢ Rectangular
Diameter: ]4507 .

Baze of Column: | o
Height of Calumn |1 .

Gross cross- 159043.1280873583 o~
sectional area; mm”2
[~ FRP Properties

Tenzile Strength
o FRP. |3300 MPa
1.25 T

Ultimate Strain: | 016

Fly thickness:

Select Fiber Type:
o Cabon O Glass O Aramid

- Steel Properties.

Area of Steel: 1061 -
Modulus of Steel: |200000 WMPa
Yield Strength: 279 MPa
Select style of { Tie
reinforcement. 5 S
-~ Expogure Conditions
7 Irteior
Select expozure conditions ' Euterior
" Agmessive
1 Concrete Properties
Compressive
Strength of 2757 MPa
Concrete:

| Back

Figure 5.14 Example H: Windows Form Inputs

148

Cantinue



Back

Calculate Results

Initial Checks

FRF Layers

Minirmurn Number of FRP

WEE
Cloge

Minimurn Load Capacity: (2005000 N layers needed: 2
Unstrengthened ’—
factored load capacity: 2B4B17REFIREA3 5 ntifttg}ﬁ@.‘he{ z
|Meets minimum loading requirements. 3 Required Capacity: |31 22000 N
- i |99.0024937E5586 -
Marimurn Strenathening: = Factored Axial Capacity: 13488283. 96422184 N
Actual Strengthering: 25.2071938658052 5
S atisfies AC| asimumn allowable Reinfarement. w |Meets Fequired Load Capacity. I~
Final Checks

17.9205

Minimurn Lewvel OF Confinement: 0.0a LM G S Al
Lewvel of Confinement: 0.12435013304001 Concrete Shess: 13.3863004532269  pypy
|Does meet minimum level of confinement. " |Meets allowveable stress limits. r
Maximum CompressiveStrain: 0.m Maximum Steel Stress: 165 WPa
':°E“D°r:ﬁr§§'§ %gﬂmﬁ” 0.00840318375931 Cheel Shress: 108 491019394855 Py
|Meets allowable compressive strain. T~ |Meets allowe stress limits. 3

Figure 5.15 Example H Outputs

The example and the application suggest using 2 layers of FRP to meet the required loading
capacity. The minimum confinement ratio, maximum compression strain, and concrete and steel stress
levels all meet requirements in the application and the updated example. Table 5.15 shows a

comparison of the calculated results.

Table 5.15 Comparison of Example H Outputs

Updated

Example Application | Difference
Required capacity 3.18E+06 3.19E+06 | -1.00E+04
Factored capacity 3.47E+06 3.47E+06 0.00E+00
Confinement Ratio 0.124 0.124 0.00E+00
Confined concrete
strain 0.0084 0.0084 0.00E+00
Concrete Stress 13.357 13.386 -2.90E-02
Steel Stress 108.248 108.491 -2.43E-01
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5.4.2 Example |

Example | is also a circular concrete column that needs strengthened to support the increase of

loading [3]. All the required properties and loading combinations are located in Table 5.16. Figures 5.16

and 5.17 display the properties and loading combinations entered in the application and the outputs of

the application. This example is updated with respect to [3] to meet current ACI 440.2R-08 pratices. See

Appendix A for hand calculations.

Table 5.16 Example | Inputs

Geometric Properties [3]

Steel Properties [3]

FRP Properties [3]

length [mm] 4000 Area of steel [mm~2] 7045 FRP tensile strength [mPa] 3792
diameter [mm)] 508 yield strength [mPa] 414 FRP ultimate strain 0.0167
base [mm)] 0 modulus of steel [mPa] 200000 ply thickness [mm] 0.1651
height [mm] 0 Reinforcement style Sprial Fiber Carbon
Loading Requirements [3] Exposure Concrete Properties [3]
Dead Load [N-mm] 1.42E+06 interior Concrete Strength [mPa] 27.6
Live Load [N-mm] 2.56E+06
Flease In_pul unfa;lnred Loading Requirements
for the critical section of the member Geometric Properties Steel Properties.
DeadLoad: 1420000 N Length of Column: {000 — Area of Steel 7045 2
Live Load: REO000 N Sl i
Lateral Fluid Eegolflm?ﬁan & Dircular " Fiectangular Maduluz of Steel: [300000 MPa
Pressue Load: |0 N
,07 Diameter, [0 i
Sl N Yield Strength:  |414 MPa
Rain Load: g N Baze of Column:
'07 i Select style of " Tie
‘Wind Load: N Height of Column o teinfarcement. o Sprial
Earthquake Load:|0 M
Temperatre, sgéﬂéiacf?;; 202682, 391638939z Exposure Conditions
Creep, o ;
S;':\?w?ﬂage load: Y i FRP Fioperties O Interior
Tensile Strength
callinad 1] N EnﬂfEFF!;ng 3792 MPa Select expozure conditions: &+ Exterior
Live Roof Load: |0 N Pl thickness ’15517 i " Aggressive
Back Eoni Ultimate Strain: ’7 Concrete Properties
EL ontinue 01E7 Bompre e
Select Fiber Type: stength of 278 HPa
' Concrete

& Cabon © Glass ¢ Aramid

Back Cantinue

Figure 5.16 Example I: Windows Form Inputs
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F"nf PR AR P [ a E@.i
Back Calculate Results Close
Initial Checks FRP Layers
Finimurn Mumber of FRP
Mirimum Load Capacite  [3a52000 N layers nesded: 3
Unstrengthened
factored load capacity: 4785264 51845456 Ente;ftt:yl:gnber 3
|Meets rinimurn loading requirements. "2 Fequired Capacity: |EBDDDDD N
; g (BE.ET09362435382 -
H=nun Sisrathening: = Factored izl Capacly:  |5934143 63558814 §
Actual Strengthening: 21.2054208338736 o
|Satisfies AL avirmum allowable Reinforement. [ |Meets Flequired Load Capacity. "
Final Checks
i . 17.94
Minimum Level OF Canfinement: n.os R AT 2 RS Al
Level of Confinement: 0.12524334782605 Concrete Stress: 15.7438085563583  pp,
|Does meet minimum level of confinement. i |Meets allowable stress limits, v
Maximum CompressiveStrain: 0.01 M aximum Steel Stress: 2484 MPa
Compressive Stiain on [ nopE4g1 3928851 S teel Stress: 127.571252673501 P
|Mests allowabls compressive strain. 3 |Mests allaw stress limits. I

Figure 5.17 Example | Outputs

Three layers of FRP were suggested to meet the required capacity by both the updated example
and the application. Also, all the requirements for capacity and ACl serviceability were met by both. A

comparison of these values can be seen in Table 5.17.

Table 5.17 Comparison of Example | Outputs

Updated

Example Application | Difference
Required capacity 5.81E+06 5.80E+06 1.00E+04
Factored capacity 5.93E+06 5.93E+06 0.00E+00
Confinement Ratio 0.125 0.125 0.00E+00
Confined concrete
strain 0.009 0.00854 4.60E-04
Concrete Stress 15.771 15.75 2.10E-02
Steel Stress 127.745 127.571 1.74E-01
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5.4.3 Example J

Example J is a rectangular concrete column with an increase loading causing a need for

strengthening using FRP [6]. The properties of the column and the loads are in Table 5.18. The values are

also entered in the application in Figure 5.18. Figure 5.19 displays the outputs of the application. This

example is updated with respect to [6] to meet current ACI 440.2R-08 pratices and increased required

loading. See Appendix A for hand calculations.

Table 5.18 Example J Inputs

Geometric Properties [6]

Steel Properties [6]

FRP Properties

length [mm] 5000 Area of steel [mm~2] 6774.6 FRP tensile strength [mPa] 3300
diameter [mm)] 0 yield strength [mPa] 414 FRP ultimate strain 0.016
base [mm)] 508 modulus of steel [mPa] 200000 ply thickness [mm] 0.25
height [mm] 571.5 Reinforcement style Tie Fiber Carbon
Loading Requirements Exposure Concrete Properties [6]
Dead Load [N-mm] 5.67E+05 interior Concrete Strength [mPa] 27.6
Live Load [N-mm] 2.78E+06
= - [O1x] =
Fleaze Irjput unfac_:tored Loading Hequirements
for the ciitical section of the member: Geometric Properties Steel Properties.
Dead Load: : .
567000 N Length of Column: [5o00 i Area of Steel: B774.6 ez
Live Load: 2780000 N Select sh f
Lateral Fluid oy Cicular © Rectangulr Modulus of Steel: [200000
Pressure Load: 1”0 M
107 Diameter: o
Snow Load; N Yield Strength:  |414
; ; a :
Rain Load: M Baze of Columr:  [505 i & Tis
0 Select style of
“ind Load: M reinfarcement; :
Height of Column {571 5 e € Spial
Earthquake Load: |0 M G
ross cross- [290322 - o
Temperature, sectional area:; mm 2 Exposure Condtions
Creep, r_____________ -
Sﬁ;iage lead: 0 H FRP Properties " |ntetior
Tenzile Strength
Soil Load: 1] N of FRF: 3300 MPa Select exposure conditions: + Exterior
Live Roof Load: |0 N Ply thickness: ’257 o " Agoressive
T Conti Ultimate Strain: [075 Concrete Properties
Bk | _Conie| .
4 : Strength of .
Select Fiber Type; Coraiite:
@ Cabon © Glasz © Aramid
Back

