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ABSTRACT

This dissertation presents findings from three separate investigations, a laboratory study
and two field studies that evaluated the durability of the Fiber Reinforced Polymer (FRP)-concrete
bond. The laboratory study explored the role of porosity on CFRP-concrete bond following
immersion in warm water. Two disparate field studies measured residual bond after 20 years
outdoor exposure of FRP repairs of full-size masonry walls and after 12 years for partially
submerged piles supporting the Friendship Trail Bridge, Tampa Bay.

The ACI 440 code requires the same surface preparation for all externally bonded FRP
concrete repairs. This disregards the role of porosity that is a function of the water / cementitious
(w/c) ratio. Concretes with high wic ratios are low strength concretes, have large voids and a more
elaborate capillary pore network compared to low wi/c, high strength concretes. Epoxies will
therefore penetrate deeper into high porosity concretes. As a result, the performance of low
strength, high porosity concrete under moisture exposure can be anticipated to be superior. The
laboratory study was intended to determine whether this hypothesis was correct or not.

Three different concrete mixes with water / cementitious ratios of 0.73, 0.44 and 0.25
representing high, medium and low porosities were used for the study. The corresponding target
compressive strengths were 2,500 psi, 5,000 psi and 7,500 psi respectively. A total of eighteen, 9
in. x 9in. x 2.5 in. thick slabs, three for each concrete porosity were tested. Slabs were allowed to
cure for over 90 days before surfaces were lightly sand blasted to provide the required concrete
surface profile (CSP 3). Specimens were then pre-conditioned in an oven for 48 hours to ensure

uniform drying.
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Concrete porosity was characterized using mercury porosimetry, SEM, 3D surface
scanning and images obtained using a portable microscope. Two commercially available CFRP
materials were bonded to the oven-dried prepared slab surfaces and the epoxy allowed to cure at
room temperature for 4 weeks. Twelve FRP bonded slabs were completely submerged in potable
water at 30 °C (86 °F) as part of the aging program. The six remaining slabs were used for
establishing baseline bond values through destructive pull-off tests. The twelve exposed slabs were
similarly tested following 15 weeks of exposure.

Results showed minimal degradation in the high porosity, low strength concrete but over
20% reduction in the low porosity, higher strength concrete. Analysis of the failure plane indicated
that the lower porosity of the high strength concrete had limited the depth to which the epoxy could
penetrate. This was confirmed from magnified images of the bond line taken using a microscope
and from a careful assessment of the failure mode. Findings also suggest that the CSP 3 surface
profile (light sand blasting) may be adequate for lower strength concrete but not so for higher
strength concrete. For applications where FRP concrete repairs of higher strength concrete are
permanently or intermittently exposed to moisture, alternative surface preparation may be needed
to allow epoxy to penetrate deeper into the concrete substrate. The viscosity of the resin hitherto
not considered may be a critical parameter.

In 1995, two full-scale concrete masonry walls were repaired using three horizontally
aligned 20 in. (508 mm) wide uni-directional carbon fiber sheets using different commercially
available epoxies. Twenty years later the CFRP-CMU bond was determined through selective pull-
off tests that were preceded by detailed non-destructive evaluation. Results showed that despite
superficial damage to the top epoxy coating and debonding along masonry joints, the residual

CFRP-CMU bond was largely unaffected by prolonged exposure to Florida’s harsh environment.
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Therein, 99% of samples exhibited in cohesive failure of the CMU or mortar. Pull-off
strength was poorer at mortar joints but because the CFRP was well bonded to the masonry surface,
its impact on structural performance of the repair was expected to be minimal. Overall, the repairs
proved to be durable with both epoxy systems performing well.

The Friendship Trail Bridge linking St. Petersburg to Tampa FL was demolished in 2016.
This was the site of three disparate demonstration projects in which 13 corroding reinforced
concrete piles were repaired using fiber reinforced polymer (FRP) in 2003-04, 2006, and 2008.
The repairs were undertaken using combinations of carbon and glass fiber, pre-preg and wet layup,
epoxy and polyurethane resin, and were installed using either shrink wrap or pressure bagging.
Residual FRP-concrete bond was evaluated after up to 12 years of exposure through 120 pull-off
tests conducted on 10 representative repaired piles. Results showed a wide variation in the
measured pull-off strength depending on the type of resin, the number of FRP layers, the prevailing
conditions at the time the epoxy was mixed and the method of installation. Epoxy-based systems
were found to be sensitive to ambient conditions at installation. Pressure bagging improved
performance. The highest residual bond was recorded in pressure bagged piles repaired in 2008.
The findings suggest that in marine environments epoxy-based systems installed using pressure

bagging can lead to durable repairs.
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CHAPTER 1: OVERVIEW

This dissertation presents findings from three separate investigations, a laboratory study
and two field assessments evaluating the durability of FRP-concrete bond. The laboratory studies
were conducted to understand how durability could be improved in the future while the field
studies focused on determining the performance of past repairs. Thus, the two studies linked the
past to the future.

Durability of FRP-concrete bond is critically important. It has been, and continues to be,
the subject of worldwide research studies. Much has been learned and critical environments
identified that are summarized in state-of-the-art reviews, e.g. (Myers, 2007), (Dolan, et al., 2009),
(Sen, 2015). These studies evaluated residual bond following exposure to various environments
for different combinations of FRP materials and concrete strengths.

An important parameter that appears to have been overlooked is the role of concrete
porosity on long term durability. Porosity is a measure of the extent and size of the network of
voids present in concrete. The volume of capillary pores present in hydrated concrete is
proportional to the water / cementitious (w/c) ratio of the concrete mix, e.g. (Mehta and Monteiro,
1993). The epoxy resin may therefore be expected to penetrate deeper into low strength concrete
because of its high porosity compared to high strength, low porosity concrete where penetration
will be commensurately shallower. Because permeability is lower in higher strength concrete, it
will take moisture longer to reach the bond line. But since epoxy can seal larger voids in lower

strength concrete there is a possibility that degradation will occur sooner in high strength concretes.



The laboratory study was set up to explore this hypothesis and is described in Chapters 2
to 8 in this dissertation.

The University of South Florida (USF) has been a pioneer in the application of externally
bonded FRP used for masonry settlement repair and for repairing corrosion damage in piles. The
use of FRP to repair settlement damage was completed in 1995. Twenty years represents an
important mile stone especially since the expected life of a repair is not stated in any specifications.
Thus, 2015 was an opportune time to obtain information on FRP-concrete bond. This was
evaluated through both non-destructive and destructive testing. The entire manuscript, Al Azzawi
et al. 2018 that is awaiting publication in ACI Structural Journal is included as Chapter 9.

