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Abstract

The study presents the performance of flexural strengthening of concrete members exposed to partially unbonded
prestressing with a particular emphasis on the amount (0, 14.2, and 28.5%) of cut strands-symmetrical and asymmetrical
damage. In addition to examining the influence of cut strands on the remaining capacity of post-tensioned unbonded
members and the effectiveness of carbon fiber reinforced polymer laminates restoration, The investigated results on
rectangular members subjected to a four-point static bending load based on the composition of the laminate affected the
stress of the CFRP, the failure mode, and flexural strength and deflection are covered in this study. The experimental results
revealed that the usage of CFRP laminates has a considerable impact on strand strain. In addition to that, the flexural
stiffness of strengthened members becomes increasingly significant within the serviceability phases as the damaged strand
ratios increase. The EB-CFRP laminates increased the flexural capacity by approximately 13%, which corresponds to
strand damage of 14.28% and about 9.5% for 28.57% of strand damage, which represents one of the unique findings in
this field. Additionally, semi-empirical equations for forecasting the actual strain of unbonded tendons were presented.
The suggested equations are simple to solve and produce precise results.

Keywords: CFRP Laminate; Debonding; Post-Tensioned Girder; Strand Damage; Unboned Strands.

1. Introduction

Around the world, pre-stressed concrete (PSC) bridges are corroding and falling into disrepair. Recent catastrophic
failures have triggered an assessment of the state of numerous pre-stressed structures, resulting in new assignments and,
in some cases, issues for emergency deactivation. Several of these collapses and damages are a result of terrorist acts
utilizing TNT or rocket attacks, which cause damage to pre-stressed bridge concrete sections or reinforced prestressed
tendons. The cutting of strands on concrete members reduces the overall capacity of the structure. Compensation with a
carbon fiber-reinforced polymer (CFRP) laminate is one of the ways that this project will try to make things stronger
[1]. This study provides an efficient strengthening technique to restore the damaged bridge’s girder and to cover the gap
of other studies regarding the time-saving of retrofitting the structure and re-entering the service.

CFRP was used to reinforce or retrofit reinforced concrete (RC) or post-tensioned concrete (PC) structures.
Reinforced with CFRP laminate is more successful than other conventional methods, such as externally attached steel
plates or steel section jacketing. However, because of the appearance of corrosion, it is difficult to work with the weight
of steel plates, which adds dead loads to the members. The main sources [2] of damage to bridge members include one
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or more of the following: corrosion, degradation, and chloride attack; build-up of fatigue damage; inadvertent damage,
such as collision with a vehicle with a higher-than-typical height; tougher assessment rules and improved loading
parameters; initial design defects; construction errors; and an absence of maintenance [3]. The additional load-bearing
fiber-reinforced polymer can be affixed to increase the capacity of composite materials (CFRP) has come into the
strengthening field as a more robust alternative to conventional external reinforcing methods [4].

In the 1980s, Europe and Japan developed the first externally bonded CFRP composite systems for retrofitting
concrete members [5]. However, due to the frequent occurrence of bridge incidents, few studies have been conducted
on the restoration of collision-damaged girders. Near-surface mounted (NSM) and externally bonded (EB) CFRP
composites can be used to reinforce concrete structures (NSM) [6]. The primary concept behind these two systems is to
increase the flexural strength and stiffness of the concrete tensile surface by externally connecting CFRP material to it.
Although the FRP is applied directly to the member’s surface, efficient bonding in any environment requires substantial
preparation [7].

Strengthening of RC beams using various promising techniques such as externally bonded steel plates, concrete
jacketing, fiber-reinforced laminates or sheets, external prestressing/external bar reinforcement technique, and ultra-
high performance concrete overlay has been extensively investigated for the past four decades [8, 9].