Contire

Figure 5.18 Example: J Windows Form Inputs
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Back Calculate Results Cloze
Initial Checks FRP Layers
Mirirmum Nurnber of FRF
Mirimurn Load Capacity:  [2708700 N layers needed: 3
Unstrengthened
factored load capacity: 4317487.33008 M Enteorrtl'ljzyr::,lslznher 3
|Meets mmirimum loading requirements. = FRequired Capacity: |51 2400 N
i i |B9330E7EZIEEDT .
blaninsiengthenio = Factored Asial Capaciy | 5216883 84438212 1
Actual Strengthening: 4.28003331646343 5
|Satisfies AL aximum allowable Reinforement. G |Meels Required Load Capacity. WV
Final Checks
: : 17.94
Minimum Lewel Of Confinement: n.oa MaRETAT it sld e [
Level of Corfinement: 0.10385287083022 Concrete Stress: 5.83005631300103 P,
Does meet minimum level of confinement. I |Meets alloweable stress limits. =
Marimur CompressiveStrain: 0.0 M aximurn Steel Stress: 248 4 MPa
E°E“Oﬂﬁ§§'§%§mﬁ°“ 0.00450098822510 i 80.10808705597459  14pa
Meets allowable compressive strain, = |Meets allows stress limits. "

Figure 5.19 Example J Outputs

The example and the application suggest using 3 layers to meet the required capacity. Using 3
layers, all required capacities and serviceability limits were met by the updated example and the

application outputs. These values can be seen in Table 5.19.

Table 5.19 Comparison of Example | Outputs

Updated

Example Application | Difference
Required capacity 5.13E+06 5.13E+06 0.00E+00
Factored capacity 5.22E+06 5.22E+06 0.00E+00
Confinement Ratio 0.11 0.1096 4.00E-04
Confined concrete strain 0.0046 0.0046 0.00E+00
Concrete Stress 9.89 9.89 0.00E+00
Steel Stress 80.108 80.108 0.00E+00
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5.5 Strengthening Beam-Columns
5.5.1 Example K

Example K is a concrete column experiencing axial and moment loading. Tthe given
strengthening design must be verified by creating an interaction diagram for the column [4]. Table 5.20
shows all the parameters of the example. Figure 5.20 displays these values in the application while

Figure 5.21 is the interaction diagram produced by the application.

Table 5.20 Example K Inputs

Geometric Properties [4] Steel Properties [4] FRP Properties [4]
length [mm] 5000 Distance of Steel [mm] | 40, 185,315,460 | ' ten[sr:i :]tre”gth 3792
diameter [mm] 0 Area of steel [mmA2] 1520’113% 760, FRP ultimate strain 0.0166
base [mm] 500 yield strength [mPa] 414 ply thickness [mm] 0.333
height [mm)] 500 modulus of steel [mPa] 200000 number of layers 3
Loading Requirements [4] Reinforcement style Tie Fiber Carbon
Factored Axial Load [N] 5.20E+06 clear cover [mm)] 40 Concrete Properties [4]
Factored Moment [N- Concrete Strength
mm)] 4.50E+08 Exposure [mPa] 27.6
exterior

154




=1 Beam-Column Properties

~ Geometic Properties

Length of member; I5UUU mm

Select shape of
member:

© Cicular ™ Rectangular

IIII rmrn

500

Diamneter:

Base of member:
mm

Height of member |5[|[| o
Gross cross- 50000 e

sectional area;

— FRP Properties
Tenszile Strength l—
of FRF: i MPa
Ply thickness: 333

T

Ultimate Strair: mee
Mumber of Layers: |3—

Select Fiber Type:

@ Cabon  Glass ¢ Aramid

— Concrete Properties

Compressive
Strength of I2?-5? :l' MPa
Concrete:

— Required Loading

Factored koment Loading: 450000000

5200000 M

Factored Axial Loading:

M-mm

~ Steel Properties.

Distance of

reinforcement:
Modulus of Ste

‘ield Strength:

ClearCover

reinforcement to | i

Compressnn side

Area of Steel I 2
Distance [mm]  Area [mm™2]
List of an
comesponding | 185
distance and 15
area of steel 460

Select ranserce

@ Tie O Spial
<l 200000 MPa
414 MPa

40 o

—Expozure Conditions

Select exposure conditions:

 Interior
& Exterior

 fooressive

Back

Continue |

Figure 5.20 Example K: Windows Form Inputs

Interaction Diagram for Beam-Columns

Back

Hecial Capacity [M]

Show Reults

Clase |

3000000 *  RequiredLoading
Strengthened
= Factored Strengthened
—— Unstrengthened
Factored Unstrengthened
£000000
—
4000000
X
2000000
7
/ /
P 4
e
o
0.0D0DO0E+D0D 2.000000E+008 4.000000E+008 6.000000E+008

Moment Capacity [N-mm]

Figure 5.21 Example K: Interaction Diagram
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The verification process for Example K produces six critical points on the interaction diagram for
four different lines: nominal and factored axial capacity, strengthen nominal and factored axial capacity,
nominal and factored moment capacity, and strengthen nominal and factored moment capacity. Table
5.21 compares the values of these six points from the updated example to the application outputs. This

example is updated with respect to [4] to meet current ACI 440.2R-08 pratices. See Appendix A for hand

calculations.
Table 5.21 Comparison of Example K Outputs
Point A Point D | PointB Point C Point E Point F
Ph Example 6.12E+06 | 6.12E+06 | 5.63E+06 | 2.79E+06 | 4.85E+06 | 0.00E+00
Application | 6.11E+06 | 6.12E+05 | 5.63E+06 | 2.79E+06 | 4.85E+06 | 0.00E+00
oOPn Example 3.97E+06 | 3.97E+06 | 3.66E+06 | 1.81E+06 | 3.16E+06 | 0.00E+00
Application | 3.97E+06 | 3.97E+06 | 3.66E+06 | 1.81E+06 | 3.15E+06 | 0.00E+00
Pstrn Example 6.55E+06 | 6.55E+06 | 6.69E+06 | 4.01E+06 | 5.69E+06 | 0.00E+00
Application | 6.55E+06 | 6.55E+06 | 6.70E+06 | 4.04E+06 | 5.79E+06 | 0.00E+00
OPstrn Example 4.26E+06 | 4.26E+06 | 4.35E+06 | 2.60E+06 | 3.70E+06 | 0.00E+00
Application | 4.26E+06 | 4.26E+06 | 4.36E+06 | 2.62E+06 | 3.76E+06 | 0.00E+00
Mn Example 0.00E+00 | 3.06E+08 | 3.90E+08 | 6.43E+08 | 4.86E+08 | 2.79E+08
Application | 0.00E+00 | 3.06E+08 | 3.90E+07 | 6.43E+08 | 4.98E+08 | 2.74E+08
OMn Example 0.00E+00 | 1.99E+08 | 2.54E+08 | 4.18E+08 | 3.16E+08 | 2.51E+08
Application | 0.00E+00 | 1.99E+08 | 2.54E+08 | 4.18E+07 | 3.16E+08 | 2.46E+08
Mstrn Example 0.00E+00 | 3.27E+08 | 4.41E+08 | 7.23E+08 | 5.72E+08 | 2.79E+08
Application | 0.00E+00 | 3.27E+08 | 4.41E+08 | 7.24E+08 | 5.80E+08 | 2.74E+08
Mstrn Example 0.00E+00 | 2.13E+08 | 2.87E+08 | 4.70E+08 | 3.72E+08 | 2.51E+08
Application | 0.00E+00 | 2.13E+08 | 2.87E+08 | 4.71E+08 | 3.77E+08 | 2.46E+08

5.5.2 Example L

Example L is a rectangular column undergoing axial compression and bending [3]. The
strengthening design must be verified using an interaction diagram. The example properties and other
parameters are located in Table 5.22. Figure 5.22 also shows these values entered into the application.

The interaction diagram produced by the application can be seen in Figure 5.23. The six critical points of
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the interaction diagram for the updated example and the application calculated is compared in Table

5.23. This example is updated with respect to [3] to meet current ACl 440.2R-08 pratices. See Appendix

A for hand calculations.

