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Testing performed on the concrete showed substantial variability and clear evidence of
damage occurring over the years. Further, there were significant differences in the concrete
Keywords: obtained from two different regions of the dock. The concrete was carbonated and chloride

Sgﬁfre te from seawater had penetrated significantly into its depth. The GFRP bars showed relatively
Degradation lower variability in terms of test results. Electron microscopy and horizontal shear strength
Durability results suggest that the GFRP surface of the bars had suffered some damage, whereas the
Electron microscopy core had remained unaltered. These findings regarding limited damage to the GFRP, taken
Horizontal shear strength together with recent advances in GFRP production technology, support the notion that
Bulk resistivity concrete reinforced with GFRP bars is an attractive alternative to conventional steel

reinforced concrete for marine infrastructure applications.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Use of steel reinforced concrete in environments with high chloride concentrations (such as coastal regions) can result in
rapid and severe corrosion of the reinforcement [1]. The corrosion causes concrete spalling [2], compromises the integrity of
the structure [3], and eventually leads to a reduction of the service life [4]. Frequent repairs and corrosion protection
measures, which are costly and interrupt service, are then needed to maintain structural integrity [5]. Glass fiber reinforced
polymer (GFRP) reinforcement, which is a non-corrosive composite material, can be an attractive alternative to steel bars to
ensure long-term performance of concrete structures [G]. Studies have been carried out on the use of GFRP reinforcement in
structural applications including in members such as slabs and beams [7-9]. Due to the low modulus of elasticity and
different bond characteristics of GFRP rebars, structural capacity and deflection of members can be different from those with
steel. However, potential issues can be overcome through design modifications and innovations [9-12]. Apart from the lack
of corrosion-related issues, the light weight and high strength of GFRP rebars are advantages when compared to
conventional steel. On the other hand, the lack of long-term testing data is a disadvantage. Another potential disadvantage is
cost, as the initial cost of GFRP reinforcement per meter can be about double the cost of steel reinforcement of similar
diameter [13]. Despite their somewhat higher initial cost, better performance and lower costs over the long-term have
resulted in increasing use of GFRP-reinforced concrete, especially in marine environments [14]. As the technology is
relatively new, not many studies are available regarding long-term field performance of GFRP-reinforced concrete [15].
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Therefore, in the current study, the results of a condition assessment of concrete and GFRP reinforcement used for the
external repair of a dry-dock after 18 years of service are reported.

Accelerated conditioning has generally been used to evaluate long-term GFRP performance [8,16,17]. Typical accelerated
environments involve exposure of GFRP bars, either naked or embedded in concrete, to alkaline/saline solutions at relatively
high temperatures, and subsequent monitoring of the property degradation [18,19]. For example, Al-Salloum et al. [17] and
Khatibmasjedi et al. [18] have shown that exposure of GFRP to marine environment does not result in a significant loss of
tensile strength of GFRP reinforcement. However, accelerated conditioning at a temperature of 60 °C (i.e., the highest
temperature used in most studies and required by quality control provisions) has been suggested to overestimate GFRP
deterioration. In addition, since the degradation of a composite is a complex physicochemical process, converting the results
obtained under accelerated conditions to those under field exposure is non-trivial [20]. Current models used to predict long-
term performance from accelerated testing methods under sustained loads do not accurately capture long-term behavior
[21,22] since the negative effects of sustained loading on the tensile strength retention of GFRP reinforcement may be
exacerbated at higher temperatures [23]. Therefore, there is a critical need to evaluate GFRP performance using specimens
extracted from structures in service. A study on GFRP rebars embedded in concrete after 8 years exposure to harsh conditions
including deicing salts and freezing and thawing showed limited degradation [24]. Gooranorimi and Nanni [25] studied the
integrity of GFRP reinforcement extracted from a bridge deck in Texas after 15 years of service life; significant damage to the
microstructure was not observed. Al-Khafaji et al. [26] studied the durability of GFRP extracted from different bridges (with a
service life of 15-20 years) from across the US, including bridges exposed to freeze-thaw and deicing salts. Their conclusions
were similar to those of others — damage to GFRP was extremely limited [26].

This study is an additional contribution to closing a gap in literature and to assessing, for the first time, the condition of
GFRP bars in a structure exposed to marine environment after 18 years of service. Several tests are carried out on extracted
samples to evaluate potential damage in both concrete and GFRP bars.