The surface on which the attachment is to be applied must be dry, stable, and clean. By ensuring that the compatibility
of the strain criteria in the tendons, CFRP reinforcement, and concrete are met, the pre-tensioned tendons help save the
integrity of bonded PC members reinforced with FRP tendons [10]. This results in a relatively uniform interaction
between both the laminate and the surrounding concrete along with the member [11]. This approach, however, does not
exist in un-grooved tendons due to the lack of connection between both the strands and the surrounding concrete. As a
result, unbonded strands, adjacent concrete, and FRP laminates interact unevenly along the beam [12]. This could make
it less effective for UPC members to strengthen their flexural strength compared to prestressed concrete members with
bonded tendons [13]. CFRP composite laminate has been shown to increase the material's bending strength and ability
to expand to the elastic zone of PC members. Each FRP application incorporating concrete must be secured with
adhesive epoxy [14].

The epoxy class and manner of application are essential aspects of such projects since they might result in premature
failure, for example, cover debonding before the target strength is obtained. In comparison to steel reinforcements, it
has been demonstrated that FRP composites exhibit a brittle attitude with no or few warning signs preceding failure.
However, research has shown that adding CFRP to PS girders can make them much more durable [15].

The failure load of partially prestressed concrete beams with internally unbonded strands was increased by about
2.5%, to 10%, when the jacking stress increased from 0.5 to 0.7 of the strand's ultimate strength. Increasing the concrete
compressive strength from 35MPa to 60 MPa led to an increase in load-carrying capacity by about 10% [16].

Carbon fiber reinforced plastic (CFRP) composites are finding huge applications in many industries. Drilling of
CFRP composites is required for the assembly of these composite structures in the aerospace industry. This study
investigated the feasibility of drilling CFRP composite using a drill bit made of tungsten carbide [17]. Prestressing
concrete damage has become a major issue and to improve the ultimate and serviceability, new materials such as carbon
fiber reinforced polymers or shape memory alloys can be used for active strengthening [10]. Prestress loss of CFRP
during prestressing and service stage is one of the critical technical issues in concrete structures rehabilitation. Eight RC
beams strengthened by prestressed CFRP plate were subjected to sustained loading and continuous wetting condition.
The results showed that the CFRP end anchorage system had a good long-term performance [18].

This study is a subset of Baghdad University's (Iraq) ongoing investigational research into the effectiveness of
strengthening procedures (Civil Engineering Lab). This research focuses on strengthening approaches employing CFRPs
with external bonding.

2. Manuscript Scheme

The proposed research involves designing and preparing samples, simulating the impact damage, concrete repairing,
CFRP strengthening, static load testing as shown ion Figure 1.
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Figure 1. Flowchart for the research methodology

3. Material and Method
3.1. Member Design and Properties

Seven girders, as illustrated in Table 1, have been used in this manuscript, spanning 3000 mm, resting on simply
supported ends of 2800 mm apart. The specimen was reinforced with 2f16mm at the bottom and 2@10 mm at the top,
while the 10 mm bars were used for stirrups. Two unbonded strands are used inside the 22.5mm PVC duct with end
grips, and the strand extends to 0.45 meters from each side (Figures 2 and 3). All tests had been done in the laboratory
of the college faculty of Baghdad University under four points of loading. CFRP laminates (b; = 50 mm and ¢t = 1.2
mm) are attached to the soffit to reinforce the specimen, as shown in Figure 4.

Table 1. Summary of specimen testing

N Areaofa CFRP details in (mm)
Class Melr'lnjber Dar(r)laged Symmetrical un- | strand Pr ps
(%) symmetrical (mm?) Thickness Width Length  (Percent) — (percent)
Control REF. 0 — — 197.40 — — — 0.490