The Friendship Trail Bridge has been the site of three disparate studies in which corroding
piles were repaired between 2003 to 2008. When a decision was made to demolish this bridge in
2015, Mr. Nils Olsson, Senior Bridge, Hillsborough County Public Works Department,
approached USF to conduct studies prior to its demolition. Their offer of assistance and
arrangements with the demolition contractor made it possible to complete 80% of the investigation
by the time the bridge was demolished in April 2016. The accepted manuscript, Al Azzawi et al.
2018, awaiting publication in ASCE’s Journal of Composites for Construction is included as
Chapter 10.

To avoid clutter, additional data are included separately in Appendix A.



CHAPTER 2: FRP-CONCRETE BOND-LABORATORY STUDY
The performance of fiber reinforced polymers (FRP) used in structural repair and
rehabilitation hinges on the integrity of its bond with concrete. Building codes, e.g. ACI 318-14
have long recognized that better bond is achieved when surfaces are roughened since it
significantly increases the contact area between the two bonding surfaces. The required roughening
for bonding FRP is defined in ACI 440.2R-17, 6.4.2.1 which states that the “concrete surface
should be prepared to a surface profile not less than CSP 3, as defined by ICRI 310.2R”. This

profile illustrated in Figure 2.1 is achieved by light sand blasting.
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Figure 2.1 Concrete surface profiles.
Reprinted from NCHRP 609, Attachment C.
Permission to use from National Academy of Sciences



NCHRP 609 study on construction specifications published in 2008 reported bond results
from flexure tests on 26 beam specimens and 10 double shear bond specimens. The target 28-day
concrete compressive strength was 5,000 psi. Three different concrete sets and profiles, CSP 1,
CSP 2-3 and CSP 6-9 were evaluated. Based on the results, the study concluded that even the
“smoothest concrete surface profile ...CSP 1 ...appeared to provide adequate surface roughness”.

Surface profile contributes to bond through mechanical interlock and is commonly
considered to provide most of the adhesion with minor contribution from chemical bond. The
insensitivity in the NCHRP results suggest that hitherto unrecognized factors may have played an
important role. Foremost among these is the porosity of concrete’s microstructure. Since concrete
uses more water than is needed for hydration, any additional water results in the formation of a
network of interconnected voids following evaporation. The extent of the network depends on the

amount of water used and on the air content.
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Figure 2.2 Pore diameter, w/c vs penetration volume.
Adapted from Concrete (3™ Edition) p.33 by Mehta and Monteiro, 2006, McGraw-Hill
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Figure 2.3 Pore diameter, w/c vs penetration volume.
Adapted from Concrete (3™ Edition) p.33 by Mehta and Monteiro, 2006, McGraw-Hill

The maximum average pore size diameter and the distribution of the pores over the bonding
surface controls the amount of epoxy that can penetrate into the concrete. Figure 2.2 taken from
Mehta and Monteiro 1993 shows the relationship between pore diameter, penetration volume and
the water / cementitious ratio. Inspection of Figure 2.2 shows that larger pore diameters and higher
penetration volumes are associated with lower strength concrete and vice versa. Figure 2.3 shows
the relationship of porosity with age for a w/c ratio of 0.7. The dependence diminishes after 90
days; note that the difference in pore diameters between 90 days and 1 year is much smaller
compared to that between 28 days and 1 year. In this study, porosity measurements were made

after 90 days.



According to (Mindess, et al., 2003), the water cement ratio for 5,000 psi air entrained
concrete is 0.4. For this ratio, the penetration volume is around 0.1 cc/g. The corresponding
maximum pore size is 1,000A but the average is closer to 200A. For this combination, penetration
of the epoxy into the concrete pores is not necessarily optimal. This suggests that the optimal
surface profile needs to be tailored to reflect concrete porosity.

Numerous studies have evaluated the role of concrete strength and bond, e.g. (Chajes, et
al., 1996), (De Lorenzis, et al., 2001) but their focus was on unexposed specimens. Since epoxies
can absorb moisture, water can penetrate into the concrete and react chemically to degrade it. To
date, the effect of porosity on long term FRP-concrete durability under moisture exposure has not
been systematically evaluated.

2.1 Objectives

The primary goal of the investigation is to understand the relationship between concrete
strength, porosity and submerged exposure in potable water. It focuses on specimens whose
surface profiles conform to CSP 3 as required by ACI 440.2R-17.

The study can potentially provide new information on the appropriateness of using the
same surface profile regardless of concrete strengths or porosity. Since testing will yield results
for dry conditions it could provide actionable information on surface preparation needed for both
indoor and outdoor applications. This could potentially lead to reduced costs if less intensive

surface preparation were found to be necessary.



CHAPTER 3: TEST PROGRAM

Beginning in the late 1990’s several laboratory studies were conducted primarily to identify
the optimal surface profile for bonding FRP to concrete. These evaluated the effect of variation in
bond due to changes in concrete strength and surface preparation techniques that considered water
jetting, sand blasting, shot blasting, manual grinding and air chisels. The resulting profiles were
mapped optically, e.g. using laser profilometry; bond improvement was established from
destructive testing. This typically included lap shear, flexure and pull-off tests, (Chajes, et al.,
1996) (Yoshizawa, et al., 1996), (Miller, 1999), (Momber, 1999), (De Lorenzis, et al., 2001),
(Maerz, et al., 2001), (Shen, 2002).

The concrete strengths evaluated in the above research studies varied from 2,000 psi to
over 8,000 psi, (Jeffries, 2004). Though this spans strengths of interest, because the research focus
was on surface profile, porosity was not on the radar. The concern at the time was more on the
consequences of damage to the microstructure arising from the different techniques used in surface
preparation. These and other studies led to the eventual adoption of ICRI’s CSP 3 (Figure 2.1) in
ACT’s first technical guide published in 2002, ACI 440.2R-02 that became the industry-wide
standard. This meant that CSP 3 was used regardless of the concrete strength.

Thanks to advances in concrete technology the average compressive strength of concrete
has increased, (Detwiler, et al., 2009). This has profound implications on the future use of FRP
and the long term durability of the FRP-concrete bond since higher strength concretes have lower
porosity that may require alternative surface preparation techniques to be effective in all

environments.



Due to the inverse relationship between strength and porosity, long term FRP-concrete
bond characteristics may be expected to differ. This is because the penetration of epoxy into
concrete will be smaller in higher strength concretes due to the absence of larger diameter pores
and a reduced network of interconnected voids, (Mehta, et al., 2006). This will not impact bond
under dry conditions because of the much higher tensile strength of epoxy. However, under wet
exposure, water will be able to diffuse through to the epoxy and react chemically leading to
irreversible damage to epoxy and accompanying bond degradation after relatively short exposure,
e.g. (Buyukoztirk, et al., 2010) reported a 60% reduction in bond after only 8 weeks immersion in
23 °C (73 °F) water.

