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Abstract

Many steel structures are susceptible to fatigue loading and damage that
potentially threaten their integrity. Steel hydraulic structures (SHS)
experience fatigue loading during operation and exposure to harsh
environmental conditions that can further reduce fatigue life through
stress corrosion cracking and corrosion fatigue, for example. Dewatering
to complete inspections or repairs to SHS is time consuming and leads to
economic losses, and current repair methods, such as rewelding, often
cause new cracks to form after relatively few cycles, requiring repeated
inspection and repair. The use of bonded carbon fiber—reinforced polymer
(CFRP) to repair fatigue cracks in metallic structures has been successful
in other industries; recent work suggests that this method offers a more
reliable repair method for SHS.

Studies regarding CFRP retrofits of SHS indicate that early bond failure
often controls the degree of fatigue life extension provided by the repair.
This study aims to extend previous studies and increase the fatigue life of
repaired steel components by employing methods to improve CFRP
bonding. Additionally, using basalt reinforced polymer (BFRP) instead of
CFRP is proposed. BFRP is attractive for SHS because it does not react
galvanically and has excellent resistance to chemically active
environments.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction

Background

Many steel hydraulic structures (SHS) in the United States are
approaching or have already surpassed their design service lives and are
now susceptible to fatigue damage. Fluctuating load patterns are common
in numerous civil engineering applications, but for SHS, exposure to
underwater environments and therefore accelerated corrosion can
contribute to reduced fatigue life in comparison to other steel structures
that are operating in less harsh conditions. Due to redundancy in most
systems, repairing a single fatigue crack is at times not critical to safety
and operation. However, large cracks or widespread cracking in multiple
components can threaten the integrity of the structure or at the very least
halt a structure’s operation. In addition, a structure’s remaining fatigue life
is difficult to quantify due to scatter in fatigue performance and the
possible interaction of multiple flaws (Mahmoud et al. 2018; Mahmoud
and Riveros 2014).

Significant and extensive cracking has been repeatedly noted in SHS,
especially in locations that are continuously submerged and not easily
detectable without dewatering (USACE 2010). Cracks are commonly noted
at welded joints, where residual stresses can cause tensile fatigue loading
even if the location experiences compressive loading. Figure 1 and Figure 2
show examples of cracked miter gate components that are submerged
during operation. Previous repair methods have imitated those used in the
bridge industry, such as gouging and rewelding and adding welded cover
plates (Mahmoud and Riveros 2013). After repairing and resuming
service, these methods do not consistently offer long-term solutions, as
cracks tend to reinitiate after relatively few cycles due to newly introduced
residual stresses.
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Figure 1. Crack near the pintle socket of a miter
gate (Mahmoud and Riveros 2013).

Figure 2. Cracks repaired by rewelding in miter gate girder and diaphragm flanges that
experience compression loads during gate operation (USACE 2010).
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Fatigue cracks in welded joints in the miter gates at the Markland Locks
and Dam on the Ohio River, for example, were first observed and repaired
by gouging and rewelding in 1984 after 24 years in service. Four years
after the first repairs, cracks at the previously repaired locations and new
locations were noted. Triangular welded gusset plates were added to
reduce stresses at the locations as shown in Figure 2. Six years later,
cracking around the gusset plates was noticed, and the gusset plates were
replaced with a window frame—type repair as shown in Figure 3,
successfully mitigating additional cracking (USACE 2010). While existing
repair methods can provide solutions to continue safe operation, frequent
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inspection and repair are still required afterwards. This is cumbersome
and costly, as dewatering and inspection can require a structure to be
temporarily taken out of service.

Figure 3. Welded window frame-type repair implemented for gates
at the Markland Locks and Dam.