B1R — — —
1 14.28% ° 169.20 0.385

B1S 1.20 50.0  2700.0

B2R — — — 0.810
2 14.28% . 169.20 0.385

B2S 1.20 50.0  2700.0

B3R — — —
3 28.57% . 141.00 0.320

B3S 1.20 50.0  2700.0

3000MM | |
. Pl 2800MM 5/2 ‘ AT '-—100MM
25MM 1 1 1
i 1 2p10 100MM-— -*11OOMM—ﬂ0MM 1100MM
——310@200MM -
300MM
| 220 pipe = .. F
. E MM.-TQ/ /
551@ 8OMM@®_| ;46 _. —Stirrups 10mm@200mm
L stirrups 10mm@100mm Lp ) —2010
I amage location
~—200MM— of strand — 218
Section A-A —End plate 15mm thickness

Figure 2. Member’s dimension and properties
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Figure 3. Profile of the damaged strand
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Figure 4. Strengthening techniques for this study

The first letter "B" in the specimens' designation stands for beam, and the numbers 1, 2, and 3 after the second letter
designate the 14.28 percent and 28.57 percent strands, or damage groups, respectively. "R" for individual group
references, and "S" for CFRP laminate strengthening.

The design of the mixture concrete consisted of: Portland cement C45 with 412, 1030, 548, and 245 kg/m? for
cement, aggregate coarse sand, and fine sand, respectively. (f’c=44.60 N/mm? and ft=5.80 N/mm?) and 5.46 L/m? of the
superplasticizer. The yield, ultimate, strain and area of bars for steel bars 518.20 N/mm?, 658.970 N/mm?, 12.20%, and
77.21 mm? respectively for D10 bars and 577.30 N/mm?, 710.74 N/mm2, 13.40%, and 199.10mm?2, respectively for
D16 bars (Es=200000 MN/m?). Nominal area, ultimate strength, yield strength, and ultimate strain were 98.7 mm?,
1860.00 MN/m?, 1725.00 MN/m?, and 5.00% respectively for the Seven wires Garde 270 unboned tendons (Es=197.5
GPa). The manufacturer provided the carbon fiber fabrics' mechanical properties in addition to the resin, in which the
nominal thickness, tensile strength, and ultimate elongation were 1.2 mm, 3100 MN/m?, and 0.02 respectively for
laminate (Ef = 170 GPa), and 0.167mm, 3500 MN/m?, and 1.59% respectively for unidirectional sheet (Ef = 220 GPa).

3.2. Strain Gauges Details and Setup

All members were tested using a unidirectional electrical resistance strain gauge attached at the middle span to
measure strain in the strand, FRP, concrete, and steel as the described in Table 2.

Table 2. Properties of strain gauges and location

Type Code Q Adhesive QTY, location
Steel FLAB-6-11  118.5+0.5 CN 2 @ tension bars
Strand YEFLAB-2-3  119.5+0.5 CN 4

Concrete PL-60-11 120+0.5 CN-E 1 @ 5cm below the top
CFRP BFLAB-5-3 119.5+0.5 CN 2
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3.3. Instrumentation and Test Procedures

The steel rebar cages were attached with strain gauges of the electric type before being placed in mild steel and wood
forms for concrete casting. Using ready-mixed concrete. In addition to the dial gauge for measuring camber, the strain
gauge wires were linked to the strain data logger to capture the strain of the strands during the prestressing process. The
two 1.5 cm thick end steel plates were fixed at the ends of each specimen with the incision at one of the endplates to
protect and guide the strain gauge’s wires during the prestressing process. The two endplates were punched with 2.2 cm
of diameter for PS ducting. For anchorage at the unbonded strands, two pieces of split-wedge anchor grip (barrel-type)
were used. The grips were attached to the far ends of the strands, which were then marked using a permanent pen to
determine the level of pre-strain that was applied to each strand. (A.=15.5 cm as per the member design requirement).
The first strand was pulled out to the requisite prestressing desired value in two stages: initial for starching the strand
and final to the preferred prestressing value. (AL), then released the piston. The procedure was then repeated with the
second strand. With pressure gauge readings from the hydraulic jack that is used in the post-tensioning operation as
shown in Figure 5.