Since porosity is not being considered, potential corrective measures for making repairs
more durable are being overlooked. In the most comprehensive 2009 NCHRP durability study, the
performance of over 1,600 specimens bonded to concrete using five different epoxies was
evaluated. In contrast, concrete was limited to relatively high strength concrete with compressive
strengths ranging from 6,700 to 10,500 psi. Given the expected role of porosity, these findings
may need to be re-visited.

The starting point in this research project was the hypothesis that durability of FRP bond
in highly porous concrete would differ from that in less porous concrete. The materials evaluated,
exposure considered and its evaluation focused such that these differences would be noticeable
from the results. If this were demonstrated the way forward will be clearer.

3.1 Compressive Strength

The relationship between porosity and water cementitious ratio provided the basis for

selecting target concrete strengths. Lower strength concretes have higher water / cementitious

ratios. To provide context, three different concrete strengths were evaluated in the study. Though



researchers have evaluated concrete with a targeted strength of 2,000 psi, (Shen, 2002), this fell
below the 2,500 psi minimum strength specified in ACI 318-14, Table 19.2.1.1. An upper target
limit for strength was taken as 10,000 psi following the 2009 NCHRP study. An intermediate target
strength of 5,000 psi was chosen to allow interpolation. These targets were later revised based on
actual strengths achieved (see Chapter 4).
3.2 CFRP System

Three commercially available systems were originally selected. However, since this was a
proof of concept study, only the two most widely used systems were utilized in the eventual testing.
Since epoxies had to be compatible with the CFRP material, epoxies associated with the respective
systems were used.
3.3  Destructive Testing

Pull-off testing provides the simplest and most direct method for comparing changes in the
failure mode arising from exposure. Given that epoxy has a higher tensile strength, all failures
were expected to be cohesive failures in concrete. The depth of the concrete still bonded to the
dolly would allow the depth of epoxy penetration in the substrates of the different concretes to be
estimated. It was anticipated that changes would be the least for low strength, high porosity
concrete but more noticeable in the higher strength, low porosity concrete.
3.4 Durability Exposure

The NCHRP 2009 durability study identified complete immersion in heated water as the
most aggressive environment for FRP-concrete bond. They reported that after 8 weeks immersion
in 30°C water, bond reductions from flexure tests were more than 35%. This study adopted a 30°C
water temperature since it is also representative of conditions in Tampa Bay where several pile

repairs were conducted (see Chapter 10). The exposure period was kept at 15 weeks, that was



higher than the 8 week period in the MIT study (Buyukdoztirk, et al., 2010). However, provisions
were made for a greater period of exposure in case results proved inconclusive.
3.5 Moisture Absorption

The relationship between bond degradation and moisture absorption is critically important.
In the study, this was determined from gravimetric testing and is described in Chapter 7.
3.6 Specimen Dimension

Flat specimens such as slabs are the simplest for conducting pull-off tests. The dimensions
selected were 9in. X 9 in. X 2.5 in. These were based on the following (1) ease of fitting slabs into
the oven used for drying, (2) sufficient edge distance is provided for isolating side diffusion effects
as this experiment was designed to have one dimensional flow, (3) widths reflected repair
dimensions used in practice, (4) allowance for 13 possible pull-off locations, and (5) slab depth
was comparable to the concrete cover for exterior members and was sufficient to prevent the
specimen breaking during testing.

The number of slab specimens was dictated by the test matrix summarized in Table 3.1

through Table 3.3 and shown schematically in Figure 3.1.

Figure 3.1 Test matrix
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The goals of the study were to evaluate bond degradation arising from exposure and to
quantify bond recovery upon drying. Three series of tests were planned, one for each concrete
porosity and FRP system. The epoxy systems used are identified by the letters A and B in Figure
3.1. The three different concrete grades are identified as 15, 35 and 50 that approximately
correspond to compressive strengths measured in MPa. Although 18 concrete slabs were required,
two additional slabs were cast for each concrete strength as “spares”. A total of 24 slabs were
therefore cast.

The three test series were: control, wet and dry. Control (6 slabs) denote specimens that
were tested before exposure to provide a baseline value. Wet (6 slabs) represents specimen that
were submerged in warm water at 30°C (86°F) for approximately 15 weeks. Dry (6 slabs)
represents bond recovery specimens. These were allowed to dry at room temperature following
removed from water until there was minimal change in weight (0.05%). In each series, six points
were tested that exceeded the minimum set of 5 in ASTM D7522. A total of 108 tests were
conducted.

Table 3.1 Control specimens

Specimen Epoxy
A15 control A
A35_control A
A50 _ control A
B15_ control B
B35_ control B
B50_ control B

11



Table 3.2 Wet specimens tested directly after the specimens removed from water

Specimen Epoxy
Al15_wet A
A35 wet A
A50_wet A
B15 wet B
B35 wet B
B50_wet B

Table 3.3 Dry specimens tested after 4 weeks of drying in room temperature.

Specimen Epoxy
A15_dry A
A35_dry A
A50_dry A
B15 dry B
B35 dry B
B50_dry B

12



CHAPTER 4: SPECIMENS FABRICATION
4.1 Formwork
A total of 24 forms were built using 7 ft long 2 x 3 wood studs. Each form was fabricated
using four 10.5 in. length pieces joined with eight 3.5 in. screws, two on each side to create inner
dimensions of 9 in. X 9 in. x 2.5 in. as shown in Figure 4.1. The forms were placed on a 1/8 in.
thick laminate wood sheet that served as the bottom but more importantly replicated common

concrete surface textures.
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(a) Friendship Trail Bridge- view of pile bents evaluated during demolition

(b) Piles layout
Figure 10.1 View of pile bents and piles layout
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A total of 13 piles - 11 glass and 2 carbon were repaired. The number of FRP layers used

ranged from 2 to 6. The first repairs were carried out on piles supporting bents 100-101 in 2003-

04. The second in 2006 used a pressure bagging system addressed later. The final repairs were

completed in 2008 on piles supporting bents 103-104. These incorporated a sacrificial cathodic

protection (CP) system within the FRP wrap.

Eleven piles were instrumented to monitor corrosion performance; six utilized an

innovative pressure bagging system to enhance bond. Seven were repaired with polyurethane-

based systems while the remainder utilized epoxy. The polyurethane resins are water-activated and

pre-impregnated into the fibers. These were delivered to the site in hermetically-sealed pouches

and installed over a surface primer. The epoxies were a Bisphenol-A resin combined with a

proprietary curing amine and were applied to the concrete substrates. The primer for the

polyurethane systems was also used as the UV coating.