1.1. Structure background

Concrete cores containing GFRP bars were extracted from dry-dock no. 4 at Pearl Harbor in Oahu, Hawaii. The original
structure for the dry-dock was built in 1942 for the US Navy with reinforced concrete walls of thickness 7.6-9.1 m [27]. The
dry-dock walls significantly degraded over time and repairs were performed to the fascia in the early 1990s using steel
reinforcement with a 50 mm thick concrete cover. Due to subsequent corrosion of the steel reinforcement used in the first
repair (and the consequent delamination and spalling of the concrete), a need rose for additional repairs, which were
executed and completed in 2001 by removing affected concrete and steel reinforcement and replacing them using concrete
reinforced with GFRP bars [27]. The condition of the dry-dock fascia during the execution of the second round of repair is
shown in Fig. 1, depicting the areas where the deteriorated concrete was removed. This picture also shows the approximate
locations where the concrete cores were extracted 18 years later for this study.

The continual damage of the steel and the concrete is common in structures exposed to seawater. While in principle,
numerous methods to mitigate corrosion can be undertaken, it is extremely challenging to prevent corrosion in the long-
term in-situ. In this case, the constant chloride ingress (from the seawater) and the wetting and drying cycles resulting from
dry-dock operations coupled with a relatively low concrete cover (50 mm) resulted in extensive steel corrosion (seen clearly
in Figs. 1 and 2).

The 2001 repair was carried out by using a grid of GFRP bars held in place by GFRP dowels embedded in epoxy resin as the
concrete reinforcement (as shown in Fig. 3). Rebars 9- and 12-mm in diameter (#3 and #4) were used for the straight
elements and 9-,12-, and 16-mm diameter (#3, #4, and #5) bars were used for the bends. Further details regarding the repair
can be found in literature [27].

Cores were extracted in 2019 after the repaired dock had experienced 18 years of service. The numbers shown in yellow
font in Fig. 1 correspond to the approximate locations where concrete cores were extracted. The cores at locations 1-8
(Region I) were intended to contain GFRP reinforcement and cores at locations 9-16 (Region II) were expected not to contain
any GFRP reinforcement. Fig. 1 suggests that the fascia in Region I and Region Il experienced different levels of deterioration,
presumably as a result of different concrete mixtures or different exposure levels.

2. Methods
2.1. Coring and specimen preparation

In summer 2019, a total of 19 concrete cores, 102 mm in diameter, were extracted from the fascia of the dry-dock, the
approximate locations of which are shown in Fig. 1. A more detailed representation of the core extraction locations and state
of the fascia are not possible due to security concerns in place at the dry-dock as this is a Naval base. In fact, civilian personnel
outside pre-authorized construction workers were not allowed on the base. The extracted cores were double sealed
immediately after coring and placed in a sealed plastic bucket. The cores were then air lifted from the Naval base and then
sent to the university laboratory for testing.

A significant challenge encountered during the coring process was that it was not possible to detect the position of either
steel or GFRP rebars prior to coring, since the contractor did not have any reinforcement detection equipment. Detection of



S. Ramanathan, V. Benzecry, P. Suraneni et al. Case Studies in Construction Materials 14 (2021) e00494

161398
16141210

Region IL

Fig. 2. Corroded steel reinforcement in an extracted cored specimen (Core #10 - Region II). The steel rebar is likely from the repairs done in the 1990s.

GFRP is currently not possible due to the lack of instrumentation capable of discerning non-metallic reinforcement. Because
of this “blind” drilling, many cores (13 out of the 19) did not intersect any bar.

Details of the cores are presented in Table 1. While it was expected that cores from locations 1-8 should have contained
GFRP reinforcement and cores at locations 9-16 should not, Table 1 shows that this is not the case. Cores #2, 3, 4, 8 (Region I)
and cores #13,15 (Region II) contained GFRP. Core #1 (Region I) and cores #10, 14 (Region II) contained steel rebars. The only
GFRP bars that were intersected were the #5 bent bars. The steel rebars were #7 (22-mm diameter) bars.
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Fig. 3. Doweled GFRP reinforcement grid in the fascia of the dry-dock (Region II).