Figure 5. Operation of post-tensioning

Two of the Analog dial gauges are attached to each end of the strand to find out the slipping of the strand during the
loading process. Four LVDTs were used to measure the deflection of the specimens; two near the support, one under
the point load, and the last under the quarter-point. All LVDTSs were set up to zero strain at the start of testing, as shown
in Figure 5. To gradually increase the load, a fifty-ton hydraulic jack was used and attached to the load cell with an
ultimate capacity of fifty tons. Increments of 15 kN were added until the cracking load was reached. The load was then
applied in 30 kN increments until failure occurred each beam took approximately 2 to 3 hours to complete the test. The
load cell was used to monitor the applied load from the frame of the test, in addition to collecting the huge amount of
reading data, which lists the load as it was repeatedly applied. Cracks were signified for each load step after the first
crack appeared. The fracture pattern on 2 sides of the cross-section was captured on camera after the test. The modes
and ultimate loads of failure were reported in each case. During the tests, the load deflection and the first crack, and how
it spread were watched (Figure 6).

Figure 6. Member installation on the frame of testing
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4. Result and Discussion

The ultimate load-bearing capacity of the member was determined. All reference beams failed in the compression
zone due to flexure tensile steel reinforcement yielding.

4.1. Failure Mode

The test girders' performance was measured in terms of maximum load-bearing capability. All of the reference
girders failed in the compression zone due to flexure tensile steel reinforcing yielding. While the strengthened beams
failed by deboning of laminate followed by sudden compression and tension of concrete and steel bars. The first flexural
crack appears in the midspan of sub-reference girders BI1R, B2R, and B3R, with cracking loads of the reference girder’s
cracking load at approximately 94.61, 93.10, and 85.4%, respectively. The cracking propagation is typically shown in
Figures 7 and 8. At the end of the test members in the various test series. When the specimens were subjected to the
externally applied load, the cracking patterns were most similar and typical of flexural members. All specimens (control
and strengthened) grew. During the initial cyclic loading between Pin and Pmax, the first cracks of flexural appear within
the constant moment zone.

—

Figure 7. Failure mode — controlling by debonding

Table 3. Result summary of specimen

Girder ID Crac_king Cr_acking load Ultimate Mid-span deflection @ _Change in ﬂexpral strength Failure
load, in kN concerning the control %  Load, kN  the ultimate load (mm) in compared with control % mode

BO-control 55.00 —_ 166.240 26.871 — SF, CC
B1R 52.00 94.59 157.250 25.470 5.410 R SF, CC
B1S 62.80 14.11 187.990 24.122 13.080 I SF, CC-DL
B2R 51.20 93.08 155.2 27.516 6.640 R SF, CC
B3S 59.10 7.48 193.91 25.123 16.640 I SF, CC-DL
B2R 47.00 85.41 148.75 29.912 10.540 R SF, CC
B3S 58.40 6.09 182.42 23.824 9.70 I SF, CC-DL

SF, steel failure at tension zone, CC crushing of concrete, DL, delamination of CFRP laminate. CD covers delamination, a Negative sign is for reduction, and a positive sign
is for increasing. R is for reduction, and 1 is for increase.

Figure 7, shows the cracking loads Pcr for the individual members before the CFRP application. As a result of the
increase in the applied load, the number of cracks increased and began to form within the shear zone. The cracks tended
to separate as the load increased to failure and formed more additional flexural cracks. The last column of Table 3;
contains a brief of the members' modes of failure. Unbonded PC members failed due to crushing of concrete, CFRP
debonding, or a group of these modes. The propagation of interface cracks in the concrete near to the CFRP in a
horizontal direction along with the embedded tension rebars until connecting with the vertical flexural cracks caused
peeling off of the concrete cover, indicating FRP debonding failure. The control member failed in a more brittle mode
than the strengthened members, which was evidenced by more rapid crack propagation and fewer cracks but wider crack
widths, while the control girder failed and showed brittle mode while the strengthened girders showed less brittle issue
[19], that is explained by propagation fewer and faster cracks with a wide width while a large number of cracks with
smaller widths for girders strengthen by carbon fibers.