Table 5.22 Example L Inputs

Geometric Properties [3] Steel Properties [3] FRP Properties [3]
. FRP tensile strength
length [mm] 5000 Distance of Steel [mm] 76.2,279.4 mpal g 3792
diameter [mm] 0 Area of steel [mm~2] 2013, 2013 FRP ultimate strain 0.017
base [mm] 305 yield strength [mPa] 414 ply thickness [mm] 0.1
height [mm] 355.6 modulus of steel [mPa] 200000 number of layers 3
Loading Requirements [3] Reinforcement style Tie Fiber Carbon
Factored Axial Load [N] 5.20E+05 clear cover [mm] 76.2 Concrete Properties [3]
Factored Moment [N-
mm] [ 4.50E+07 Exposure Concrete Strength [mPa] 34.5
interior
Beam:-Column Properties g@@
Geometric Properties Steel Properties.
Length of member: 3000 mm Distance of
reinfarcement to -
i
Seln?ncérsnl*';:ﬁe LI Circular ™ Rectangular =SS
ik Area of Steal: 2
mm
Distance [mm]  Area [mm”™2]
Baze of member: |05 mm List of . %53 ]
conesponding | 279.4 2013
Height af member: {255 5 - :'[Set:r;?zt:r;?
Gross cross-
sectional area: 108453 rarn”2
FRP Properties
Tenzile Strength ,7 Select b
of FRF: ik MPa re?n?ocrc:':::t[:se * Tie ¢ Spral
Py thickness: A mmm Madulus of Steel: (700000 MPa
Ultimate Strair: 017 Yield Strength;  [414 MPa
ClearCover: 40 .
Mumber of Layers: 3
Select Fiber Type: Expozure Conditions
¢ Cabon O Glass © Aramid " Interior
Concrete Properties Select exposure conditions: (™ Exteriar
Compressive
Strength of 34.47 ¥l MPa ™ Aggressive
Concrete:
Required Loading
Factored Moment Loading: 45000000 M-rar Back Cantinue
Factored Axial Loading: 520000 M

Figure 5.22 Example L: Windows Form Inputs
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Interaction Diagram for Beam-Columns

Back Show Reults Close

4000000 * ReguiredLoading
Strengthened

—— Factored Strengthened

— Unstrengthened
Factored Unstrengthensd

3000000

2000000

Aocial Capacity [M]

1000000

0
0.000000E+000  5.000000E+007  1.000000E+008  1.500000E+008  2.000000E+008  2.500000E+008  3.000000E+008

Moment Capacity [N-mm]

Figure 5.23 Example L: Interaction Diagram

Table 5.23 Comparison of Example L Outputs

Point A PointD | PointB Point C Point E Point F
Ph Example 3.78E+06 | 3.78E+06 | 2.83E+06 | 1.00E+06 | 2.41E+06 | 0.00E+00
Application | 3.78E+06 | 3.78E+06 | 2.83E+06 | 1.00E+06 | 2.41E+06 | 0.00E+00
oOPn Example 2.46E+06 | 2.46E+06 | 1.84E+06 | 6.50E+05 | 1.57E+06 | 0.00E+00
Application | 2.46E+06 | 2.46E+06 | 1.84E+06 | 6.50E+05 | 1.57E+05 | 0.00E+00
Pstrn Example 3.84E+06 | 3.84E+06 | 3.11E+06 | 1.40E+06 | 2.59E+06 | 0.00E+00
Application | 3.84E+06 | 3.84E+06 | 3.11E+06 | 1.39E+06 | 2.64E+06 | 0.00E+00
OPstrn Example 2.50E+06 | 2.50E+06 | 2.02E+06 | 9.11E+05 | 1.65E+06 | 0.00E+00
Application | 2.50E+06 | 2.50E+06 | 2.02E+06 | 9.06E+05 | 1.72E+06 | 0.00E+00
Mn Example 0.00E+00 | 1.35E+08 | 2.17E+08 | 2.83E+08 | 2.42E+08 | 2.07E+08
Application | 0.00E+00 | 1.34E+08 | 2.17E+08 | 2.82E+07 | 2.42E+08 | 1.95E+08
OMn Example 0.00E+00 | 8.75E+07 | 1.41E+08 | 1.84E+08 | 1.57E+08 | 1.87E+08
Application | 0.00E+00 | 8.74E+07 1.4E+08 | 1.84E+08 | 1.6E+08 | 1.76E+08
Mstrn Example 0.00E+00 | 1.37E+08 | 2.35E+08 | 3.20E+08 | 2.66E+08 | 2.07E+08
Application | 0.00E+00 | 1.37E+08 | 2.35E+08 | 3.19E+08 | 2.64E+08 | 1.95E+08
OMstrn Example 0.00E+00 | 8.88E+07 | 1.53E+08 | 2.08E+08 | 1.73E+08 | 1.87E+08
Application | 0.00E+00 | 8.87E+07 | 1.53E+08 | 2.08E+08 | 1.72E+08 | 1.76E+08
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Chapter 6 - Conclusions and Recommendations
6.1 Introduction

After a thorough review of the design methodology provided in Chapter 13 of Introduction to
Composite Materials Design [4], ACI 440.2R [1], and ACI 318 [2], a programming method for
implementing the described design procedure for developing an add-on application for Computer
Aided Design Environment for Composites (CADEC) was developed and then tested through a
Windows Form application to verify the methods outputs. C# (pronounced “C sharp”) and .NET
framework were used in the development of the programming method because of the object-oriented

programming which creates reusable code.

The class methods were designed to be reused and to be relatively simple. In that way, if an
individual wanted to develop an independent application to design and verify strengthening of beams
and columns could do so by just using the classes discussed in this document. The class methods were
broken down into different members and different steps of the design process to avoid confusion
among the classes. With that said some classes are still used in some or all of the design procedures.
Also, all naming of variables uses the full proper name of the variable to eliminate any possible
confusion of what the class method is requesting. For example, “concreteCompressiveStrength” is the

name of the variable for the concrete compressive strength.

To see if the class methods could be used to create an application that produced reasonable
results, a Windows Forms application was created. The application used the class methods in a manner
similar to the design methodology discussed in Introduction to Composite Material Design [4] where the
user has to just select the member type that is being strengthened, provide the requested values, and

configure the FRP strengthening reinforcement. The application provides the rest of the process by
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displaying the calculated values and verifies that the strengthened design meets all required capacities

and serviceability limitations.

6.2 Comparison of Outputs against Examples

Several examples were run through the application to produce results and then compared to
hand solved examples shown in Appendix A. It must be noted that the examples used had to be updated
to meet the current ACI 440 requirements. Examples included beams needing strengthening for flexure,
shear; columns needing strengthening for pure axial loading; and combination of axial and bending

loading.

The majority of the outputs produced were either identical values or values that were extremely
close to the hand-solved examples with errors of less than 0.02%. That minor difference can be account
for because the class methods and the application all use double float precision variables which provide
values up to the 16" decimal place. Therefore, resulting small differences attributed to rounding is to be

expected and acceptable.

The only major discrepancies of significance were in calculating critical points of the interaction
diagram. Point E, where the eccentricity was fixed to produce a 45 degree line on the interaction
diagram, has noticeable differences. This can be attributed to how the point is calculated. To find Point
E, an iterative process is used to determine the neutral axis that would produce the fixed value. Each
time the error was calculated. The class method for calculating Point E does this by implementing a
while-loop based on the error. The loop will continue to adjust the neutral axis until the error is less than
a hundredth which results in a more accuratly and consistency than the hand-solved examples, which

often only do a few iterations to reach an acceptable error which typically can be around 1%.

6.3 Classes and Forms Redundancies
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Though the methods and Windows Form application does work and produces accurate outputs,
the programming is often redundant. Several classes often calculate the same values but are separated
because of the organization of the classes. Also, in some classes, methods often calculate the same
value internally, which is inefficient. Most of the class redundancies are often caused by the lack of
foresight in the development and can easily be remedied creating new class methods just for those
particular calculations and by consolidating repeated processes into few classes. The application forms
experience similar issues because of the lack of forethought. Such redundancies occur on property
forms. Length and moment of inertia are not relevant to the shear design but appear on the beam shear

properties form. Length also appears on columns and beam-column paths and is also not needed.

6.4 Windows Form Application Errors

The application is still prone to errors caused by user interaction. These errors are not
calculation errors, but rather input errors. Though, the forms do try to prevent majority of these errors
by validating the inputs, but when the user has a choice in items, the form will often fail to address or
address the problem because not every potential outcome has been addressed in the validation process.
The most obvious case of this is in the beam-column properties form when entering the distances and
areas of the steel reinforcement. If the user inputs a wrong number, the user will never be able to
change that number unless by starting the application from the beginning. Also, If the user inputs the
wrong number in one of the textboxes before entering the second textbox, the user will also be unable
to fix it because once the focus is left from one of the textboxes after the initial value has been entered,

the application will either think there is an invalid input, or it will take the value and add it to the arrays.

6.5 Recommendations
Though the class methods and the application do work for beams and columns, several changes

could be made to improve the performance and appearance to the application. The majority of the
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design process occurs in the forms, but this can also be down in the classes and would eliminate any
potential for errors and confusions in the development of other applications for strengthening beams
and columns using FRP. This would not prevent a different design approach being used along with the
classes, because any required class method that is needed can be called and used in any manner that is

required.