Table 1

Summary of core details and tests performed on each core.
Core number Diameter Height GFRP size for each bar Length of each bar extracted Tests on Tests on GFRP*
(Region) (mm) (mm) extracted (mm) concrete”
1% (I) 101.6 127.0 - - A B, C
2 (D) 101.6 101.6 #5, #5 76.2,12.7 J, L
3-1(D) 101.6 152.4 #5, #5 88.9, 76.2 A B,C,D,E,FG H,K L
3-2(D) 101.6 152.4 - - A B E F G
4 (1) 101.6 203.2 #5 88.9 A CFEG H, K
5(1) 101.6 127.0 - -
6 (I) 101.6 152.4 - - A, B,CDFG
7(1) 101.6 152.4 - - A B, CD
8 (I) 101.6 152.4 #5, #5 63.5, 76.2 F G LJL
9-1 (II) 101.6 101.6 - - A B CD,F
9-2 (IN) 101.6 177.8 - - A C
10" (II) 101.6 254.0 - - A B CE
11 (II) 101.6 127.0 - - A B, C,DFEG
12 (In) 101.6 101.6 - - A C
13-1 (II) 101.6 101.6 #5, #5, #5 86.4, 83.8, 88.9 E, F HILJK
13-2 (II) 101.6 88.9 - - A CEFG
14" (II) 101.6 127.0 - - A B, CEFG
15 (1) 101.6 203.2 #5, #5 279, 76.2 A CEF L)L
16 (1I) 101.6 127.0 - - A B CEFG

" Test labeling is as follows: A - Density, B - UPV, C - Bulk resistivity, D - Compressive strength, E - Splitting tensile strength, F -Chloride penetration, G -
Carbonation depth, H - Fiber content, I - Water absorption, ] - DSC, K - Horizontal shear strength, L - SEM/EDS. Tests A-G are on concrete and H-L are on GFRP.
" These cores had #7 steel rebars.

The cores received were not of “full” length but were broken into smaller pieces enabling multiple tests on each core.
Further, the cores did not have a uniform length and had uneven end surfaces. An example core as received at the
laboratory is shown in Fig. 4a. The surfaces of the cores were prepared by carefully cutting with a wet saw to obtain smooth
end surfaces needed to carry out concrete testing, as shown in Fig. 4b. The cores (cores #1, 4,10, 12, 13, 14, 15, and 16) did
not have the desirable “standard” length (i.e., a 2 to 1 aspect ratio) before or after sample preparation. Finally, some cores
(cores #2, 5, and 8) had a significant amount of macrovoids or extremely irregular end surfaces (which, if cut, would have
led to specimen sizes that could not be tested). Such cores were used for measuring concrete carbonation depth and
chloride penetration.

Some cores had steel reinforcement embedded in them (cores #1, 10, 14). Carbonation and penetration were tested on
these cores since other tests, such as compressive strength or ultrasonic pulse velocity could not be performed. Because cores
#1-8 and cores #9—16 appear to come from different regions possibly made with different concrete mixtures at different
ages, analysis of results is performed by separating out data from the two subsets. The entire population data is also shown
for completeness and for comparison.

The GFRP rebars were removed with the help of a metal spatula after cutting the concrete around it using a saw. The GFRP
bars had been tied with the use of steel ties that were visually corroded. The GFRP bars were gently cleaned of any adhered
concrete and cut with a water-cooled diamond abrasive wheel for specific sizes as required by the intended test.
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Fig. 4. Representative images of cores (a) as received, and (b) after preparing ends. (Core #11 - Region II).

2.2. Tests on concrete

2.2.1. Concrete density

The cores with the prepared surfaces were used to measure the as-received density of the concrete after surface drying.
Since a standard ASTM method to measure as-received concrete density is unavailable, the procedure was adapted from
UNE-EN 12390-7:2020. The as-received density gives an approximate estimate of the concrete quality and variability. The
density is not affected by reinforcement as the measurement is performed after extracting the rebars and surface
preparation. The coefficient of variation (COV) of measured values for all specimens was 9 %.

2.2.2. Ultrasonic pulse velocity

Ultrasonic pulse velocity (UPV) was performed in accordance with ASTM C597-16. UPV is non-destructive, simple, and
has been reliably used as an indicator for assessing concrete quality and degradation [28]. After preparing the end surfaces,
the specimens were gently dried to remove any moisture and allowed to surface dry before carrying out the test in the direct
mode. A water-soluble gel was used as a coupling agent to ensure that there were no air gaps while carrying out
measurements. The UPV values of specimens with a length/diameter ratio of less than 1.0 are not reported as these values
may not be reliable [29]. Eight specimens were tested and the coefficient of variation of the measured values for all
specimens was 15 %.

2.2.3. Bulk resistivity

Bulk resistivity testing was carried out using a resistivity meter at a frequency of 10 kHz based on ASTM C1876-19. Testing
was carried out on specimens with an unknown degree of saturation and it is noted that the degree of saturation has a
complex effect on the bulk resistivity [30]; therefore, interpretation of values is not trivial. Vacuum saturation is complex,
can be potentially destructive for the specimens, and hence was not carried out (due to the limited number of specimens). A
total of 16 cores were tested and corrections for specimen dimensions were applied based on Spragg et al. [31]. The COV of
the measured values for all specimens was 31 %.