Table 10.1 Repair summary

Bent Pile 2 Year of Wrap Product  Fiber Matrix Bond Instrumentation
Installation  Layout ® Type  Material Material Enhancement (Pile Face)
100A 2003 142 Prepreg  Carbon  Polyurethane - East
100 100B 2003 142 Prepreg  Carbon  Polyurethane -
100C 2003 2+4 Prepreg Glass Polyurethane -
100D 2003 2+4 Prepreg Glass Polyurethane - East
101A 2004 2+4 -l;)v;ﬁ_ Glass Epoxy East
101B 2006 1+1 Prepreg Glass Polyurethane  Pressure bag East
101 101C 2006 1+1 -ngﬁ' Glass Epoxy Pressure bag East
101D 2004 2+4 -l;)v;ﬁ_ Glass Epoxy East
Two-
103A 2008 1+1 part Glass Epoxy Pressure bag West
103
103C 2008 1+1 -:)V;I?t' Glass Epoxy Pressure bag West
104A 2008 4+0 Prepreg Glass Polyurethane  Pressure bag West
104 104B 2008 0+2 Prepreg Glass Polyurethane West
104C 2008 1+1 'I;)v;/:)t- Glass Epoxy Pressure bag West

@ A — D designations denote pile position along pier from north to south.

b Indicates wrap layers in longitudinal + transverse directions.

Note: Piles 99A, 103D, 104D were controls.
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10.5 Relevant Studies

The durability of FRP-concrete bond has been the focus of numerous laboratory and field
investigations. Details on the performance of epoxy-based systems may be found in state-of-the-
art reviews, e.g. (Myers, 2007) (Dolan, et al., 2009) (Sen, 2015) (Hamilton, et al., 2017). Fewer
studies are available for polyurethane systems, e.g. (Bailey, et al., 2013).

Laboratory studies evaluate degradation in carefully prepared specimens. Specimens are
usually prepared on flat rather than vertical surfaces so that gravity effects during cure are
discounted. Environments are controlled, e.g. (Karbhari, 2009) reported a 26-61% reduction in
pull-off strength after 24 month exposure to salt water solution at 22.8°C (73°F); (Dolan, et al.,
2009) measured a 19-40% reduction after a 12 month exposure to salt water solution at 50°C
(122°F). Since field installation and ambient conditions differ from that in laboratories it is not
surprising that the failure modes in laboratory and field specimens differ as was observed by (Tatar,
etal., 2016). This disparity can be expected to be greater for polyurethane resins that release carbon
dioxide during cure. In laboratory studies, researchers applied rollers for ten minutes to prevent
voids caused by gases trapped within the bond layer, (Haber, et al., 2012). This is not an option in
field repair of partially submerged piles where void volume is significantly greater, (Walker,
2007).

Field data for marine applications are scarce. (Long, et al., 2012) evaluated a FRP-
strengthened quay wall in Dunkerque Port, France installed using both prepreg and wet layup
CFRP. After eight months, average residual bond from 40 pull-off tests varied between 1.86 and
2.74 MPa (269 and 397 psi). Other available studies in marine settings only utilize pull-off testing

to verify installation and conduct long-term evaluations using non-destructive methods.
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Excepting for studies conducted by the authors, e.g. (Sen, et al., 2007), field studies
incorporating destructive evaluations are only for FRP applied to dry surfaces under dry
conditions. Their findings are not applicable for this study where specialist resins designed for
application on wet surfaces were used. Nonetheless, limited comparisons are presented to provide
a measure of the variability in FRP field test data for columns.

10.6 Background

10.6.1 Chloride Content

Pull-off tests are conducted on the pile surface and therefore the chloride content at this
location can impact results. Chloride measurements in the 75 mm (3 in.) concrete cover were
undertaken for nine test piles Table 10.2. Chloride content was highest nearer the surface (0-25
mm or 0-1 in. layer) and closest to the pile cap. Their magnitude more than exceeded the 0.59-1.19
kg/cu. m (1-2 Ib/cy) chloride threshold for concrete surrounding reinforcement (50-75 mm or 2-3
in.) indicating that the passive layer that protects steel in concrete was destroyed (Mindess, et al.,
2003). These values were consistent with corrosion potential measurements that indicated a 95%
probability of corrosion, (Mullins, et al., 2004) (Mullins, et al., 2006) (Sen, et al., 2010).

Table 10.2 Chloride profile in concrete cover

Location from 0-25 mm 25-50 mm 50-75 mm
Pile underside of pile cap 0-1in. 1-2in. 2-31in.

mm in. kg/cu. m Ib/cy  kg/cu. m Ib/cy kg/cu. m Ib/cy
99A 75 3 10.96 18.58 5.17 8.77 1.22 2.07
99A 533 21 8.70 14.74 4.56 7.73 2.62 4.44
103A 125 5 3.44 5.83 2.08 3.52 0.94 1.96
103B 125 5 4.57 7.74 2.78 471 1.42 2.4
103C 125 5 3.61 6.12 1.90 3.22 1.06 1.8
103D 125 5 3.16 5.35 2.55 4.32 1.71 2.89
104A 125 5 7.23 12.25 2.87 4.86 2.08 3.52
104B 125 5 6.00 10.18 2.70 4.57 1.64 2.78
104C 125 5 7.35 12.46 4.30 7.29 2.92 4.95
104D 125 5 5.72 9.69 4,01 6.79 3.60 6.10
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10.6.2 Instrumentation and Cathodic Protection

Eleven wrapped piles were instrumented to monitor the efficacy of FRP corrosion repairs,
(Suh, et al., 2008). (Aguilar, et al., 2010). Instrumentation varied; in the initial study, two
embedded rebar probes were used to measure corrosion current, (Mullins, et al., 2004) Piles
repaired in 2008 incorporated a sacrificial cathodic protection system within the FRP repair,
(Aguilar, et al., 2009), (Sen, et al., 2010). This system was designed to provide 30 years of
protection. It required eight embedded zinc anodes and a submerged bulk zinc anode. The
performance of this system was monitored using two silver-silver chloride reference electrodes
that measured the anodic current drawn from the embedded and submerged anodes.

Installation of instrumentation required holes to be drilled and grooves to be cut on the pile
surface for the required wiring and junction boxes that were located on the accessible east and west
faces. These were also the two faces where all destructive and non-destructive testing was carried
out. The implication of disturbance to the bonding surface is addressed later.