4.2. Flexural Capacity and Load-Deflection

At three different load levels, the analysis of tested members was investigated: cracking loads, post-cracking elastic
stage, and peak loads as shown in Figure 8. The CFRP laminates and tendons had almost no effect on the member
attitude when the applied load does not reach the cracking load.
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Load-Deflection curve for all specimen
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Figure 8. Load verse deflection curves

The findings demonstrate that the damage caused by cutting one and two prestressing strands is significant. (Group
1, 2, and 3) results in a loss of strength when it is compared with the undamaged member; however, the strengthened
members with laminated exhibited an increase in flexural capacity of 9-16 percent for groups 1, 2, and 3 as illustrated
in Figure 8. The stiffness of the reference girders decreased slightly, and the strengthened girders were not significantly
different from the damaged reference girders of the same group. When the applied loads from the frame of testing
increase and exceed the cracking load, the damaged members of individual groups exhibit a relatively high rate of
stiffness deterioration due to the absence of a portion of the pre-stressing force, which increases the development rate
of cracks and displacement. Likewise, the flexural-strengthening externally bonded CFRP of the laminates exhibits their
ability to postpone the fracture formation and deterioration of the stiffness of the strengthened girders. As a result, the
strengthened member exhibits less deflection than the control girder for the same applied four-point load because of the
reduction in the force of prestressing of strands that resist the influence of the applied load.

The deflection is at the same value as the applied load, which is equal to 0.79 from the ultimate load and the ultimate
deflection. The serviceability limitation for deflection requirements (span over 250) is considered to use the
corresponding value in this manuscript. As per the result of control, the deflection at the serviceability limit is 1.12 cm,
and this value is referred to as the permissible load, which is about 79% of the ultimate load. During this period, the
displacement of the strengthened girders was slightly reduced by 9-18% for B1S, B2S, and B3S. The maximum
displacement increased significantly for the strengthened girders when compared to the controlled girder, which is about
5.3%, 7.51%, and 20.67% for B1S, B2S, and B3S, respectively. CFRP members demonstrate a decrease in displacement
at the maximum load, which comes from the obstruction of crack development during loading progression compared
with the group references.

4.3. Crack Progression Pattern

Many cracks developed between the two loads in the zone of pure bending moment. As the applied load grew, further
cracks occurred outside of this zone, as illustrated in Figure 9.
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Figure 9. A pattern of cracks at the failure of the tested member

4.4. Applied Load and Strain for the CFRP Laminates

The strain increases in Figure 10 for the CFRP laminates are before the crack load, minimal and nearly equal. After
the load reaches the value of the cracking, the strain increases clearly, and after the bonded steel reinforcement yields,
the rate of strain increase increases significantly. The increased rates of strain in the carbon fiber reinforced polymer
laminates were almost similar.
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Figure 10. Load-strain for CFRP and strands

At a serviceability load limit, the rise in the strain of strengthened members B1S, B2S, and B3S was 0.265%, 0.294,
and 0.346% related to 13.25, 15.42, and 17.3% of the laminate ultimate strain capacity (Fibre Elongation at Break e =
2%). While the strain increase at the ultimate loads was 0.830 percent, 0.871, and 0.90 percent corresponding to 42.0
percent, 49.1%, and 45.10 percent of the ultimate strain of the fiber capacity for B1S, B2S, and B3S.
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4.5. Applied Load and Effecting on the Strands Strain