2.2.4. Compressive strength

After carrying out the non-destructive concrete tests, selected cores were tested for their compressive strength using a
mechanical testing device in accordance with ASTM C39/C39M-18. Cores which had an aspect ratio (length/diameter ratio, L/
D) of around 1.5 were tested. The concrete cylinders were capped with a sulfur cap and loaded at the rate of 15 4+ 3 MPa/
minute. Five specimens were tested in compression and a correlation strength factor was used for specimens with an L/D less
than 1.75, based on ASTM C42/C42M-20. The COV of the measured strength values for all specimens was 30 %.

2.2.5. Splitting tensile strength

Splitting tensile strength test was carried out in accordance with ASTM C496/C496M-17 using a mechanical testing
device. Six specimens with L/D < 1 were tested at a loading rate of 0.7 MPa/minute. The COV of the measured splitting tensile
strength values for all specimens was 32 %.

2.2.6. Chloride penetration and carbonation depth

The cores after compression and tensile testing were split in half and chloride penetration and carbonation depths were
measured by spraying the split faces of the cores with 0.1 N silver nitrate (NT Build 492) and phenolphthalein (ACI 228.2R-13)
respectively. A total of 12 cores were tested; one of the split faces was sprayed with silver nitrate and the other face was sprayed
with phenolphthalein. Since the cores tested were not of full length, an exact depth of penetration from the surface cannot be
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Fig. 5. Representative image of core tested for (a) chloride penetration, and (b) carbonation depth (Core #4 - Region I).

calculated without further details of the coring process. The values were measured for the respective cores using a Vernier
caliper. Representative image showing measurement of chloride penetration depths and carbonation depth is shown in Fig. 5.

2.3. Tests on GFRP reinforcement

2.3.1. Fiber content

Fiber content testing was performed in accordance with ASTM D2584-18. Extracted GFRP rebar specimens 10 =1 g in
weight were conditioned at 40 + 2 °C and a relative humidity of 50 4+ 10 % for 48 h. Ceramic crucibles were heated to 510 °C
for 10 min in a muffle furnace to eliminate any combustible material from previous tests. The specimens and crucibles were
then placed in a desiccator to cool to room temperature and then weighed using an analytical balance to record their initial
weight. The specimens were placed in the ceramic crucibles and then inside the muffle furnace for the burn-off process. The
burn-off process heated the specimens at a rate of 40 °C/min to 365, 450 and 700 °C for 50, 50 and 30 min, respectively. The
ignited specimens and crucibles were removed and placed in a desiccator to cool down and weighted to record their final
weight. The fiber mass fraction was calculated using the method described in ASTM D7957-17 and included the weight of
possible fillers used in the resin. No effort was made to remove any remnant fillers in the resin or bar coating (such as sand
particles and fiber wrap). Twelve specimens from four different extracted bars were tested to measure the fiber content and
the COV of the measurements was less than 1%.

2.3.2. Water absorption

Water absorption testing was performed in accordance with ASTM D570-98. GFRP rebar specimens of length 25 mm were
conditioned by drying at 50 °C for 48 h in an oven. The specimens were then cooled to room temperature and weighed using
an analytical balance. The conditioned specimens were then immersed in distilled water at 50 °C for 24 h. At the end of 24 h,
the specimens were taken one at a time, dried using a paper towel and weighed using an analytical balance. This process was
repeated a week later and then every two weeks until the increase in weight between two consecutive measurements was
less than 1 %. A total of 6 specimens from two different bars were tested for water absorption and the COV of the equilibrium
absorption values was 7 %.

2.3.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out on GFRP bar specimens prepared from the extracted bars. The
bars were cut with a water-cooled diamond abrasive wheel into specimens of approximately 5 x 5 x 3 mm. The specimens
were pre-conditioned by drying at 50 °C for 48 h in an oven. The specimens were tested according to the procedure described
in ASTM E1356-08. The glass transition temperature (Ty) was determined from the change in slope on the DSC curves and
compared with the requirements prescribed in ASTM D7957-17. DSC was performed on ten specimens from four different
bars and the COV of the temperature was 15 %.
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2.3.4. Horizontal shear strength

Horizontal shear strength was measured on the extracted GFRP bars in accordance with ASTM D4475-02. GFRP bar
coupons of span length of approximately 50 mm (span-to-diameter ratio = 3) were center loaded. The ends of the specimen
rested on supports that allowed the specimen to bend under load. Loading was applied at a rate of 1.3 mm/min. The specimen
was loaded until shear failure occurred at the midplane of the bar cross section. Horizontal shear tests were performed on
four bar coupons and the COV was 15 % for the specimens tested. No further mechanical testing was possible due to non-
availability of GFRP specimens of suitable length.