Due to the challenges with existing repair methods, reliable and simple-to-
implement alternatives are of interest. Recent work has proposed that
fiber-reinforced polymer (FRP) overlays may offer a solution when used to
repair cracks in SHS. FRPs have long been used for general strengthening
and repair of structural components, and as summarized by Mahmoud
and Riveros (2013), they have been shown to be effective when used to
reduce the rate of fatigue crack propagation in metallic structures.
However, the applicability of FRP repairs for fatigue in underwater
environments has not been fully explored. Exposure to underwater
environments accelerates crack growth and can cause damage to and
reduce the effectiveness of FRP repairs.

Recent large-scale underwater testing by Mahmoud et al. (2018)
demonstrates that carbon fiber—reinforced polymers (CFRP) can be a
viable option for underwater repairs, but their effectiveness is limited by
poor adhesion to the steel substrate. Figure 4 shows a specimen that was
repaired with CFRP and fatigue tested underwater exhibiting substantial
CFRP debonding. Some of the debonding can be attributed to corrosion
both from the underwater environment and from galvanic interaction
between steel and the carbon fibers in contact with each other. When
applied over a crack, FRP sheets reduce the stress intensity factor and
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therefore the crack propagation rate by reducing the nominal stress on the
crack plane and providing a crack closure effect from the fibers that bridge
the crack. Both factors rely on bonding between the cracked material and
FRP to be effective; therefore, additional work is needed to maximize
adhesion in an underwater environment to better increase the fatigue life
of repaired cracks.

Figure 4. Carbon fiber-reinforced polymer repair used underwater showing substantial
debonding (Mahmoud et al. 2018).

Debonding of
SCH-41 CFRP

For in-air applications, separation of the carbon and steel by means of an
increased thickness adhesive layer or a layer of glass fibers has been used
to reduce debonding due to galvanic corrosion. Use of alternative FRP
materials other than CFRP, such as basalt fiber—reinforced polymer
(BFRP), that do not react with steel can also potentially reduce debonding
if the material properties are suitable for the application. Aside from
improving adhesion, previous studies on FRP repairs of fatigue cracks
have shown improved fatigue life from varying the repair geometry by
increasing the width of the FRP sheets to cover more of the crack plane or
applying multiple FRP Layers. However, the methods common for
enhancing repairs for in-air environments have not been extensively
considered for their applicability in underwater environments.

Objectives and Scope

Before widespread use of FRP repairs for fatigue damage in SHS can be
fully realized, a more complete understanding of the effects of an
underwater environment is needed. Results from the previously
mentioned large-scale experimental work by Mahmoud et al. (2018)
indicate that FRP repairs for improving fatigue life underwater are
promising but in need of further assessment. Center-cracked steel panels
were repaired with CFRP strips adhered ahead of the crack tips on both
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faces and fatigue tested to failure. When tested under water, the repair led
to a fatigue life improvement of 1.16 times that of an unrepaired specimen
underwater. The primary purpose of the work described herein is to build
upon and improve the previously tested repair method. By increasing
adhesion to steel, the applied FRP is more fully capable of reducing the
stress intensity factor experienced by the crack. Varying the FRP repair
geometry by increasing the width or using multiple layers can also increase
performance.

To accomplish the objective of improving and understanding FRP repairs
for SHS, additional experiments needed to be conducted. Center-cracked
steel panels similar to those previously tested were fabricated and then
repaired. Debonding and corrosion were addressed by using thick
adhesive layers, providing a separating layer of glass fiber for specimens
repaired with CFRP and introducing the use of BFRP as an alternative to
CFRP. Specimens also include variations in repair width and number of
FRP layers. Underwater fatigue tests with constant amplitude mode I
loading were conducted on each specimen. Results of the tests including
fatigue life and crack growth rates can be used to assess the effectiveness
of the repair approaches. The following tasks were used to realize the
above objectives:

1.2.1 Task 1: Conduct a Literature Review

e Reassess factors most critical to FRP fatigue repairs.
e Evaluate previous use of BFRP for steel structures.
e Identify driving factors of underwater deterioration of steel and FRP.