The application could be more user-friendly and more pleasing. Though the forms are simple
and straightforward, the user must be familiar with the application prior to using it to make the process
run smoothly. Also, restricting the user inputs by using more dropdown lists that provide common
values for such items such as yield strength of the steel would reduce the amount of validation needed
on user inputs. The results also could be displayed in a not so dull format and an option to see all
internally calculated values should be an option. Another addition to the application would be to add
diagrams on the forms to help demonstrate the wrapping scheme being chosen. The shear properties
form could benefit from having a simple diagram that changes depending on the selection of the
wrapping scheme. The diagram would simple be a cross-section displaying the shape of the beam and
the locations the FRP were to be applied. A diagram of this nature could benefit each design path. An
adaptive diagram that would create the cross-section described by the properties form would be a huge
addition as well, and it would allow the user to see if the application is interpreting the original concrete

structure as expected .

Lastly, ACI 440.2R-08 does provide guidelines for strengthening of prestressed reinforced
concrete beams, but was not considered in the development of these class methods because it was not
discussed in the Chapter 13 of Introduction to Composite Materials Design [4] and didn’t correlate with
CADEC’s objective. Adding prestressed concrete beams to the class methods could easily be done and

would add an extra dimension to the add-on for CADEC.
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Example A

Geometric properties : steel reinforcement. © FRP

. . . L Fem2200
1:=6300 A =850 ' £, 1=0.011
b:=300 : : f[i =413.68 Co tp= 0.333
hi=600 - : E = 200000 - carbon
thDa’r’(”ovm =40 . concrete ©..i...interior exposure
di= b aiecw(f’ot:er..SE)G f=345

L = 4T 7
b’ . B =4 00\/ =2, fsl 10
=- 12_: 5.4+10

Loading requirements.

LL:=10.5- :1 G=16.8
DL=13.5

w,=12+DL+1.6-LL= 43 08 Mg = L'LSE =8.335.10"
M, ::E*‘g;:z.ig?- 10%: MDL::E% Y 6608107

Step 1: Initial Moment capacity and max. allowable reinforcement.

3,:=0.85 —.05 - =257 g
= £y e e K
v 5.9
A _
0 4= s fJ =49.975
Bh. f <f0b :
. . : :
M, =Axf,- {d—m"-‘fl«) =1.899-10%

M, =0.0M, =1.709.10°
check minimum loading cépacity:

s

T

et = LM 7B M, = 1,362 10°

c’xM >9‘

st

—1 true.

check maximum allowable strengthening: :
. Ma - ‘;‘D]\'{IC’

e Bt 0 ' - 0.251
percent i, = ipercent i =02
s’ b_m.s( : et .OA : qé]VIO
percﬁentﬂm =percent i, =1 true.

165



Step 2: Determine the initial strain at the soffit of the beam
b I '
Cy=f, s =4.141. 10!
LGB A =170 10°
(:S i —E&,-Aé,- Az —9.52. 10

A Q- Oy = 1,606+ 107

RO AN O = e O Oy

= : —132.481
" 2.0 -
:““Cz““ Az w4'01'63 Co
= - = 173.534
2.0, ™
ca=q,= 132,481
g e .

or —*“ES'QAQ' d— ::3,749.1013;
3 oE ( CA)- : :
2y ==~1vvv95?v<;~?’?}~ =8.352.107"

fir e

Step 3: FRP system

e :=0.95 carbon and interior exposure
Fr=Crefp=2.09.10°
&ppi= Cpeglp, =0.01

. f‘u:. )

Ef = B — 233 &
5f% :

.. Step 4: Design.FRP. reihforcment. :

n=1

. assume 1 layer for initial
- caleulations

166



gp=il gy <0908y,
e
‘Blse”

£, =0.009
=085

[

oo W3R seq0r
003+e,+e, :

gy 098 (d—e,)=0.009

calculate the area required for BSC
depending if the steel yeilded: :

14;'5 :-_-: if €S>’{i{
_JS N N
(G.SS-f’,,-ﬁl-b-c.bw/is.-fé)
Eyepe '
(().85-_[”0-61-b-ch-—As-Es-as)
E'Ef'sfe -
e Ay 326,083

determine the number of layers
assuming full base of the beam

[fﬂ;}))m

Step:S: configure FRP reinforcefmeint

il bp=200  Agmnebet =666
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... Step 6; calculate new moment ca;iac.ity .

. = .
Epy=0.41. S =0.008

{ (neBety)
gl €4y <0908y, 27, = 0.009
. ‘ e .
‘else
_ ll 0.95,
Af<Afb =1 faflse, therefofe WSC design

assume steel yeildsé
- "Ag-j"g:iw;f& Epe
[ 43 += .

Je

A Bl Mt e L YV
085 f -3, -l -

03

gye=i s (d—c)=0.022 . &,».005=1 tension controlled state
. C : : F

M, =Af, {d—,@{- %) + RS A E gy, (h_',al;%) =2.479+10°

L pam 0.9 . because of tension controlled state
A€M =M, =2.231.10° D

oM >M, =1  meets required loading
capacity.
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Step:7: check serviceability requirements
Co=E, -2:4.14]. 2107

: 2 :
LComE A+ B Ai=1.833:10°

Cy=—E A +d—F; A h=—1,032.10"
wCyb A G 40 OOy

g = =137.27
- NG :
L 0,6 4.0 :
gy ¥R L 18154
: :2.(/‘1 : :

cp=q;=137.27 *  neutral axis of stage B-of
S serviceabifity requirements

concrete stress

: L(, Meree,) R
Fustagen= E Moret)  _gsme
: Ty . : & : :
fostagent= B Fer (M) =7.524

Boibe Ba B A (deey) 4 E v Avs fheey)
Bebe 4B A (dmcg) By Are(hecy)

fc :xfab"tamA“{—chwga,:B =14.357

f.<0.45-f,=1__  does not meet stress limits -
: .. for concrete. .

steel stress : :
B (Mpy-(d—cy))

en R
E_vbe “3‘ +E Ay {d=cy)

«

S esrogent= =152.753

E.s' (A/ILL ‘ (d_CB» : = 174,548

jsSmgeB =
a

& R 3 R
BB A () + By ()

fo= ffsgmgﬂ + fastagen = 327,302 - f.50.8. fyz 1 meets stress limits for steel
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 FRP stress

er (B9 L e
T =

F;2055:f, =1 | meets stress [imits for glass |
: - FRP :
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Example B

Geometric properties : steel reinforcement: . : _ FRP
Lo A _}"fx 1620
1:= 9140 A,1=2458 ' £, =0.0129
b=305 ' F=414 L tp=0.144
hi=860. ; E_:=208000 o glass-expoxy
clearCover:=77 . concrete ©......exterior exposure
di= h—-clearCover =583 f=278 Co
s - B,i=4700 \/f, =2.469- 10"

bebd L. 4 T R

I:= —{2— =7.307.10 : F

Loading requirements.

LLx=24.1+1.5=238.15
DEL=4.743 E

: '; N N
w,:=12+DL+16+LL=63.532 M = L'LS l =3.775.10°
M, ::jﬂ‘g;:ﬁ.bﬁzl- 10%: MDL::E% Y 49530107

Step 1: Initial Moment capacity and max. allowable reinforcement.

3,:=0.85

¢ = Aty
° BE-fi-f0b

=167.315

Co'ﬁl
2

F

M, =Axf,- {d— ):fs.zng- 105

M, =00 M, =4.688.10°
check minimum loading cépacity:

s

wnstr

=1 Mp, 4+ 75 M, =3.376. 10°
M =8, 1 frue.

check maximum allowable strengthening:

M =50 ' UM, —oM,
pementm@:::im:().%f) Lopercend o r:¢:0.415
T S : T,

percent,, . >percent i, =1 true.
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Step 2: Determine the initial strain at the soffit of the beam
b ; '
Cyi=E,+ =3.765+ 10!
Oy i A = 4916+ 107
Cym—F <A d=-2866.10"
A - Oy =4.558- 10"

A O = e O O

- _ —218.226
“ 2.0 C o
- —348.78
% 2.0, -

o= g, = 218,226

ErI .:EC'b’cAS :

o T+ES-§A5- (d=cy) 59.15-10‘3

Ep; :iQLPS;ﬁC’O = 2:‘391 1674 :

Step 3: FRP system
C=0.65 glass and exterior exposure
j:fu = CE“fjf =663
Epy i Clpnels, =0.008

) ffu:. Ny

Ep= " =7.007.30°
€y :

.. Step 4: Design.FRP. reihforcment. :

n=1

- assume 1 layer for initial -
- caleulations :
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gp=il gy <0908y,
e
‘Blse”

£, =0.008

=085

[

o O03R L is3ars
008 +e,,+2,, | :

003,
Esv_—m:""c'::"‘_ (d 5 Lb)—.{J.OO?

calculate the area required for BSC
depending if the steel yeilded: :

14;'5 :-_-: if €S>’{i{
_JS N N
(G.SS-f’,,-ﬁl-b-c.bw/is.-fé)
Epesp '
ellsg
(0.85 By brcy= A Fyee,)
:Ef'sﬁe
Ay =165758

determine the number of layers
assuming full base of the beam

[(Afi}))sm

Step:S: configure FRP reinforcefmeint

mi=5 byp=300  Agmnebyet =216
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... Step 6; calculate new moment ca;iac.ity .