2.3.5. Scanning electron microscopy with energy dispersive spectroscopy

Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) was performed on five specimens. The
extracted GFRP specimens were cut and embedded in epoxy. Each specimen was polished using different silicon carbide grits
levels and fine polishing was done using 3- and 1-pm diamond pastes. Prior to imaging, the specimens were gently dried
using a cloth to remove residual moisture. The specimens were then sputter coated with gold to improve conductivity. SEM
imaging was carried in the secondary electron mode at an accelerating voltage of 10 kV under high vacuum at a working
distance of 10-12 mm. The specimens were imaged at different magnifications ranging from 100x to 1500x to capture
morphological details. EDS were performed in the backscattered electron mode at an accelerating voltage of 15 kV under
high vacuum for the same specimens. Imaging and EDS analysis were carried out on at least 20 different spots on each of the
five specimens.

3. Results and discussion
3.1. Concrete
3.1.1. Density and UPV

Fig. 6 shows the range of density values for the specimens. For box and whisker plots, the crosses on either side represent
the maximum and minimum values, the top and bottom sides of the box represent the upper and lower quartile values, the
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Fig. 6. Range of density values for the cores.
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Fig. 7. Range of UPV values for the specimens.

line inside the box represents the median value, and the dot represents the mean value. This interpretation is valid for this
and other box and whisker plots shown in the text.

The average density is 2305 kg/m> and the values range from 1985 to 2568 kg/m>. The large range of density clearly shows
the concrete variability. When specimens are grouped into those coming from Region I (cores #1-8) and Region II (cores #9-
16), the spread in the data does not appear to be reduced. Specimens from Region II have an average density higher than
those in Region I by 9 %. Low densities are an indicator of concrete damage during the service life due to cracking, leaching, or
spalling, although they could also be due to differences in mixture design. Decrease in concrete density due to leaching of
calcium has been observed in literature [32].

The UPV values (shown in Fig. 7) range from 4114 m/s to 6229 m/s with an average UPV value of 5347 m/s. These values are
high; which is expected considering the concrete age. Interpretation of UPV in carbonated specimens with unknown
saturation states is complex, but the range is further evidence of the concrete variability. The high values of the UPV suggest
that the concrete quality is generally good [33,34], however, some portions of the structure, particularly Core #6 (UPV =4437
m/s) and Core #7 (UPV =4114 m/s), appear to have deteriorated, considering the lower UPV values. Visual inspection confirms
this interpretation, and some concrete in this zone has spalled and cover concrete has been lost. It is not possible to further
evaluate deterioration, considering the properties of the original concrete(s) are not known. Separating out data from Region
I and Region Il shows that the latter have a statistically higher UPV mean than the former. Cores from Region I appear to show
a greater data range in the UPV measurements. High COV values are somewhat expected in field mixtures [35], and severe
exposure tends to exacerbate variability.

The density and the UPV values strongly correlate, although the number of data points is somewhat limited. As the
concrete density increases, the UPV value increases (Fig. 8). The explanation for this behavior is that ultrasonic waves travel
faster through a denser medium compared to a less dense medium with pores and lower density [36,37]. Similar trends
regarding concrete density and UPV have been observed in literature where there is a decrease in UPV values with a decrease
in density of concrete [37]. The strong correlation seen here, combined with visual assessment, suggests that the lower
density and lower UPV concrete is of poorer quality, likely due to damage, although lack of information regarding the original
concrete prevents drawing further inferences.
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3.1.2. Bulk resistivity

Bulk resistivity values (shown in Fig. 9) of the concrete showed significant variation, ranging from 68 to 180 {2-m, with an
average bulk resistivity of 118 {)-m and a standard deviation of 37 2-m for 16 specimens. Only five measurements were
within 15 % of the mean value and four cores showed values greater than one standard deviation on the mean. While the
actual mixture design for the concrete is unknown, it is possible that supplementary cementitious materials would have
been used in the concrete mixture. If this assumption is true, the bulk resistivity values are significantly lower than what is
expected for a concrete mixture at ages later than 10 years. Bulk resistivity values for concrete exposed to similar conditions
typically range from 300 to 1000 {2-m [38]. The lower bulk resistivity values suggest concrete deterioration, due to leaching
and ingress of aggressive species such chlorides from the seawater. One must keep in mind that interpreting bulk resistivity
values can be tricky in specimens of unknown degrees of saturation even in the lab and drawing conclusions for field
specimens is therefore fraught with uncertainty. There does not appear to be a significant difference in the bulk resistivity
values for cores from Regions I and II, when considering the data variability.