Because of the minor strain increases, the not contributing of the strand with the flexural strength before the first
crack. The increase in the strand strain was calculated by subtracting the post-tensioning initial strain (4600 pe,) from
the actual strain Figure 10. During this loading stage, the strand acted the same behavior in all of the tested members.
The strain increases in the strand for the references groups 1, 2 and 3 were greater than the control girder, whereas the
strand strain increases in the members strengthened with laminate was less than the member without strengthening in
the same group. At the serviceability load limits, the increase in the strand strain for BIR, B2R, and B3R, was 7500¢,
7590ue, and 89501 pe, which showed an increase of about 9 to 30% when compared to the control member. Similarly,
the strain increases in the strands of the strengthened girders B1S, B2S, and B3S were 6750 pe, 6760 pe, and 7620pe,
with a reduction reaching 15% in comparison with them in parallel in the damaged member references. The strand strain
increases were much smaller in the loading stage after the load in the serviceability manner in the strengthened members
B1S, B2S, and B3S at the same loading level as in the reference and group reference. As previously mentioned, the
carbon fiber laminates were able to delay the cracks and prevent their development and they slowed down the
degradation of the member stiffness. Despite significant heterogeneity in the increase in strand strain for members B2R
and B2S with unsymmetrical losses in strand area, the average increase in strand strain was comparable to that for
members with symmetrical losses in strand area. For example, the coefficient of variation of strand strain increases at
the permissible service load was 0.0867 for damage reference beams G1R and G2R, but the COV of the strengthened
beams (coefficient of variation) of strand strain increases for B1S and B2S was 0.072.

4.6. Nominal Moment Strength of the UPC

Estimating the bending capacity of prestressed concrete members strengthened with externally bonded carbon fiber
laminates necessitates evaluating the strain increase of unbonded prestressed tendons [20]. Unfortunately, design
regulations, i.e. only offer a process for estimating the strain increase of bonded prestressed members reinforced with
EB-CFRP laminates [20], omitting out the unbonded procedure tendons in members reinforced with Externally Bonded
Carbon Fibre Reinforced Polymer laminates. Furthermore, as per the results of the trials, the EB-CFRP laminate has a
major effect on the attitude of unbonded tendons. The manuscript assesses the increase in strain for unbonded tendons
and bending capacity using the approach given previously [21]. To determine (gps) the strain in unbonded strands of the
CFRP reinforced simply supported and/or continuous components with nominal flexural strength, the following equation
is given:

My = Apfys (dy = 52%) + Af; (4 = B25) + WA Epey (df — 22°), @
fps = F(éps) (1-a)
fs=E&<f, (1-b)
Eps = Epe T Pps Np &¢ (d’z—:). 2

The equation ¢,, = fs/Eps represents the tendon's initial strain, not including stress losses, &,, (microstrain) which
represents the strain of the carbon fiber, Er (N/mm?) represents the modulus of elasticity of the carbon fiber, Eps (N/mm?)
which represents the modulus of elasticity of the prestressing strand, f;, (N/mm?) which represents the effective stress
of prestressing which is equal to the force over an area (Fp/Ap), Fy (N) which represents the tendon's actual tension
force, Aps (mm?) represents the tendon cross-sectional area, As (mm?) represents the cross-sectional area of carbon fiber
= tir times bur, @5 Which represents the stress reduction factor, set equal to 0.70, ¢ which represents the CFRP
reduction factor, set to 0.85 as per [20], and N, (Unit less factor) which is represent the parameter considered for simply
supporting members, Taking Np = 14.0 as a constant [21].

Understanding that stress rarely of the prestressing reinforcement exceeds yield and limiting the related stress to
0.95f,, allows the use of a linear correlation between prestressing reinforcement strain and stress, that is, f,s = Eps X
&ps ,» Which results as:

@ps Ny Eps &c c
fos = o+ (12 5) < 095, ©
14

The equilibrium compression and tension forces across the rectangular section can be stated as follows, assuming
rectangular section action:

Aps fps + Asf.;‘ + AfEfgf = a’lfclbﬁlc (4)
df —C

& = &gy c — &pi < &g (%)
_ fe

gfd =041 npEsts < 0.9€fu (6)
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where, g¢4 (Micro strain) which represents the debonding strain of the carbon fiber.

Using Equations 2 to 4, to do the step-by-step procedure which can be considered for evaluating the M,, for the
nominal moment capacity of carbon fiber reinforced polymer unbonded post-tensioned strengthened members.