1.2.2 Task 2: Prepare Test Specimens and Test Setup

e Design test matrix for investigating desired variables.
e Apply the selected retrofit methods to the designated specimens.
e Complete needed maintenance and modifications to the test setup.

1.2.3 Task 3: Execute Experimental Program

e Submerge specimens in water tank

e Apply fatigue loading to induce crack growth

e Collect readings of strain in steel and FRP

e Record crack length with corresponding number of cycles
e Observe bond behavior of FRP
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1.2.4 Task 4: Interpret Experimental Results

e Evaluate and compare crack growth results across specimens

e Interpret recorded strain in FRP in conjunction with visually observed
behavior

e Identify failure modes

o Assess effectiveness of CFRP and BFRP repairs

Approach

This study comprises five sections. Section 1 addresses the need for an
improved repair method for SHS with existing cracks and describes the
purpose of this research toward meeting that need. Section 2 includes a
literature review and background information regarding repair of
structures with FRPs and their applicability to underwater environments.
The experimental approach and test setup are provided in Section 3. This
includes details of the configuration of each specimen and the purpose of
the selected configurations. Results and discussion of the completed tests
are presented in Section 4. Section 5 concludes the study by summarizing
the findings of the work and identifying additional matters to be addressed
in future work.



ERDC/ITL TR-23-1

2.1

2.2

Background and Literature Review

Introduction

Use of CFRP for repair of metal alloys has been well explored in recent
years, although field use is still limited. Various experimental studies,
several field applications, and multiple numerical and analytical modeling
approaches have been thoroughly reviewed by Mahmoud and Riveros
(2013) to assess the applicability of CFRP use for SHS. Additionally,
Riveros et al. (2019) covered the underlying fatigue and fracture topics
related to fatigue crack repairs. Topics most critical to the success of CFRP
fatigue crack repairs are reiterated in this section. Additionally, the factors
introduced for underwater repairs and the proposed use of BFRP as an
alternate to CFRP are considered.

Overview of Carbon Fiber-Reinforced Polymer Repairs of
Center-Cracked Panels

Several examples of experimental programs using CFRP bonded to steel as
a fatigue crack repair method are available, and many express a purpose of
repairing steel bridge components. Mahmoud and Riveros (2013)
conducted a review of related experimental work, on metal alloys in
general and steel structures specifically, as part of a feasibility study for
CFRP repairs to hydraulic structures; this study can be referenced for a
thorough assessment of previous experimental research. Here, the studies
and topics most pertinent to the current experimental work are covered to
highlight factors that affect the performance of CFRP when used to repair
center-crack tension fatigue specimens.

2.2.1 Factors Contributing to Carbon Fiber-Reinforced Polymer Fatigue
Repairs of Center-Cracked Panels

Two primary mechanisms from the addition of CFRP patches contribute to
reducing fatigue crack growth (Colombi 2004). First, increased stiffness
from the patches reduces the nominal stress felt by the crack. Second,
CFRP that bridges an existing crack limits the crack opening displacement.
From the first mechanism, it follows that any increase in the stiffness of
CFRP in the cracked cross section can improve performance. The second
mechanism only contributes if the CFRP is covering the crack. Increased
stiffness also promotes reduction in crack opening displacement, but it is
additionally imperative for the CFRP to be covering or as near as possible
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to the existing crack to utilize the reduced crack opening effect. If the
existing crack is not covered, the second mechanism is utilized only once
the crack has propagated far enough to interact with the CFRP (i.e., the
crack extends under the CFRP patch). When extended, the fibers bridging
the crack apply a compressive force that promotes crack closure. The effect
is similar to that of compressive residual stresses that exist between
stiffeners and reduce the crack rate in welded stiffened panels as
demonstrated in several studies (Dexter et al. 2005, 2003; Mahmoud and
Dexter 2005).