Bulk resistivity and UPV values for the same specimens show a moderate correlation (Fig. 10), likely because both
measures are indicators of concrete quality. Good correlations have been observed in literature for UPV and bulk resistivity
[39,40] for lab specimens. However, since the specimens have an unknown degree of saturation, the correlation is only
moderate here.

3.1.3. Compressive and splitting tensile strength

Fig. 11a and b show the range of values for compressive and splitting tensile strengths of the concrete core specimens
tested. The compressive strength shows significant variation and ranges from 26 to 55 MPa, with an average compressive
strength of 42 MPa and COV of 31 %. In compression, cores from Region Il show a statistically greater strength than cores from
Region I (though note the limited number of specimens tested for Region II). The splitting tensile strength also shows
significant variation, with values ranging from 3.5 to 6.3 MPa, with an average value of 4.4 MPa (COV of 32 %). Not enough
specimens from Region I and Region Il were tested to be able to compare the data in detail, though splitting tensile and
compressive strength values did appear to correlate. The variations are significantly higher than what is expected from
concrete mixtures in the lab but are to be expected from field mixtures with different levels of deterioration. The high COV
values are consistent with the results from the other non-destructive test results. Since information regarding the initial
design strength or the 28-day compressive strength of the concrete mixture is unavailable, no further analysis about
deterioration can be made.
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A strong correlation is observed between compressive strength and the UPV values as seen in Fig. 12. Similar correlations
between UPV and compressive strength have been shown in literature and the UPV values could be used to predict the
compressive strength of concrete specimens. It has been suggested that theoretical equations [41,42] can be used to predict
the compressive strength of field specimens based on UPV data. However, in this case, the UPV values predict that the
compressive strength values should be significantly higher than what was observed. This discrepancy could be due to cracks
induced in the concrete during specimen preparation (resulting in lower compressive strength measurements) or due to
granitic aggregates (which can lead to higher UPV values [43]). The ultrasonic pulse velocity method is not sensitive enough
to capture distributed microcracking in the matrix [44].
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3.1.4. Chloride penetration and carbonation depth

Fig. 13a and b show the chloride penetration and carbonation depths for the core specimens tested. Since the depth at
which the cores were obtained is not known, it is not possible to calculate the chloride penetration or carbonation depths
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Table 2
Average, standard deviation (SD), and coefficient of variation (COV) of measured values shown for all data, for cores 1-8, and for cores 9-16. Units for all
measures are given in the top row, COV is expressed as a percentage (- indicates the statistic could not be obtained due to limited number of samples tested).

Core # Statistic Density urPv Bulk resistivity Compressive Splitting tensile Chloride Carbonation
(kg/m?) (m/s) (Q-m) strength (MPa) strength (MPa) depth (mm) depth
(mm)
1-16 Average 2305.1 53471 118.3 42.2 4.4 394 5.8
SD 207.5 784.2 371 123 11 12,5 3.6
COV (%) 9.0 14.7 313 30.8 24.2 317 614
1-8 Average 2183.7 4919.5 1134 37.6 4.7 41.1 8.2
(Region I) SD 207.6 930.4 30.7 155 - 12.2 3.8
COV (%) 9.5 18.9 271 41.2 - 29.8 46.2
9-16 Average 23714 5774.7 120.5 491 4.3 38.2 3.4
(Region II) SD 183.5 285.9 40.8 - 1.2 135 0.6
COV (%) 7.7 49 33.8 - 27.2 35.3 18.8

from the surface. The data presented here is qualitative and is only provided to present evidence of chloride penetration and
carbonation, which are known to cause deterioration. The average chloride penetration depth is 39 mm with values ranging
from 13 to 53 mm. Given that the cover depth is 50 mm on the fascia, and the chloride penetration depth is more than 50 mm
in some locations, steel reinforcement in these regions has depassivated and corrosion has initiated [45]. This is confirmed
visually in some cores (Fig. 2), where there is clear evidence of corrosion based on visual inspection. Some cores have “full”
depth of chloride penetration. There does not appear to be an obvious difference in the chloride penetration behavior of cores
from Regions I and II.

Similarly, there is considerable carbonation in the specimens, with the average depth of carbonation being 6 mm and the
values ranging from 3 to 13 mm. Cores from Region I show a greater depth of carbonation than cores from Region II. The
carbonation depth is lower than values reported in literature for field concrete at a similar age [25], presumably due to
marine exposure causing higher chloride ingress than carbonation. However, as stated previously, since full cores were not
received from the site, the depth of deterioration can be presented only for the individual cores and not for the structure
itself.