. = .
Epy=0.41. S =0.008

('n. “Eet f>
gpmif £ <09y, 27, = 0.008
. ‘ e .
‘else
o ll 0985,
Af<Afb =0 faflse, therefofe $SC design

assume steel yei Ids:

C=0.85 .3, b=6.082.10"

=B Aps (£5, +63,) — Ao f, = —8.846. 10°

Cy==h E; <A 003 =-3.3824 j()
O O = e O O

=176.885

Sy R
A € = 4 U C
o= i XL L =31.433
N 2 * C] N N
g 1T6.885.

003 f o n A

b (d—ec)=0.007 . £,>.005=1 tension controlled state
o _

M, zAﬁ, . (d—ﬁl §)+ 85 ~Ayﬁf_-efe_»_(iz__—;@}}%) =5,808+10°.

$:=0.9 because of tension controlled state
M= p e M =528 107

&M, f>M,_K =0 dci;es not meet réquired
: loading capacity.:
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Step:7: check serviceability requirements
(o :=Ea-£=3.765--1t‘)“’

: 2 :
CCoimE A+ Ea Ai=5 087 10°

Cy=—E A cd—E A h=—2979.10"

qL:Z

L 0,0, 40 :
gy ¥R Lo 3568
: :2.(/‘1 : :

cgi= é;l =221.711__ . neutral axis of stage Biof:
S serviceabifity requirements

concrete stress |
EC . (j‘VIDL * CA>

chiag:aA = 3
: A

oy L a

=207

E(' * (MLI; " CB)

Festagen ™= 5
: . Cr
B b

=21.797
B A (d=cg) 4 Fp A (h=cg)

fc i fﬁS'tamA +fc8w.ga1:9 =24.714

f.<0.45-f,=0___ does not meet stress limits -

steel stress

B (Mpy - (d—cy))° =30.49.

en Coy?
E_vbe “3‘ +E Ay {d=cy)

«

- bei ag&é =

Fobrosin™= By (o) = 287.708

& . : 3 . :
Bebe et B () +BpAp(ica)

fo= ffsgmgﬂ + fostagen = 327,108 - f.50.8. fyz 1 meets stress limits for steel

175



 FRP stress

- (E; h.—c: ‘
bt e

£;202-f,,=0 | meets stress [imits for glass |
. - FRP :
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Example C

Geometric properties : steel reinforcement: . : _ FRP

. . - . Fe=62055
1:=7315.2 A, =1935.6 ' ey, =0.017
bi=305 : f,=414 L =1
=610 : E = 200000 . carbon
dearCover:=64 . concrete S..:...interior exposure
di= hmaiecw(?ot:er:ELiG : f=345

bkt . B, =4700 \/_ 2761 10t

I::—---Fz- ----- =5.769+10

Loading requirements

LLz=17.51+1.5=226.265 :

e E ,
DL = 14.954 AL

w,:=1.2.DL+1.6.LL=59.959 M = =1.757-10"
w;, . Zp : : . e R
M, ::777—1‘8—'—:4.0} 1.10% MDL::BES IS

Step 1: Initial Moment capacity and max. allowable reinforcement.

By =085 .05 ( —2757) _ =08
=085 — et .
v Y
A _
€ 1 L a0
B85 f’ f31 :
: oo : :
M, =Axf,- {d—m"-‘fl«) =4.016-10°

M, =0.0M, =3.615:10°
check minimum loading cépacity:

s

T

o= LM 7B M, = 2,418 10°

c’xM >9‘

st

—1 true.

check maximum allowable strengthening:

M =50 ' M, =M,
pementm%s 17‘““'_0 659 1 percent, ;. r:;qﬁozﬂ.}l
5, uslr : . qé]‘/Io
percﬁentﬂm =percent i, =1 true.
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Step 2: Determine the initial strain at the soffit of the beam
b . :
Cri=E,+=4.21-10"
Cy=E A, =3871-10°
Cym—FE A d=-2.114.10"
A - Oy =3.708 10

O O = e O G
nE Q‘C“zf

=182.76

Ty qir—-";" 182.76 . .

E shee ? : 9 :

EI;H:%‘*‘ES'fAS-(d—CA)f =6.821-10
b ::ivfkwgfﬁ?’?}: G.265. 16 —4 !

- EI : :

fir e

Step 3: FRP system

e :=0.95 carbon and interior exposure
ffﬂ = CE*fjf = 589;523
Eppi= Cpeels, =0.016

Etii

.. Step 4: ;Design.FRP. reihforcment. :

n:=1 _ assume 1 layer for initial
 calculations
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gp=il gy <0908y,
e
‘Blse”

Epp= _{).QI3
=085

[

o 003h L ioTas
008+, +e,, -

calculate the area required for BSC
depending if the steel yeilded: :

14;'5 :-_-: if €S>’{i{
_JS N N
(G.SS-f’,,-ﬁl-b-c.bw/is.-fé)
Eyepe '
(().85-_[”0-61-b-ch-—As-Es-as)
E'Ef'sfe o
o An=11249

determine the number of layers
assuming full base of the beam

i =0.037
[ﬁ(tf'b> j

Step:S: configure FRP reinforcefmeint

nim2

L byp=305 0 Agmnebyd=610 0
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...Step & calkculate new moment ca;iac.ity .

N M .f, A
=041 —_=0.009

f (o Ef by
&y, it Efd<0.9-em' 27, = 0.009
oo |
‘else : C Co s8¢
:.ll.o‘.g'.gf“..: Lo . o
Af‘:Afb:O faflse, therefofe WSC design

assume steel yeilds:

01_08‘3 fBab=7.153.107
OBy A,«-(aﬁeaﬂ) ~A,-f,=~5.889-10°
Cyim=hr B dpn 003 = 40751 107

£y 003 = (d- c)_ﬂ 01 . ig,>.005=1 : tension controlled state

£

M, =Ag e (d—ﬂl-é)Jr.ss-Af-Ef-;efe- (h—ﬁlfg)u4.911 107

$=0.9 becaasﬁe of tensaon controﬂed state
Pl =¢. M, =4.42. mg

q‘zM >M = 1 meets requsrecl loadarag
capacity.
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Step:7: check serviceability requirements
Cfl :=Ea - % =4.2%1. ]._136

Cy=—E A cd—F» A h=—225-10"
Oy A G 40 OOy

g, = = 187.503
- NG :
L 0,6 4.0 o
gy ¥R L= or4835
: :2.(/‘1 : : :

cgi= é;l =187.503 ©  neutral axis of stage Biof:
S serviceabifity requirements

concrete stress

chiag;aA = E; : (ﬂfDL ’ CA> - 7.399
: Ty . : 2 : :
fostagent= 5 Fer(Mys62) e =12.597

Boibe Bla B A (e} Ev Aus fhecy)
Bl 4B A (dmcg) By Are(hecy)

fc :xfab"tamA“{—chwga,:B =19.995

f.<0.45-f,=0___ does not meet stress limits -
: .. for concrete. .

steel stress : :
B (Mpy-(d—cy))

en R
E_vbe “3‘ +E Ay {d=cy)

«

AN =106.535

Festogen = E”"(MLL'S(d_CB» = — = 174.353

& R 3 R
BB A () + By ()

fo= Fstagent Tustanen=280.89  F,<08.f =1 meets stress limits for steel
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 FRP stress

(B0
Tt (_El}'_ (dmeg) o ETIE

F;2055:f, =1 | meets stress [imits for glass |
: - FRP :
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Example D

Geometric properties : steel reinforcement' .. FRP

. . L Fa=650
L=6700 A 026 83 ' gl =0.017
b=381 : f,= L =080
hi=610- - : Eﬁ = _20(}000 - carbon
<h>a1{”ovm =64 . concrete ©..1...interior exposure
= b aiecw("*over..&ié f.=38:

L B, =4700 \/_ 2. 897 10

I= —{2—: 720710

Loading requirements

LLw= 18 ‘?4: 2=36.48

w, :=1 2 DL+16 LL..:'Z' 628 M= =2.047-10°
Mu::Ei‘g;:z;.Sﬁﬁ-u)”' MDL;-:E[; —qe)m) 107

Step 1: Initial Moment capacity and max; allowable reinforcement.