Mode I: Concrete Crushing Controlling the Flexural Capacity

Step Number One: Assume that concrete crushing is used to control the nominal flexural strength that is the Equation
5 < Equation 6. For a; = 0.85, &, = &, and B; as defined in [19]. Substituting the f,; from Equation 3 into Equation 4
and the stress reinforcing steel is assumed to be yields which mean f; = f;. The gained formula is a second-degree
equation as listed follow, which is used to calculate the NA depth at nominal flexural strength in the rectangular section
under sight:

c= B+vVB2+4.A.C (7)

2.A

with the follow parameter for Equation 7:

A = 0.85p, fb + LsTp2rs fps e (7-2)
@psNpEps Ecud

B = Aps (fse + %&.p) + Asfy - AfEf (Ecu + gbi) (7'b)

C = AfEf‘gcudf (7_C)

Step Number Two: When Equation 5< Equation 6 as the result. Then calculate the strain in the reinforcing steel &
to investigate whether is larger than the yield strain ¢, as assumed in step number 1 Again when Equation 5< Equation
6 as result, while &, is not greater than (e,), Now repeat step number One to recalculate more precisely the NA depth
by using Equation 7 the following set of quadratic parameters when substituting, is generated.

fo = Eg (6 = €y X %)v (8)

Instead of f; = £, in to Equation:

A = 0.85p, f/b + Lestp2rs fps e (8-a)
a
PpsNpEps Ecud
B = Aps (fse + W) — AsEseq, — AfEf(‘gcu + &p1) (8-b)
C = AfEfgcudf + ASESECud (8'C)

Step Number Three: Calculate f,; from Equation 3 considering: e.= &, fs = Es&s < f,,. To determine the M,;;
nominal moment capacity from Equation 1.

Mode I1: FRP Failure Controlling the Flexural Capacity

Step Number Four: When fiber strain &, calculated from Equation 5 is greater than debonding strain (e¢4) in
Equation 6, which is mean that the CFRP failure occurs just before the strain of concrete (&.) in the most distant concrete
compression fiber (e.,). For this matter, the strain in the carbon fiber (&f) is equal to debonoding strain &¢,. As a result,
a technique of trial-and-error for fulfilling the compatibility of strain and forces equilibrium across the
rectangular section's overall height becomes more appropriate, as indicated in the following procedures.

Step Number Five: Using the fiber strain equal to debonding strain (e = &¢4) as it was assumed initial value of
compression zone, evaluate the (g.) concrete strain from Equation 9 at the outermost concrete compression fiber, and
calculate the gained stress in the prestressing strand from Equation 3 and the gained stress in the reinforcing steel from
the Equation 10 by substituting €. concrete strain for ¢,,.

eo=5a(75) ©

fs = Es&c (%) (10)

Step Number Six: Make certain the equilibrium issue by using Equation 4 in which the strain of fiber is equal to the
strain of debonding (e¢4 = &f), B, and a, are as calculated from Equations 11 and 12:
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4ec—ec
b= ai5e 1y
_ 3ecec(e0)?
o0G=——g (12)
381(%)

where g, can be considered equal to 0.002, which is represent the strain according to f, , or for more accurately &; can
!
be calculated as "e; =1.7. ’;-”

[

Step Number Seven: Now steps 5 and 6 must be performed until the force equilibrium requirements of Equation 4
are about equal; if some degree of tolerance is acceptable.

Step Number Eight: Using Equation 1, determine the nominal moment capacity Mn at the section. when "e; = &74".
Step Number Nine: For the factored nominal moment is greater than the applied moment (oM, = M,).