10.6.3 FRP Wrap Design

The FRP wrap was designed to fully recover an assumed steel cross-section loss of 20%
while simultaneously limiting transverse expansion caused by the formation of corrosion products.
The epoxy system used unidirectional fibers in all repairs. Bidirectional fibers were used by the
prepreg system in the transverse direction in 2003 and in both longitudinal and transverse
directions in 2008. FRP properties used in the calculations are summarized in Table 10.3and Table
10.4, (Mullins, et al., 2004) (Mullins, et al., 2007), (Aguilar, et al., 2009). More layers were

required for the lower strength of fibers used in the prepreg system Table 10.1.
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Table 10.3 Properties of prepreg system

Fibers Tvpe Tensile Strength Tensile Modulus Load / ply
yp (MPa)  (ksi)  (GPa)  (ksi)  (KN/m)  (Ibfin)
Unidirectional o0 85 358 5200 4203 2,400
Glass
Bidirectional 5, 47 206 3000 2102 1,200
Unidirectional g, 120 758 11,000 5954  3.400
Carbon Bidirectional
586 85 221 3200 4203 2,400

Table 10.4 Properties of epoxy-based system

Value

Property S| USCS

Tensile strength ~ 0.58 KN/mm 3.3 K/in.

Tensile modulus 20.89 GPa 3030 Ksi
Ultimate elongation 2.2% 2.2%
Laminate thickness 1.27 mm 0.05in.
Dry fiber thickness 0.36 mm 0.014in.

10.6.4 Pressure Bagging

In-situ bond measurement of piles repaired in 2003-04, showed that conventional

installation practice of using shrink wrap during curing (Figure 10.2) led to significant bond

variability, (Sen, et al., 2007). Laboratory studies indicated this variability could be lowered by

using pressure or vacuum bagging to reduce voids while the epoxy cured, (Winters, et al., 2008),

(Aguilar, et al., 2009). Pressure bagging involves the use of a pressurized cuff which surrounds

and restrains the FRP wrap during curing. This configuration was found in a previous study to be

a more effective tool for enhancing bond in piles than vacuum bagging since an airtight envelope

is not required around the FRP. The effect of pressure on voids was also numerically modeled by
(Grunenfelder, et al., 2010). In essence, uniform pressure increased interfacial frictional resistance

in repairs of vertical elements that prevented the resin-saturated fabric from slipping. All USF pile

repairs conducted after 2004 were pressure bagged.
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Figure 10.2 Shrink wrap (left); pressure bag (right)

10.7 Exposure

Since the wraps were installed at different times, ambient conditions differed.
Temperatures varied from 12 °C (54 °F) to 30 °C (86 °F) and humidity from 69% to 83%. Heat
indices ranged from 22 °C (72 °F) to 34 °C (94 °F). Where available the heat index, the combined
effect of air temperature and humidity, is included in Table 10.5 the temperature range for all the

piles is identical since both maximum and minimum temperatures were recorded the same year in

2010.
Table 10.5 Pile installation and service ambient conditions
Conditions at Installation
Installation . Temp.
Piles Rel. Heat | Heat
Date Temeer%tur Temgergture, Humidity | Index | Index, Ringe,
e, °C F 0 2 °C oF C
] ] (OF) b
10/30/2003 | 100A 25 77 69 28 82
10/30/2003 | 100B 25 77 69 28 82
-4-37
10/30/2003 | 100C 25 77 69 28 82 (25-
98)
10/30/2003 | 100D 25 77 69 28 82
s2/27/2004 | 101A 12 54 83 - -
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Table 10.5 (Continued)

2/27/2004 | 101D 12 54 83 - -
9/26/2006 | 101B 29 85 65 34 94
9/26/2006 | 101C 30 86 63 34 94
7/30/2008 | 104B 28° 83° 71° 22 72
12/17/2008 | 104A 23 74 76 - -
12/17/2008 | 104C 22 72 81 - -
12/18/2008 | 103A 24 75 71 - -
12/18/2008 | 103C 24 75 71 - -
2 Indicates conditions at installation; ® From installation date to April 2016 ; ¢ Average
for the day; Maximum relative humidity for all ranges was 100%; Temperature data from
weather underground website (reference provided)

10.8 Objectives

The goal of the research project was to obtain new information on the FRP-concrete bond
by evaluating residual FRP-concrete bond following exposure of up to 12 years. All testing was
conducted at the accessible east and west faces of the wrap in dry and splash zones Figure 10.3.
Since field inspectors evaluate bond through visual inspection and tap tests, all wrapped piles were
similarly evaluated prior to destructive testing. The intent was to assess the reliability of such
inspection methods. Given the diversity of the repairs in terms of systems, number of layers,
adhesives, installation methods and ambient condition, the investigation sought to obtain answers
to key questions. These include the role of surf and ambient conditions during installation, the
relative performance of the epoxy and polyurethane adhesives, the effectiveness of pressure

bagging, and the overall performance of repairs after over 7, 9 and 12 years of exposure.
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Figure 10.3 Definition of dry, splash and submerged zones

10.9 Bond Evaluation Program

Field testing was initiated after the contract for the demolition of the bridge had been
awarded. As a result, there was a constant race against time to complete testing before the bridge
was demolished. Unfortunately, conditions were not always favorable when the research team was
ready and able. Despite 26 site visits, not all testing could be completed in time. Additional testing
was therefore required after the bridge had been demolished and the test piles carefully moved on-
shore. These are referred to as “land” tests.

10.9.1 Non-Destructive Evaluation

Non-destructive evaluation comprising acoustic sounding, visual inspection, and thermal
imaging were completed in seven site visits. The role of this evaluation was to identify locations

that were deemed to have either an apparent good (intact) or poor (debonded or delaminated) bond
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for follow-up confirmation by destructive testing. In this paper, only selected results from visual
inspection are discussed.

Marine growth over the FRP wrap was first removed with a hand scraper and each surface
of the wrap photographed to identify occurrences of discoloration, debonding, peeling, and rust
stains.

Cracking of the protective UV coating was observed in all piles. Junction boxes housing
wiring for cathodic protection and instrumentation installed close to the underside of the pile caps
and were found to be intact. The boxes at piles 100D and 101C were observed to have expelled
corrosion residue downward and onto adjacent wrap material.

Figure 10.4 shows photos of three pressure bagged piles 101B, 101C, 103C and one non-
pressure bagged pile 104B taken as part of the visual inspection study. The photo suggests that the
residual bond would be higher for the pressure bagged piles installed in 2006 (101B, C) and 2008
(103C). In contrast, the only non-pressure bagged pile, 104B, installed in 2008 showed clear signs
of distress in which patches of FRP material had already delaminated. It exhibited low interlaminar
bond strength as strips could be easily detached from the pile face by hand. This repair used glass

and a proprietary polyurethane resin and was not installed by the USF research team.