( i =27 37)
B,:=0.85 —.05. edo=0.774
A _
0 4= s ,-fj =88.047
RS f <f0b :
: oon : :
M,=Axf {d—fi’-‘ﬁl«) =4.205-10%

M, =0.0M, =3.866.10°
check minimum loading cépacity:

s

T

peent= LM 7B M, =2.526. 10°

c’xM >9‘

st

—1 true.

check maximum allowable strengthening:

M, =5 s ' M, =M,
pementm%s iji‘wt =0.724 . percenl ;.= ;qﬁo =0.127
5, uslr : . qé]‘/Io
percﬁentﬂm =percent i, =1 true.
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Step 2: Determine the initial strain at the soffit of the beam

b \ :
Cyi=E,+=5.519+10!
OB A =4.054. 107,

CymmE oA d=-2.213.10"

A Q- 0y =5.051-10

O+ O = O Oy

= : ¥ _166.869
% 2.0, o

€4 :zqir_"'" 166.869

BL == 3% LB A e (d=c,) =T.536.10%
PR G L0810
: EI\? : )

Step 3: FRP system
€ =0.95 carbon and interior exposure
ffﬂ ::CE*fjf=6}.7.5
Efa:=CE_-£/m=0,016 _
By I gm0t
Epy :

_Step 4: Design.FRP. reihforcment. :

ni=1 assume 1 aner for mrtiai
caiculatlons
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gp=il gy <0908y,
e
‘Blse”

fi"e=_€)'014
=085

[

o 003h L os008
003+e,+e, -

calculate the area required for BSC
depending if the steel yeilded: :

14;'5 :-_-: if €S>’{i{
_JS N N
(G.SS-f’,,-ﬁl-b-c.bw/is.-fé)
Eyepe '
(().85-_[”0-61-b-ch-—As-Es-as)
E'Ef'sfe o
e Ay 330,388

determine the number of layers
assuming full base of the beam

[(fﬁ;}))mm

Step:S: configure FRP reinforcefmeint

il bp=381 . Agmnebeet,=3.73:10°
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...Step & calkculate new moment ca;iac.ity .

: et
Epy :=_0.43 \/% =0, 004

neBpety)
&y, it Efd<0.9-£’m: 27, 0.004
. ‘ o .
‘else

_ ll 0.95,

Af<Afb =0 faflse, therefofe WSC design

assume steel yeilds:

81_08‘3;” 3,b=0953.10°
Cy=E,e Aw({fﬁ+e&ﬂ> —A,-f,=—1.744-10°
Cyrm=heEpeA e 003 =~2.61.10°

ql w

el e AN O E e e B O .
e s —156.586
- 2.0 :
o qiml?ﬁi.gg
0 . :
= 03 ” (d- c)_n 006  le,>.005=1
£

- tension controlled state

M, =Af,» (d—ﬂl-é)Jr.ss-Af-Ef-;efé- (h—ﬁlgg)us,vzg- 10°

$=0.9 becaas;e of tensaon controﬂed state
Pl =¢. M, =6.056. 30*

q‘zM >M = 1 meets requsrecl loadarag
capacity.
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Step:7: check serviceability requirements
oy :=Ea-£=5.519--18“"

: 2 :
CCy=E o A B Ap=5.48-107

Cy=—E A +d—F» A h=—3083.10"
Oy A O =40 OOy

- =101.869
- NG :
L 0,6 4.0 o
gy ¥ 2 T 291153
: :2.(/‘1 : . :

cgi= é;l =191.869 :  neutral axis of stage Biof:
S serviceabifity requirements

concrete stress

. E.-(Mpy-cy) D
Fustagon= E Moses)  _ser
: Ty . : & : :
fostagent= 5 L) o =11.182

Boibe Bla B A (e 4 Ev Avs fhey)
Bl 4B A (decg) By Are(hecy)

fc i fﬁS'tamA +fc8w.ga1:9 =16.96

f.<0.45-f,=1__  does not meet stress limits -
: .. for concrete. .

steel stress

B Mp-(d=ci)) oo

en Coy?
E_vbe “3‘ +E Ay {d=cy)

«

- bei ag&é =

By (Mype(d=cg)) =142.472

jsSmgeB =
a

& R 3 R
BB A () + By ()

fo= Fstagent Fustapen =233.084 F,<08.f =1 meets stress limits for steel
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 FRP stress

st ) e e B

F;2055:f, =1 | meets stress limits for glass |
: ‘FRP :
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Example E

Geometric Properties: - Steel Propertiés: . FRP Properties:

L=6300 A =1417 Jm3Ta0
b= 300 : 5,=200 4 = =.016
h =500 : =200000 : f =0.200
e bt ; f=215.79 - carbon
Ii=- =3.125.10" - © interior exposure
12 : - Concrete probertieS' -
cdearCover:=40 F=20.68

di=h—clearCover =460 E_ :=4700. \/f =2.137. 104

Loading. Réqué?emenfs:
DE =23 ; Vipim Be DL l=7 '45 1w
LL:=12.1.5=18 pri= 0l
w, =12, DL+16 LL=56.4
1 . .
V e, a1 7T 107
2
Step 1; Ongmal Shear capac;ty and max;mum allowable strengthenmg

V,i=oobede \/}‘C =1.046. m"

wmm‘fm_8.988- 16*

GV, =g (V,+V,) =1.459.10°
check minimum loading capacity

S

unstr

= 11V, + .75V, =1.222. 10°

SV, =25 =1 frue.

uristy

ci'seck maximum aEIowabie strengthensng

V,=5,. V,—¢V,
percent, #m{);ﬁl&i ‘percent . o :$U—¢ﬁm0.218
unste : : H qﬁvﬂ
percent,. .. perc&m‘ma NE ] true.
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Step 2. FRP system. .
Cyp=0.95 = carbon and interior exposure

Fro=Cpe fp=3515.10°
é-fu ::'(;E .gl‘f'u =0.015 . .

Ef==fi“;=2.3-13- 10°

Step 3: Determine the number of layers needed and the gecmoetry of the reiaforcement%

3-sided wrépping sc}'eermeE
tly, =300 '

apize = LBTL 1h0=0.85
assume initial complete continuous wrapping

&p,= i 0.75 25,004
. l._g(;'4.... :
else

|o5-2s,

€,=0.0040

Ve (V V- V.|=4.080. 10°

lf-‘f _(P :
ne= Vay =0.449
o (ZrEpt Byt dy, sin (ag) s (sin (0] cos (ag))).

ni=cell{n)=1

. L‘g.i '-E.:WT s Viv';‘
(nt;2 ) :
K L. L N N N N
=20 08 K, <0.75=1 true

o p— D
Y 11900,
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e il fEg, <004
u e Efm
elde

foos

e, =0.00273
o I .
P ety sin o)« (0 (o) A es (o))

n=ceil{n)=1

Step 4: configure FRP reinforcement -

. mi=1. o three-sided wrapping.
. continuous :
=300 '
Q== 1571
2

Step 5: determine the shear capacity
Vi=2emeto By, od,, =T586. 10"

V;2Vg@i=1 meets required loading
' capacity Co

Step 6: Check maximuim allowable shear reinforcement

VoV, 50.66:4/f 0 bad =1 meets allowable. .
: : reinforcement requirements

V,+V,=1.657.10°

06644/ f, +bod=4142.10"
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Example F

Geometric Properties: - Steel Propertiés: . FRP Properties:

Li= 7620 : A =258 _ f’f =3481.9
b:=356 sf =,0153
hi=T62 t,:=0.254
b bt ; f i S - carbon
Fi=-0 =1313.10" - - interior exposure
: - Concrete probertieS' -
cearCoveri=40 =276

di=h~clearCover =722 E,:=4700- \/ f =2.469 w‘*

Loading. Réqué?ements:

DL:=6392 vm_ DL 1=2.435+10°
LL:=100 . V=5 LL+1=38.81.10°
w, =120 DL+15 LL=167.67

V., :mi-wa ]4:6.388.10°
2
Step 1 Ongmal Shear capac;ty and max;mum allowable strengthenmg

bed- \/}‘C—QQ 1. m‘*

f/ s ”

Ve ? 5168 10°

E

@V, =g (V,+V,) =3.314.10°
check minimum loading capacity

5

wnstr

=11V, + .75V, =3.125. 10°

SV, =25 =1 frue.

uristy

ci'seck maximum aEIowabie strengthensng

V,=5,. ' V,—¢V,
percent, #mi;@&i ‘percent . o :$U—¢ﬁm0.9‘27
‘Svmstr : : H qﬁvﬂ
percent,. .. perc&m‘ma A=l true.
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Step 2. FRP system. .
Cyp=0.95 = carbon and interior exposure

Fro=Cpe fp=3308-10°
é-fu ::'(;E .gl‘f'u =0.015 . .

Step 3: Determine the number of layers needed and the gecmoetry of the reiaforcement%

complete wrapping scheme
dyi=h :

e :
Qi = LBTL. 1:=0.95

Ep,i= if 0.75 2, > 004
| .04

SO AN
|07,

g, =10.004:

RF = e bl A VC — VS =4.314-10
P L & .