The method of increasing cross section stiffness by using high modulus
CFRP was demonstrated by Liu et al. (2009a) and Colombi and Fava
(2015). High modulus CFRP is significantly more effective at improving
fatigue life than an identical application of lower modulus CFRP. However,
because higher modulus CFRP requires a greater stress to be transferred
through the adhesive layer, adhesive can be more prone to debonding
from steel during fatigue loading compared to when lower modulus CFRP
is used if care is not taken to select an appropriate adhesive (Jones and
Civjan 2003).

Using thicker CFRP patches to increase the cross section stiffness also
improves fatigue life in comparison to using a thinner layer as
demonstrated by Liu et al. (2009a) and Colombi and Fava (2015).
However, when a larger thickness is achieved by applying multiple layers
of CFRP, the effectiveness of each subsequent layer is less than the
previous layers due to reduced stress transfer to the outer layers (H. Liu et
al. 2009b; Riveros et al. 2018). Therefore, there may be a point when
additional layers no longer provide significant benefit in terms of stress
reduction at the crack tip.

Varying the width of applied CFRP patches can change the cross section
stiffness and, in conjunction with patch location along the crack plane,
change the length of existing crack that is covered and experiencing
reduced crack opening displacement. The CFRP configurations used by G.
Wau et al. (2012) demonstrate the use of varying widths and locations along
the crack plane. Each CFRP configuration was applied to both sides of a
steel plate with a crack initiator at the center, and specimens were fatigue
tested with maximum stress of 150 megapascals (MPa) and stress ratio of
0.1 in the horizontal direction, as shown in Figure 5. With maximum width
and CFRP covering the initial crack, configuration (a) entirely arrested the



ERDC/ITL TR-23-1

crack. The other configurations still significantly increased fatigue life
when compared to a specimen with no repair with an order from most to
least improvement of (b), (e), (¢), and (d), as shown in Figure 6. Results
indicate that there is less improvement when the crack is not covered and,
if not covered, when the patch is farthest away from the initial crack.
Additional results found by Jones and Civjan (2003) with similar style
tests showed fatigue life was improved by 170% when the initial crack was
covered and 115% when it was not.

Figure 5. Repair configurations used by G. Wu et al. (2012) (hatched areas represent carbon
fiber-reinforced polymer, dimensions in millimeters).
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Figure 6. Crack growth results for various configurations
as tested by G. Wu et al. (2012).
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When comparing configurations (b) and (c) from G. Wu et al. (2012), it is
clear that the length of an applied CFRP patch also contributes to repair
effectiveness. However, performance is reduced only when the CFRP
length is less than the effective bond length. The effective bond length is
the smallest length at which a maximum possible stress is reached in the
CFRP (Nozaka et al. 2005). Using a length greater than the effective length
provides little to no additional benefit. Effective bond lengths for CFRP
with steel substrate have been experimentally determined and estimated
with empirical, analytical, and numerical models by both H. Liu et al.
(2007) and Nozaka et al. (2005).

Several studies have compared the use of single- and double-sided
application of CFRP for fatigue repairs of cracked plates in tension (Jones
and Civjan 2003; H. Liu et al. 2009a; Mahmoud et al. 2014; Zheng et al.
2006). While single-sided repairs have shown to be effective, double-sided
repairs perform much better because a single-sided repair of a tensile
member causes an eccentric load path, leading to added bending stresses
in the steel.

2.2.2 Methods for Improving Fiber-Reinforced Polymer Bonding

Although use of bonded CFRP to repair fatigue cracks in steel has been
shown to be effective, debonding between adhesive and steel is common in
previous testing and can significantly limit the repair effectiveness
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(Bocciarelli et al. 2009; Colombi et al. 2003; Colombi and Fava 2015;
Jones and Civjan 2003; Monfared et al. 2008; Riveros et al. 2019;
Tavakkolizadeh and Saadatmanesh 2003; Zheng et al. 2006). Debonding
generally occurs where a stress concentration exists in the adhesive layer.
Predominantly, debonding begins either at the end of the CFRP patch or
adjacent to the fatigue crack. The debonded portion then propagates
beneath the CFRP, progressively reducing its effectiveness.