10.9.2 Destructive Evaluation

Pull-off testing was conducted in accordance with ASTM D7522, ASTM 2009. An
Elcometer 106 adhesion tester with 31.7 mm (1.25 in.) diameter dollies was used. Locations for
pull-off testing in the dry and splash zones (Figure 10.3) were, by default, randomized along areas
where both well-bonded and delaminated/debonded states were indicated by NDE. However,

constraints such as surface waviness, marine growth, dolly spacing, candidate locations relative to
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the water surface / boat, and the use of a drilling rig limited the available areas for scoring. Tests

were restricted to east and west pile face locations at heights accessible from a boat.

Figure 10.4 Photos of FRP repairs in piles.
(left to right) 101 B, 101C, 103C and 104B

The FRP surface was scored using a 31.7 mm (1.25 in.) diameter diamond core drill bit to
an approximate depth of 6.35 mm (0.25 in.) into the concrete cover. The drill was attached to a
custom-built leveling fixture Figure 10.5, which was temporarily attached to the pile. This
configuration had been utilized in previous studies and allowed for vertical face drilling while
ensuring levelness and uniformity of the scoring process, even in moderately choppy waters. The
scored areas were then sanded with medium-grit sand paper and cleaned with acetone. Dollies
were adhered to the prepared surfaces with 3M Scotch-Weld DP-420 epoxy adhesive, which has
a maximum tensile strength of approximately 15.5 MPa (2,250 psi). The dollies were then taped
to the surrounding wrap to prevent slippage during setting and allowed to cure for a minimum of
24 hrs Figure 10.6. Logistics led to their positioning along a circular arc. After the dollies were
installed, a spirit level was used to verify that they were at right angles to the bonding surface

(Figure 10.6 right) before testing.
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installation conditions, etc.). Before running the test, a normalization check was run for each data
set to ensure robustness and applicability of the method, Ahad and Yahaya 2014. A confidence
interval of 95% (a = 0.05) was used for the tests. This interval states that there is a 95% chance
that if the t-statistic lies between the negative and positive t-critical values, the population means
of the two data sets are equal.

Table 10.7 Summary of two-sample t-tests, assuming unequal variances

Pile Data Points (n) Negative t-C_riticaI t-Statistic Positive t-Cr_iticaI Result_ of
In-Situ on Land (Two-Tail) (Two-Tail) Hypothesis Test
100A 1 3 Error 2
101A 3 3 -3.182 1.834 3.182 Do not reject Ho
101B 1 6 Error
101C 3 2 -4.303 1.000 4.303 Do not reject Ho
103A 6 5 -2.365 2.051 2.365 Do not reject Ho
104A 7 9 -2.145 -0.026 2.145 Do not reject Ho
104B 0 0 Error

2 Indicates an insufficient amount of well-bonded data points available for analysis

The results of the t-test for each pile, executed using MS Excel are summarized in Table
10.7 It shows that the criterion is met for all applicable test piles excepting piles 100A, 101B, and
104B. For these three piles (all prepreg polyurethane), insufficient well-bonded data points were
available and the difference between sample means could not be tested. However, since four of the
seven queried test piles indicated that no factors significantly influenced the data points when the
piles were extracted, it is assumed that the remaining piles were similarly unaffected.

10.10.4 Concrete (Figure 10.8)

A total of ten tests were carried on the control pile (99A) — four in the dry region and six
in the splash zone. The measured salt concentration in the cover for this pile is given in Table 10.2.
The average pull-off strength reported in Figure 10.8 was 28% lower in the splash zone compared

to that in the dry region. The cyclic effect of tidal cycles may have led to a degradation in concrete
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properties in the splash. According to ACI 318-14 section 14.5.2.1, the tensile strength of plain

concrete can be taken as 5\/ch. This translates to a concrete compressive strength of 29.5 MPa
(4,290 psi) for the dry region and 15.4 MPa (2,237 psi) for the splash zone. This is consistent with

the specified concrete strength for the piles of 27.6 MPa (4,000 psi).
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Figure 10.8 Pull-off values for concrete (pile 99A)
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10.10.5 Piles Repaired 2003-04 (Figure 10.9)

No piles belonging to this series were pressure bagged. Three of the four piles were
wrapped using polyurethane resin and one an epoxy resin that had been specially formulated for
underwater applications (Pile 101A). A total of 33 tests were conducted in this series. While some
bond values were high in both dry (1.7 MPa (258 psi) in 101A) and splash (0.9 MPa (129 psi) in

101A) zones, there were also twelve locations where bond was zero (8 in polyurethane, 4 in the

epoxy).
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Five of the eight zero values in the polyurethane system were a subset of ten interlayer
failures — all in the polyurethane resin system. The average residual bond for these failures ranged
from 0.05 (8) to 0.3 (46) MPa (psi) Table 10.6.

Since interlayer failures do not reflect FRP bond with the concrete substrate, they are
excluded in the calculation of average residual values included in Figure 10.9. The interlayer

failures suggest insufficient resin had been applied in the prepreg system.
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Figure 10.9 Pull-off test results for repairs conducted in 2003-04
10.10.6 Piles Repaired 2006 (Figure 10.10)
Both piles — one epoxy and one polyurethane - repaired in this series were pressure bagged.
Visual inspection (Figure 10.4) had suggested a high relative residual bond in these piles. A total

of 40 tests were conducted — 22 for the polyurethane and 18 for the epoxy. There were 19 zero
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bagged piles was superior compared to the non-pressure bagged pile (104B). The average residual
bond for epoxy (103A, 103C) was higher in the dry zone (1.3 MPa (191 psi), 1.2 MPa (179 psi))
vs 0.7 MPa (103 psi) for polyurethane (104A) and comparable in the splash zone (0.5 MPa (82
psi)), 1.1 MPa (165 psi) vs 0.7 MPa (100 psi) for polyurethane. Even though pressure bagging was
used, there were four interlayer failures in the polyurethane system (excluded in the calculated
average value included in Figure 10.11). However, the average residual bond (Table 10.6) for these
failures was relatively high (0.8 MPa (119 psi)).