Taking into account the reduction factor was determined following the ACI Building code by calculating the
correlation between the net tensile strain on the tension reinforcement bars and the NA depth ¢ at nominal flexural
strength:

9=09 for ¢/, <038 (13-a)
e

¢=10.65for c/d, < 0.6 (13-b)

p=10.65+0.25(2.73 — 455-) for 0.38 < ¢/d, < 0.6 (13-c)

d. which represents the equivalent depth of the tension reinforcement (FRP laminates, prestressing steel, and reinforcing
steel,) and is described as bellows:

_ (Aps.fps.dp+A5.f5.d.+Af.Ef.8f.df)
Aps.fp5+A5.f5+Af.Ef.£f

de (14)

As the result, the experimental values of ultimate stress gained unbonded strands were compared to those predicted
by the previously given Equation 11. As indicated in Table 4 and Figure 11, the COV for theoretical and practical
moments was 0.030.

Table 4. Comparison between the theoretical and experimental moment

Members for EI-Meski & Harajli (2013) [22] Manuscript data
Member Mu-P Mu-E  Mu-P/Mu-E Member Mu-P Mu-E Mu-P/Mu-E

UB1 H_F1 41.801 46.501 0.899 Ref 90.090 91.430 0.990
UB1 H_F2 54.302 56.200 0.966 B1R 85.228 86.490 0.990
UB1 P_F1 41.403  46.500 0.890 B2R 85.228 85.360 1.000
UB1 P_F2 55.603 55.810 0.996 B3R 80.525 81.800 0.980
UB2_H_F1 50.502 60.310 0.837 B1S 98.197 103.390 0.950
UB2_H_F2 65.511 70.100 0.935 B2S 98.197 106.650 0.920
UB2_P_F1 58.512  60.500 0.967 B3S 94.374 100.330 0.940
UB2_P_F2 63.303  70.500 0.898 Average “M” 0.966
US1-H-F1 21.400 23.300 0.918 Standard Deviation “SD” 0.029
US1_H_F2 26.900 30.100 0.894
USL P F1 21600 23.800 0.908 Variation’s coefficient “COV” 2.97%
US1_P_F2 30.100 30.800 0.977 For All:
US2_H_F1 26.600 26.400 1.008 Average “M” 0.968
US2_H F2 35.800 31.600 1.133 Deviation of standards “SD” 0.079
US2_P F1 29.800 26.900 1.108 Variation’s coefficient “COV” 8.20%
US2_P_F2 37.400 32.100 1.165

Average “M” 0.969

Mu-P is for theoretical (predicated); Mu-E is for experimental
Deviation of standards “SD” 0.094
Variation’s coefficient “COV” 9.74%
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Figure 11. Comparison of experimental and theoretical flexural capacities

5. Conclusions

The impacts of partial strand damage enhanced by externally bonded-carbon fiber-reinforced polymer laminates on
post-tensioned concrete members were quantified. The results of the experiments lead to the following conclusions:

¢ As the ratio of damaged strands grows, the flexural capacity of post-tensioned members diminishes, whereas the
displacement of damaged stranded members increases at the same level of loading. At midspan, the damaged
strands' flexural capacity is reduced by 5.4%. The capacity of the strengthened specimens is reduced because the
strand's strength was lost, and the capacity for strengthened members was increased by 13.08% for B1, 16.64
percent for B2, and 9.73 percent for B3. This means that the capacity is higher than it was before the strand was
damaged. Regardless of how much flexural capacity has been restored, it is important to look at the serviceability
needs of prestressed concrete members with exceeding 20% losses in strand area before applying any more
treatments. The proposed equations for determining strain rises in unbonded post-tension members that are
reinforced with externally bonded-CFRP laminates will be very accurate and have very little variance in their
estimates of flexural strength (Mean = 0.97 and COV = 8.20%).

e Using externally bonded CFRP laminate methods to control crack development enhances cracking load and
flexural capacity. It was a big help when the EB-CFRP laminates were put on unbonded post-tension girders. They
made them stronger by 6.0 to 14.0%. The CFRP laminates have a significant effect on the attitude of the strands.
At the same loading value, the strain rise in the strands of the CFRP girders was significantly less than that in the
damaged beams. And enhancement of bonding for laminate strengthening is a prospect for future research.
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