3.1.5. Comparison of behavior of cores from region I and region II

Table 2 shows the average, standard deviation, and COV of measured values for all data, for cores from Regions I and II.
When considering data for all cores, the COV values of many measurements are quite high, presumably due to the differences
in the exposure conditions, damage, or differences in the concrete mixtures. When comparing Region I cores, Region Il cores,
and all data in terms of variability, the COV values are generally similar for each test, except for the UPV and carbonation tests.
When comparing only the average values, it is apparent that Region Il cores are of better quality than Region I cores. Region I
cores have 9% higher density, 17 % higher UPV, 6 % higher bulk resistivity, 31 % higher compressive strength, 7 % lower
chloride penetration, and 59 % lower carbonation depth than Region I cores. On the other hand, the splitting tensile strength
of cores from Region Il is 9 % lower than the value observed for cores from Region I. While in some cases, the amount of data is
limited, the fact that almost all measurements show a better performance for cores from Region Il suggests that the concrete
in cores 9-16 is of a better quality than the concrete in Region I cores (i.e. cores 1-8). This is likely due to different mixture
design and/or different exposure. However, since information about the original concrete and coring process is limited,
conclusions cannot be drawn with greater confidence.

3.2. Tests on GFRP reinforcement

3.2.1. Fiber content

The average fiber content of the bars was 75.4 %, which is higher than ASTM D7957-17 requirement of 70 % for such bars.
The measured fiber content is higher than the original value for these bars, reported to be 73.6 %. This discrepancy could be
due to the inclusion of concrete residues adhering to the bars (which would not present be on the pristine bar surface). It is
also possible that the loss of some resin due to degradation in the aggressive aqueous environment could result in a higher
fiber content compared to the pristine reinforcement. In any case, the fiber content values suggest that there is no significant
fiber degradation after exposure to the harsh marine environment. This observation is consistent with literature, where it has
been reported that GFRP specimens encased in concrete did not show significant fiber degradation [46], even under harsh
exposure conditions.

3.2.2. Glass transition temperature

The average glass transition temperature is 90 °C, which is lesser than the current ASTM D7957-17 requirement of 100 °C.
However, this value is typical of the glass transition temperature of GFRP reinforcement with vinyl ester resin manufactured
about 20 years ago [47], although some literature shows higher values [24]. No further conclusions can be drawn regarding
change of this property since the manufacturer data on pristine bars is not available
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3.2.3. Water absorption

Fig. 14 shows the range of values obtained for the different water absorption parameters for the GFRP specimens. The 24
-h weight change due to water absorption ranges from 0.60 % to 0.97 %, with an average value of 0.83 %. The average weight
change due to moisture absorption at equilibrium was 1.45 % with the values ranging from 1.30 to 1.66 %. These measured
values are significantly higher than the ASTM D7957-17 limit of 0.25 % (for 24-h water absorption) and 1% (for weight change
at equilibrium). These higher values could be because the GFRP bars used in this project were of older generation
manufactured almost two decades prior to the publication of the ASTM specification. High water absorption may indicate
deterioration of the matrix and debonding of the fiber. This debonding could cause an increase in the capillary uptake of
moisture, resulting in increase in water absorption [48,49]. This deterioration, and the consequent increase in moisture
uptake is consistent with literature and similar results for water absorption have been obtained in GFRP samples exposed to
extreme environments such as increased temperature and sustained loading [46,50]. Water absorption can be considered an
indicator of the quality of the matrix [50] and higher water absorption can be related to a reduction of the mechanical
properties [51].

3.2.4. Horizontal shear strength

Fig. 15 shows the horizontal shear strength of the GFRP reinforcement after exposure. The results of horizontal shear
strength from the original bars tested in 2001 after cure at ambient temperature and for bars post-cured at 100 °C for 12 h are
also shown in Fig. 15. Some degradation in the horizontal shear strength after 20 years is apparent. Clear horizontal shear
failure was observed in one of the four specimens tested, whereas failure of the other specimens presented as horizontal
cracks on the outer surface in the region where loading was applied. Fiber debonding was observed in the cross section of
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Fig. 15. Residual horizontal shear strength of the GFRP specimens.
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some specimens. The debonding could be due to wetting and drying cycles experienced during the service life, resulting in
shrinking and swelling of the matrix, weakening the interface between resin and fiber [48]. Imaging on other rebars appears
to confirm some extent of fiber-to-resin debonding.