The performance of the non-pressure bagged pile 104B was distinctly poorer. The average
bond was zero from five points in the dry zone but higher (0.4 MPa (60 psi)) in the splash zone
where both failures were interlayer. As discussed, the latter tests were conducted on land and the

mean value did not satisfy statistical criterion (see Table 10.7).
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Figure 10.11 Pull-off test results for piles repaired in 2008
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= Bond was poor in epoxy-based systems when the two part resin was mixed in
unfavorable conditions (Table 10.5). This reduced pot life or increased cure time and
adversely impacted performance (Figure 10.9,Figure 10.10 and Figure 10.14). It is
recommended to cool resins before mixing.
= Epoxy-based systems outperformed polyurethane-based systems in both the dry and
splash zones (Table 10.8).
= Pressure bagged piles repaired in 2008 performed best for both resin systems (Figure
10.11).
= Epoxy-based, pressure bagged installations are comparably durable even when mixed in-
situ and applied to wet surfaces in a marine environment.
Findings from destructive evaluation are based on studies conducted at the project site and
do not necessarily apply to other installations. However, considerations of site evaluation logistics,
the qualitative improvement in strength offered by pressure bagging, and the dangers of applying

FRP during hot weather may be applicable to other projects.
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APPENDIX A: PHOTOS AND CALCULATIONS
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BATCHSIZE= E = 0.060 CU.YD 0.00 % FLY ASH SOUTHEAST
DESIGN STRENGTH: 2500 PSI WAT/CEM = )
DESIGN WEIGHTS CMNTS =
MATERIALS WEIGHT GRAVITY MOISTURE SOURCE SOLID VOL.
e T o
Raover Fiy Ash v
Masteriife 8': 100 0 220 0.00 12:
Comas 887 (87-080) 1680 23 1.90 Ve
Comea Sand (16-078) 1379 263 330 ‘.“
WATER 3400 7
Master Set 961R 3 OZ/ICWT 11.70
Master Gleoium 7800 0 OZ/ICWT 0.00 Sk
Masterife CL 30 0.00 1.00 3
Master Air AE 90 3 0Z/YD i
% AR 300 :
- g YIELD = 27.00
TOTAL WT.PER YD= 3731.96
138.22
BATCHWT. AT 0.06 CUBIC YARD
TARE TOTAL WT.
Patras Cormert 2340 LBS + z 23.40
Crystal River Fiy Ash 000LBS ~+ = 0.00
Masterife SF 100 0.00 z 0.00
Comes #57 (87.088) 102.72 LBS + - 102.72
Comex Sand [16078) 8545 LBS + = 85.45
WATER 12351LBS + = 1235
Master Set 961R 2081 ML
Master Glarsum 7500 0.00 ML
Master Air AE 90 534 ML
VMA (tail) 000,

Figure A.1 Group 15 mix design
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Truch Briver Usar Disp Ticket Mum Ticqet L0 Time Date

213 SEBAEA BEET fp ey THlm LmiEe 2/8RA17
Laad Size Miw Code Raturnad Gty Miw Fge Sag load To
Led O Cal ERHLE L Soue
Material  Desi En oty Requireg Bzfrhad whar o A Mpisteee  Arbesl Wed
LAl tES0 1n I265 It SEC L g N §oql
Mo Bﬂﬁlb 138 1h 1788tk Y ER L B of
EH T £28.0 1t 6088 1k B3R A Ih L&l
H4RTER gl R N R | oB.m gl
& 200 17 5 og Abar 8
7o 19,00 oz M i 2002 oz 5.2
Lrtual Aua Babches: 1 Vanual  10:2E:00
Logd Todal: 3570 ! lesign G420 Water/Cerens B4 7T Zesign 339 i Rotuzl 307 gl Tofdds 2% gl
Slugps S0 in kabar in Tr'uth' 8.2 gl Adjust MWater: 20ql ! Lnag Tria eere'r' -0 gty O HMese: anue) Faed o

LOAD START TIME: LOAD XN TIME:
1026 @T AR M ETe IR AN

Figure A.2 Group 35 mix design

Truck Driver User Disp Ticket Num Ticket 1D Time Date
1615 S30468 uger go13@1 7911 11:13 2/88/17
Load Bize Mix Code Returned Oty Mix Rrye Seq l.pad 1D
1,00 (Y 8BRASPIP D B&94
faterial  Tes IL [2l;r7 Regu‘.red Patched XUar % Mpisbure  Pctual Nat

57 C 1238 1 1261 1b 1268 1b M’i! g0 o 3 gl

90 C 138 16 {408 1b 180 1 ) J.6EX 105 N Tl

U5y T 1081,8 1b 1081,8 1b 160,68 16+ 1,76%

WATER 33.00 gl .85 gl 17,00 gl -1, 42% 17,08 ol

3517 22,08 oz 2. 0 22.& o« 0. 00%

7520 3200 0z 3200 oz 32.00 0z .0

Rctusl Nus Batches: | Manual 1R

Load Tofal:  3%3 1b Design G255 Water/Cesant 6,230 T

Design 33.8 al fcteal 270 g! ToRdd: 6B gl
ai el

Slusp: B.00 in Nater in Truck: ©.8 g1 ARdjust Waber: 8.0 ol / Load Trim Baber: -6.0 gl/ CY  Note: Manuzl feed oc

LOAD START TIME: LOAD END TIME:
11:13:52 AM 11:16:15 AM

Figure A.3 Group 50 mix design
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14 mm 17 mm 17 mm
Al5-control-side view

P4
A15-Control-top view
Figure A.4 Failure mode A15-Control
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P3
16 mm 15 mm 17 mm
B15-control-side view

P3
B15-control-top view
Figure A.5 Failure mode B15-control
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10 mm 9 mm 11 mm
Al15-Wet-side view

P3
A15-Wet-top view
Figure A.6 Failure mode Al15-wet
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10 mm 13 mm
B15-Wet-side view

P2
B15-Wet-top view
Figure A.7 Failure mode B15-wet
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11 mm 8 mm
A15-Dry-side view

P5
A15-Dry-top view
Figure A.8 Failure mode A15-dry
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10 mm 13 mm
B15-Dry-side view

P4
B15-Dry-top view
Figure A.9 Failure mode B15-dry
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9 mm 10 mm
A35-Control-side view

P3
A35-Control-top view
Figure A.10 Failure mode A35-control
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P4
9 mm
B35-Control-side view

P4
B35-Control-top view
Figure A.11 Failure mode B35-control
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3 mm

A35-Wet-side view

A35-Wet-top view
Figure A.12 Failure mode A35-wet
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4 mm 3 mm
B35-Wet-side view

P4 P6
B35-Wet-top view
Figure A.13 Failure mode B35-wet
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7 mm
A35-Dry-side view

P4
A35-Dry-top view
Figure A.14 Failure mode A35-dry
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4 mm 6 mm
B35-Dry-side view

P3
B35-Dry-top view
Figure A.15 Failure mode B35-dry
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9 mm 8 mm
A50-Control-side view

P3
A50-Control-top view
Figure A.16 Failure mode B50-control
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9 mm 8 mm 7 mm
B50-Control-side view

P4
B50-Control-top view
Figure A.17 Failure mode B50-control
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2 mm 3 mm
A50-Wet-side view

N

P2
A50-Wet-top view
Figure A.18 Failure mode A50-wet
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Gl

il

Il

(T

I"

P4 P6
2 mm 3 mm
B50-Wet-side view

P4
B50-Wet-top view
Figure A.19 Failure mode B50-wet
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Tl

(i

rl

P2
3 mm 3 mm 4 mm

A50-Dry-side view

P3
A50-Dry-top view
Figure A.20 Failure mode A50-dry
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6 mm

B50-Dry-side view
o

B50-Dry-top view
Figure A.21 Failure mode B50-dry
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Figure A.22 Group 15 bond line images
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o A
3 3
5. 3
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8 mm

10 mm__—|

Figure A.23 Group 35 bond line images
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Figure A.24 Group 50 bond line images
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APPENDIX B: COPYRIGHT PERMISSIONS

The permission below is used for Figure 2.1.