Vs L Co
: =1.224
(‘2 “Epy -Ef iy dfU +sin (af> . (sin (af> “+cos (cxf))) !

neceil(n)=2

Step 4: configure FRP :reinforcement :

n=2  ©  complete wrapping
: ciEscontinuc}us
dfu =h : :

= = 1571
T

Wy 305
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s :2‘"ﬂ"'if"'ﬂu"d’y@i'Ef'f;@ L e
. -'%‘?Maa::-: T TR T e = 4243
. Vi - e

3= 400

Step 5: determine the shear capac'itv: o

Vo 2 ?? (925 R czf;f@ e sin (qf) (sm (a'f) * éc'o'é (o))

e =5.374.10"

8
. . i .
VizVe=1 meets required loading
: capacity

Step 6: Check maximum allowable shear reinforcement

Vet V,<0.66+ \[}:’:b d=1  meets allowable
: : : reinforcement requirements

ViV, =7.542. 10%,

0.66+1\/f. b+ d=8.912.10°
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Example G

Geometric Properties: - Steel Propertiés: . FRP Properties:

L= 4000 : A =113.14 _f’f =3481.9
b:=381 : 5= 200 &‘f =.0153
h:=635 B = 200000 : f_0254
beh : _ f=215.79 - carbon
Ii= =813-18" = - - interior exposure
12 : - Concrete probertieS' -
dearCover=76.2 F=20.68

di=h—clearCover =558.8 = 4700+ \/f =2.137+ w‘*

Loading. Réqu:i?emenfs: .
DL:=21.997£23.996 Vp,=.5. DL-1=9.199.10"
LL:=25998.2.5 Vg5 LL1=1.3.10°
w, =12 DL+ 1.6 LL=15%.184

1 : ‘
V :m;-wa 3184107

Step 1; Ongmal Shear capac;ty and max;mum allowable strengthenmg

V= obeds \/}'C—} 614. m"

mmfim_&ng- 10*

GV, = e (V,+V,) = 1.864.10°
check minimum loading capa’city

5

wnstr

= 1.0 Vi, +.75.V,, =1.987. 10°

OV, 25 =0 frue.

uristy

ci'seck maximum aEIowabie strengthensng

V,=5,. ' V,—¢V,
percent, #mO;BOQ ‘percent . o :$U—¢ﬁm0.708
unste : : H qﬁvﬂ
percent,. . pe reent .. =6 true.:
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Step 2. FRP system. .
Cyp=0.95 = carbon and interior exposure

Fro=Cpe fp=3308-10°
é-fu ::'(;E .gl‘f'u =0.015 . .

Step 3: Determine the number of layers needed and the gecmoetry of the reiaforcement%

Z-sided wrépping sc}'eermeE
tly, = 4064 '

iz = LETL . 90=0.85
assume initial complete continuous wrapping

&p,= i 0.75 25,004

. l._g@'4. o
else
|o5-2s,
€,=0.0040
v, f .
Ve ( “ —VC~V'SJ_::2.(37-1O‘)_
bl o
b\ ¢ N |
ni= B =1.101
(22 Byt (o) s (o) +con ()
ni=cell{n)=2 5
:
23300 o YT L © dp~2-L,
. Le ::WV“WVV“""W“""‘”’"\;’S" e 2&3-96 G 5{/1 ::(V:?::‘} —_ (J 083? . 52.}:.’YT‘{"‘TE'TVTT'V*M.‘ - O n867
(et B ' ' o I
. L. LP N N N N
e B S ST k,<0.T5=1  true

K= —
Y 11900,
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e il fEg, <004
u e Efm
elde

Jos
e e
' Vi

P ety dyysin o)« (s (o) A eos (o))

i

n=ceil{n)=3

Step 4: configure FRP reinforcement -

=3 2-sided wrapping
. discontinuous
= 406.4 '

Wi 305

Zenslertpnd QF fE :
St o= EA A ARG AN =341L693
. Vf{f H : :

sumE00L

Step 5: Edeterméne the éhear capacﬁityf

Vf:= 2. »,»7 if-Ef-sfe .d:fv -wf-sin (oq) (sm (og) + (.,OS (ﬂr» —1.415+10°

AN R
V2 Vi=0 meets required loading
' capacity o

.. Step 6: Check maximum allowable shear reinforcement .

V4V, <0.66-/7,sbed=1  meets allowable
: : - reinforcement reguirements

V4V, =2.286.10°

06641/ ~b+d=639-10°
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Example H

Geometric properties © steel reinforcement - FRP
1:= 5000 ' ©A,:= 1061 L F=3300
dia:=450 : - E_:=200000 C b= 0.250
Lo C f=2Th gl i=0.0186
e _ N v : .
Ag::_i”s“.'( > ] =1.59:10" .  sprial . . . .. ... Carbon .
B . concrete Exterior Exposure

f=2757"

E.:=4700 \[f, = 24678

Loading requirements

DI = 950000 :

LL:=850000+1.5=1.275+10"

P,=12.-DL+1.6-LL=3.18.10°

Step 1: determine initial capaicty and maximum allowable strengthening

$:=0.75  $,.=0.85
P = e s (085 f 0 (A =AY+ [+ A} =2.546+ 10°

check minimum loading capacity:

8, = L1 DEA TE LL=2.001.10°

QI)PMZSL;MU‘ —1 true'
check maximum allowable strengthening:
P’J, _Samsw Pu _(abP??

pemem‘,nmx. = T : 0.589 pe'rcentmm@ = qu =0.249
percent,, .= percmtwmé =1 . true,

Step 2: FRP system
Cp:=0.85 - . carbon and exterior exposure

fr=Cpef,=2.805.10"
€s,=Cprelp,=0.014
T _p063.10"

E_T w

E,’C' =
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Step 3: determine the number of layers needed.
=1 © circular cross-section
b

3 o n
—F,+ Ay |=34.974

i@

f; — | 1
s A -A)

’gf;f = (.95

PR o RNy,

:
1 ‘f-S.S-K,u

gy
mm— {378
2oty Epey,»0.55
ni=ceil (n)=2 : _
Step 4: configure FRP reinforcement :
=2

Step 5: determine axial capacity of strengthened column

SEpmaties s 55
I AN Ei 3,428

U dia
Foo=FA330bon, - f;=28.318
P B (0850 (A = ALY 4 S, 0 A) =3.466:10° . ¢F P =1 true

fi .

=0.124 s 008=1 true |

I | - cireular cross-section
: B ) :
£, =002 15412 5, };m Tl =0.0084:
&y <O m?l true
P = DL+ LL=2.225.10° L L
: EC,PS : : F B‘.s .Ps ]
fli= : —=13357 0 0 fam—— =108.248
Es:' (A'g "Asi)'i' Es"/'l;st. B Er_' - (Aq —'Asﬁ)+Es'ASt

15065, =1 true s fsg.é-fyzl true
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Example |

Geometric properties steel reinforcement FRP
L:=4000 A_:=T045 f'f:: 3792
dia:=H08 ko= 200000 tf :=0.1651
dio ) fp=414 &'z, = 0.0167
Ay::».»:.( N J =2.027-10° " sprial : . carbon
. concrete . exterior exposure

f,( =276 ¢ .
E,:=4700 4/ f, =2.469- 10

Loading requirements
DL :=1423360 .
LL:= 1601280+ 1.6 =2.562. [0°

P:=1.2.0L+1.6.LL=5.807.10"
Step 1; determine initial capaicty and maximum allowable strengthening

$:=0.75 b, =085
PP = b (085 fle (A — A+ f,+ AL} = 47854107
check minimum loading cépacity:

Spzpi=1.1+DL+ .75+ LL =3.487.107

f

qsp?:. 2 S?}.nstr —1 true.

check maximum allowable strengthening:

By =Spnar - : . _Pi—oP,
—————=0.663 percent . =————=0214
_ AP

w

el

percend,, . =

percent,  >percent . =1 true.