The decrease in apparent shear strength was 30 % and 38 % from ambient cured and post-cured bars prior to exposure,
respectively. This reduction in strength could be due to various factors such as damage of resin [46], delamination between
the resin and fibers [48], and the presence of voids in the fiber-resin interface [50]. The trend of decreasing shear strength
with exposure to aggressive environment is generally similar to that observed in literature [18,52]. For instance,
Khatibmasjedi et al. [18] reported a 27 % reduction in horizontal shear strength after exposure to a 60 °C alkaline solution
over a 2-year period for similar GFRP bars made of E-glass fibers and vinyl-ester resin.

3.2.5. Scanning electron microscopy and energy dispersive spectroscopy

Fig. 16a-d shows representative SEM images of the fibers in the interior and near the skin of the GFRP specimens. No
negatively affected fibers were observed on the interior of the bar cross-section. Damage near the bar surface is observed,
which is described below. Some voids were observed near the skin of the bars, some of which could be a result of the
manufacturing process, but based on horizontal shear strength reduction, they could also be due to the degradation in the
fiber-resin interface. Some damaged fibers were observed where there was extensive degradation of resin (seen as voids in
the SEM images). Long, continuous debonding cracks travelling towards the core of the specimens were observed in the
resin-fiber interface. Debonding between the skin and the interior of the bars, characterized by large voids in the
specimens, can be attributed to the wetting and drying cycles and the exposure to the harsh environment over the service
life. Similar debonding was observed near the edge as a result of degradation in seawater by Khatibmasjedi et al. [18]. In
some specimens, voids were observed closer to the center of the bar. This debonding between resin and fiber could explain
the increased water absorption and reduction in apparent shear strength. Such debonding and voids could also explain the
increased moisture uptake in the water absorption test. Similarly, a loss of bond at the interface has been observed by
Mufti et al. [24]. The observations made here regarding GFRP reinforcing bars are similar to those presented in literature
after accelerated testing and field exposure [23,53,54]. In general, the damage was not pervasive and was largely limited to
the GFRP surface.

The results of EDS showed minimal presence of Na, Cl and K. The presence of Na was found in both the fiber and resin, and
therefore is not an indication of chemical attack. The small amounts of Cl and K, on the other hand, were observed in the resin
and could possibly indicate alkali attack. However, information from the original virgin bars would be necessary to confirm
this interpretation.

SEl 10kV WD10mmSS50 20pm

Fig.16. SEM micrographs of GFRP reinforcement (a) interior of the bar, (b) debonding between resin and fiber, (c) missing fibers and resulting voids, and (d)
debonding between the skin and the core of the bar.
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4. Conclusions

Concrete and GFRP were cored from an 18-year old dry-dock and tested in detail. The major conclusions from the study
are:

1 Measurements of concrete density, UPV, bulk resistivity, compressive strength, splitting tensile strength, chloride
penetration, and carbonation depth all revealed significant variability, with COV values higher than 30 % for several tests.

2 Visual observations, low density, and significant variations in UPV, bulk resistivity, and strength values all suggest that the
concrete was damaged. Further, concrete from cores #9-16 (Region II) appeared to show better performance than concrete
from cores #1-8 (Region I) for almost all tests performed. It is not possible to determine exactly why these differences
occur as mixture design data is unavailable, but these regions could have been made with different concrete mixtures and/
or had different exposure conditions.

3 There was significant chloride penetration into the concrete; carbonation extent was not as high.

4 Fiber content, glass transition temperature, horizontal shear measurements, and scanning electron microscopy images did
not show significant variability in the GFRP.

5 Water absorption and horizontal shear measurements suggested that some damage to the GFRP has occurred in the
surface layer. Clear surface damage is observed in the scanning electron microscopy but significant damage to the GFRP
core was not observed.

The lack of manufacturer data for the pristine GFRP reinforcement and the concrete mixture design is a significant
impediment in studying the extent of degradation. The concrete appears to be extremely variable, and some specimens show
clear signs of damage. The GFRP coupons show lesser variability, and some damage is evident from imaging and horizontal
shear strength. While damage near the GFRP surface is extensive, the core of the bars still appears to be in good condition.
The overall findings suggest that GFRP does not deteriorate significantly beyond the surface layer when embedded in
concrete exposed to a marine environment for 18 years. This finding is line with the conclusions of other research groups
who have studied GFRP degradation over roughly similar timeframes. The limited GFRP degradation does not cause
volumetric expansion or substantial loss of section, as with steel. Therefore, this deterioration does not affect the service life
significantly and members will not require extensive maintenance in contrast with structures containing corroding steel
reinforcement. Considering that GFRP technology in terms of manufacturing and quality of constituents has improved
substantially in the last 20 years, modern day GFRP reinforcement is expected to outperform the one used in this project.
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