The National Academies of
SCIENCES « ENGINEERING « MEDICINE

National Academies Press
Rights & Permissions

April 5,2018 Reference #: 04051800

Mostfa Al Azzawi

College of Engineering

Department of Civil and Environmental Engineering
University of South Florida

4202 E Fowler Avenue, ENB 118

Tampa, FL 33620

D;aar Mr. Azzawi,

You have requested permission to reproduce the following material copyrighted by the National Academy of Sciences ina
dissertation:

Attachment C, Figure C-6, page C-9, Report 609: Recommended Construction Specifications and Process Control
Manual for Repair and Retrofit of Concrete Structures Using Bonded FRP Composites, 2008

Your request is granted for the material cited provided that credit is given to the copyright holder. Nonexclusive rights are
extended for noncommercial use of this material.

Suggested credit (example):

Reprinted with permission from (title of publication), (publication year) by the National Academy of Sciences, Courtesy of
the National Academies Press, Washington, D.C, (This credit may be edited pursuant to the publisher’s house style and
format so long as the essential elements are included).

Thank you,

lannah Kenton
Permissions Coordinator
National Academies Press
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The permission below is used for chapter 9.

American Concrete Institute®
Advancing concrete knowledge

Copyright Transfer Form

MS Number: S-2016-440.R1
Authors: Mostfa Al Azzawi, Philip Hopkins, Joseph Ross, Gray Mullins, Rajan Sen

Title: CFRP-CMU Bond after 20 years outdoor exposure

Transfer of Copyright by Contributors to ACI

Itis the policy of ACH (o safeguard all suthor-contributed works by copyrighting them in the name of ACI. To do so, ACI must obtain
a written transfer of copyright ownership from contribuating authors. The usngmnem of copyright will allow ACI to publish and
reprint your article amd 1o continue making arrangements for the various ab dexing, copying, lating, and other services.

These services are ial to the continued di ination of publications of ACI and lhc information av. mlublt through ACL

Therefore ACI requests the signature of all the authors. The authors warrant and represent that they are all of the authors work
sdentified above, and they are the sole owners of the work and of the copyright pertaining to i, that lhcy have not transferred the
ownership of the work or of the copyright in the work or any interest therein or any part thereof to any other person or entity. The
work is the original creation of the authors and is not copied from any other work, except for the portions that arc clearly indicated by
credits contained therein,

The copyright to the article identified above including, without fimitation, any photographs, charts, il lons, or graphs
therein (but excepting any portions identified ns being used with the consent of others) is hereby transferred to ACH (for Government
employees this provision applies only 1o the exient which copyright is transferable) cffective upon receipt of this manuscript. In
consideration of agreement to publish the work if approved afler review within at keast 24 months of this assignment, authors hereby
assign exclusively 1o ACH the copyright pertaining to the work. This includes, but is not limited to, the right 1o publish the work, to
reproduce it, and to disseminate it, either alone, collectively with other works, in excerpts from the waork or in whatever fashion ACT
deems nppropriate. The authors reserve the following: all proprietary rights other than copyright such as patent rights and the right to
usge all or part of this article in future works of their own such as lectures, roviews, personal websites, text books, ele.

IfACI does not publish the work within 24 months, it hereby agrees 1o renssign the copyright back to the nuthors. Thcngncd transfer

of copyright statemsent must be received at ACH headquarters before the ipt can be pred for publi
First name Middle | Last name Date
1 initial
Author 1 [Mostfa Al Azzawi ST
Author 2 |Philip Hopkins S5N17
Author 3 |Joscph Ross snmnag
Author4 | Gray Mullins ST
Authors  |Rajan Sen 577
For further information, contact Editorial & Production Department at 248-848-3753

Revacd 12804

162



The permission below is used for chapter 10.

4/13/2018 University of South Florida Mail - Re: Waiver request for CCENG -2205
PERMISSIONS <permissions@asce.org> Fri, Apr 6, 2018 at 2:43 PM
To: "Sen, Rajan" <sen@usf.edu>
Cc: "Schmidt, Leetta" <Imschmidt@usf.edu>, "Al Azzawi, Mostfa" <mostfa@mail.usf.edu>, "Bahr, Ruth" <rbahr@usf.edu>
Dear Prof. Sen,
Thank you for your inquiry. ASCE allows copyright of content for thesis and dissertations, provided the content in total
does not account for more than 25% of the new work. And if the student is one of the paper’s original authors, they are

permitted to reuse their own content (including figures and tables) for another ASCE or non-ASCE publication, provided
again, it does not account for more than 25% of the new work.

For more information on using one's own material, see https:/ascelibrary.org/page/informationforasceauthorsreusi
ngyourownmaterial

Please contact me if you have any further questions.

A full credit line must be added to the material being reprinted. For reuse in non-ASCE publications, add the words "With
permission from ASCE" to your source citation. For Intranet posting, add the following additional notice: “This material
may be downloaded for personal use only. Any other use requires prior permission of the American Society of Civil
Engineers. This material may be found at [URL/link of abstract in the ASCE Library or Civil Engineering Database].”

Sincerely,

Leslie Connelly

Senior Marketing Coordinator
American Society of Civil Engineers
1801 Alexander Bell Drive

Reston, VA 20191
PERMISSIONS@asce.org

703-295-6169

Internet: www.asce.org/pubs | www.ascelibrary.org | http://ascelibrary.org/page/rightsrequests

A full credit line must be added to the material being reprinted. For reuse in non-ASCE publications, add the words "With permission from ASCE" to
your source citation. For Intranet posting, add the following additional notice: "This material may be downloaded for personal use only. Any other
use requires prior permission of the American Society of Civil Engineers. This material may be found at [URL/ink of abstract in the ASCE Library or
Civil Engineering Database].”

To view ASCE Terms and Conditi for Permissi R ts: http: library.org/page msandconditior quests

Each license is unique, covering only the terms and conditions specified in it. Even if you have obtained a license for certain ASCE copyrighted
content, you will need to obtain ancther license if you plan to reuse that content outside the terms of the existing license. For example: If you already

https://mail google.com/mail/u/0/?ui=28ik=ae06f75af7 &jsver=94 UhIPUHkOk.en. 8view=pt&.q=waiver&qs=true&search=query&th=1629c8b149827d848&sim|=1629b8f0L|
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