Step 2: FRP system

Cp:=0.85  carbon and exterior exposure.

fr=Cpefr=3.223.10"
&z, i=Cprels, =0.014

Tr _pom1.10°

E,c::;*
Era
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Step 3; determine the number of layers needed
Aedc:=0 circular cross-section

K, i=1 . circular cross-section

. 1 N T
To= (083 (A,—A.)) [¢-¢ecc g Asﬂf]_ghﬂl :

Fole _som

= 5,

dia-; y
n=—— L —2.669
2etpe ke, 055

7= ceil(n):iﬂ :
Step 4: configure FRP reinforcement

n:=3

Step 5: determine axial capacity of strengthened column

_ 2eFlparelpegg, 55

fr= dict

=3.157

f":i ;:ffc_l_g_:% ‘/l’/’f. H(:'f[ =38.437

GF = de b (0851 (A, —A) +F,°A,) =5.934. 10° SP,>P =1
j_—f_:o.lzs'_ f’ >0.08=1 _ true
I S :
k=1 circular cross-section _
AsY
_ f; Efu"55 o

Eo 1= 021V H 120 iy e | ——— | [=0.009 -

: TP o2
€y < 01=1 true
P =DL+LL=3.985.10°
. ’ EC'PS : : . ’ E.S'Ps
foime e S ABTTL L fme e 12T,

E (A, AN +E A, B (A, —A)HE A,

f.<0.65-f =1 true f.g60,=1 true
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Example J

Geometric properties - steel reinforcement FRP

1:= 5000 . AL=67746 . Jp=3300

b:=508 E,:=200000 t= 0,250

he=5715  f=dAld L g, =0.016

dia:=\b* +K* =764.641 : tie : . Carbon

A,=b-L=2.903-10" -~ concrete - - Exterior exposure
f.=276

E =1700 4/ f" =21692
Loading reguirements
DL:=378000:1.5=5.67-10°
LL:=556000.5=2.78.10"
I':=12.DL+1.6.-LL=5.128.10°
Step 1: determine initial capaicty and maximum allowable strengthening
¢:=0.65 =080
P, = e oo r (085 F (A, =AY+ 1, A} =917+ 10°

check minimum leading capacity:

8, = L1« DE4+ .75 L1 =2.709. 10°

P, =5, 0 — 1 true.

check maximum allowable strengthening:

) P?.f. - Sw\.ﬂﬂr i . Pu - (,'!)Pﬂ
percent,,, .. =—————=0.893 percent, ., . =————=0.013
) b unaLyY : : qspﬁ
percent,, ..>percent ;. =1 true..

Step 2: FRP systemn

7pi=0.85 carbon and exterior exposure

Fr=Cpef;=2.805:107 :
£p,=Cpee’s, =0.014

E,= T7 _9.063.10°

&
I
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Step 3: determine the number of layers needed

. [%-(h,;z-'.zfs)“ '+%-(5;2'- .25)2) 4

5

- 3+A. Ag
AeAc:= ¢ . 0310
1A

1)) . Aq H N .
k,:=Aede.|—|=0.252 °  non-circular cross-section
ke . |
! - Poo g oa|=20ms
= ((,1_55 (Aﬁflai)) Gob T Ay |=20.283
¥;:=0.95
P £ CRPREY
VB30,
dia- &
"= d =2.113

2et;-Fiee,, -0.55
2= Ceil(n):ﬁ _
Step 4: configure FRP reinforcement

n:=3

Step 5: determine axial capacity of strengthened column

2iE o omitiie. 55
= S T T 3026
' ;

dia :

Fo= A B3 e, £,=29.089

PP, =t o (0850 o (A, = A +£,2A) =5217:.10° . ¢, >P, =1 true.

L:O.ll ;;f>0.08=51 true

e 0.5
ul =0.338 non-circular cross-section
X :

ryi=Aefcs (E

T

&,y i=.0025

=)

5 AR
o ) =0.0046

€, <.01=1 true P,=DL+LL=3.347-10°

‘ - E,-P, . . . E,-P, ] ) :

form————— =989 . fom—— e =80.108
E (A, AN +E A, B (A, —A)HE A,

f.<0.65-f =1 true f.g60,=1 true

- ! Egyt s
1.:)+12.5h-7.[ /

4o
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Example K

Step 3: determine the number of layers needed
1 (%-(h,—z- .25)2 +%-(b—2_- .25)2) A

st

S 3.A, _ A,
AeAc:= : =0.319
1A
(b : A . : :
k,i=Aede.|—|=0.252 . non-circular cross-section
h® . .
I ! ERCENNPUNS PPN
[ ((]83 (A:‘;fflal)) _qb'd)cuc Yy x' - . . .
l,[:f ={.95
‘n::g=2.]32
thee 3308,
ni= dia-f =2.113
2et,eEpez, 2055

1:=ceil (n) =3
Step 4: configure FRP reinforcement

=3
Step 5: determine axial capacity of strengthened colurmn
Q‘Ef'??'t;"fﬁﬁ‘ .\—).5 .

= = 3026
U dia :

Fom 8.3, £,=29.989

B, 1= G o (0.85+ 1 o (A, = AL) + 1, A) =5.217- 10° SP, >P, =1 true

L:O.ll . %:»0.08:_1 true

"

[ . < 05 : : .
= Aehes (? ={.338 non-circular cross-section
2 AL
€..,:=.002+| 15412 sy 2| L © |=0.0016
"L 002
€., <01=1 true P,:=DL+LL=3.347.10°
jC:: . - =089 fs:: = = =80.108
B (A —ANE A, _ B (A, —A)+E A,

f.<0.65.0 =1 true ' f.€6:0,=1 true
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. Eb:APAC'(;:) =0, 322 z,é'j.r::: 45

L5128y

: El,'.S;S
€ gy = 002+ L ( i

A02:

= A3t o= 30179

determine the stress block

45 Co
} ] =0.0043

Point A: axial loading only

¢i=1165

parameters:
f“ L= 1005 Lxtsml 22120 QU= 974 Q212,930
T YL=004 g2 0045 Q12i= 981 (2= 935
2—2)+ (y2—¢, r—z1)e (y2— (x2—2)+ (e, —9l
= (LD‘ CC) (y : _Ebcﬁ-) ‘Q11+ (33‘ xr ) (y u:u) Q21+(93‘ :L’) (5&? Y ).le
(22 —21)+ (42 +1) (22—} {y2—y1) (a2 —al)-{y2—-y1)
a,=0.957
=1 a2:=1.2 Q11:=.835  Q21:=.809
Cyl=004 y2:=.0045  (N2:= 851 (R2:=.825
5. (22—x) (12—¢..) 01 H“(RL zl)» (gz &;w) i (22~a)s (£ — yl)
C o {z2-a1) (2 yl) {#2—=z1) (221} (z2—x1)[y2~- JL)
B=0833

pme 38 (So-f (A A)+A f) 6.547+10° M =0
QP = b 80 (85 L (A, A) A, f) 4.256:10° G, =0

P, B (850 F e (A, A)FA L) =612.20° M, =0

G, = B (85 F (A, m A+ A f,) =3.973:10° ¢M, =0
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Point D: axial loading with minimum eccentricity

P, = o=6‘5‘17‘106'
¢Ps?r1ml = q')p,;tmlj =4.256. 106 .
P, =P =6112.10°

“1 0

OP, =P, =3.073-10"

M

strn

P,

strn

= l-.l-.’z:-’i‘y.?'ﬁl-108

My =GPy ¢ o1 h=2.128:10°

M_ =P
iy

*

., +-1:h=3.056.10"

M, =P, -.1-h=1.086. 10"

Point B:. concrete strain = .003 and farthest steel veiled

003

- (.003+0) ) :
g, =008 .-(Dﬂ‘ 7—(:):—'0.0027
(U]

=460

e o

003
v v (D# —c)
Is4 oLz

: ‘ =il 2z »e
%o v f"l =y

I

=0.0009

elseif £, <—¢,
il

Y
else
“0

|
f, =414
f. =—358.696
f, =—180.13
£, =0

3

Ci=0.85:f,+ b3, c=4.581+10°
R =f, A%,n =—6.293-10"

forA,  =—1.43710°

Z .2

else if 2 <—£.

. .003

B c

(Dst0 l—c):—o.oms

=0

3

s

3

[N
=if e, >e,

|4 |

elseif e, <—¢,
=2

=F - =—2.726+10°
R, i=f, sA,  =—2.726:10

Rsa :=:f”°u ’ A“o.z =0

206

v 3
» »
else else
‘ ES ..ES.\ ‘ EE * Eéﬂ




'Pu "C }.J

=0

P, =0,

LM,

m¢ M,
o

Cim—— ‘

<6CUUW€»(3)

ECC%

£, 1=

W=
&

532

o= if. € 28y

|7

elseif ¢, <
o

else
l B 5,

=414
=—414

=—273.192
1=

3
7.
1.

ux..‘c

é.—.ﬁ1~.§).+.2

PR
=D,
o 1%

=z,

R, ﬂm 27010°

=3.658+ 107

faml}

| =2.536. 16°

,,,,,,,,,,,,,,,,,, ~d =460

m.(ﬂsto O—_c):-o.(}cm

-z:) =-0.0014
f“ﬁ g if.@.sl =&, .

Iy

. H =y
else
ES-€S1

Cmo o f b Brem5.53T-10°

R.S‘O ‘=fsa "4:350’(

B A =

P, _(‘

=-6.203-10°
~2.07610°

LR =6.689.10°

D0

P

st'm,,

: MW% =00 (h B '*)“f“z

(f)MsM-ng = (ﬁ *

:mq’)-P; =

:":4.348'- 10°

o

L=

M’Sﬁ,,,é2 =2.868.10°
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elsg if £ < —c’?

Rsz :::fsl "A.s'f.n 1

[R : -(Dgé.o ! —;JJ =3.902:10°

EGCTL
= o -(D( —_c) —0.0026
I3 0

s amife, ze) jﬁa =ife, 2e,
5o 5,
elseif e, <, elseif £,
N 2 l 3
| |-,
else : - else
TR E"z } e,
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