It may be possible to avoid any debonding at the CFRP patch ends as
evidenced by fatigue crack repair studies that did not observe any
debonding prior to the final failure (H. Liu et al. 2009a; Mertz and
Gillespie 2002; C. Wu et al. 2013; Zhao and Zhang 2007), and studies
focused primarily on fatigue of CFRP bond to steel report no debonding
below threshold stress levels (Deng and Lee 2007; H. Liu et al. 2005;
Matta et al. 2005). The composite and adhesive properties selected must
be appropriate for the required loading, and the loading must be relatively
low. H. Liu et al. (2005), for example, found that bonds in double strap
joints between steel and CFRP did not experience fatigue failure if the
maximum fatigue stress was less than approximately 40% of the joint’s
ultimate strength.

Debonding adjacent to the fatigue crack likely cannot be prevented due to
the very high strains near the crack tip, but reduced debonding at the
crack may be attainable. Colombi et al. (2003) report that delamination
around the crack occurs in an elliptical shape with a width that spans
between the plastic zones at either end of a crack and a height that can
vary depending on the system properties. Analytical models, such as that
used by Lozano and Riveros (2019), can be used to determine the local
debonding near the crack. Lozano and Riveros (2019) used results from
Mahmoud et al. (2018) for validation and found good agreement.

Bond between CFRP and steel can be improved by increasing the adhesive
layer thickness because a larger shear deformation can be achieved before
debonding occurs (Colombi et al. 2003). Using an adhesive with high
ductility similarly allows for more deformation before debonding (Nozaka
et al. 2005). However, increasing the adhesive deformation can reduce the
repair effectiveness because stress is less efficiently transferred from the
steel to the CFRP. In locations where a patch covers the crack, adhesive
deformation allows for a larger crack opening displacement (Colombi et
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al., 2003). Despite reduced effectiveness due to thicker adhesive,
preventing sizable debonded regions is more critical.

If material properties of the system cannot be modified to provide better
bonding, several other techniques can be used to prevent debonding at
patch ends. The use of a spew fillet around the edges of CFRP patches, as
shown in Figure 7, is known to reduce the stress concentration at the end
of the adhesive as suggested by Bocciarelli et al. (2009), Deng and Lee
(2007), and Shield et al. (2004). Mechanical clamps, such as the example
shown in Figure 8, can also be used to apply pressure at the end of CFRP
patches to prevent debonding (Gangel 2011; Vatandoost 2010).

Figure 7. Sketch of cross section with adhesive spew fillet (Shield et al. 2004).

spew fillet adherend

7

| adhesive

adherend

\/\

Figure 8. Clamp made from steel plates and pretensioned bolts to prevent carbon fiber-
reinforced polymer debonding (Gangel 2011).

|4

An additional consideration for the bond between CFRP and steel is
galvanic corrosion. When two dissimilar metals are in direct contact, a
galvanic cell is formed, and the anode, which is steel in the case of steel
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and CFRP contact, corrodes (Tavakkolizadeh and Saadatmanesh 2001).
Corrosion forming between the CFRP and steel deteriorates the bond. To
prevent galvanic action, the carbon and steel must be insulated from each
other. A thick layer of adhesive has been shown to be effective at reducing
galvanic action (Tavakkolizadeh and Saadatmanesh 2001). It is also
common to use a layer of glass fiber fabric between steel and CFRP as
insulation (Hollaway and Cadei 2002; H. Liu et al. 2009b; Mertz and
Gillespie 2002; Zhao and Zhang 2007).

Use of Basalt Fiber-Reinforced Polymer

Use of BFRP in civil engineering applications is new and limited to only a
few studies. A basalt and steel wire hybrid composite was used by G. Wu et
al. (2012) to repair steel beams in fatigue, and BFRP was used by
Jayasuriya et al. (2018) to restore the strength of steel beams with
corrosion damage, but no other instances of BFRP used with steel
structural components are known.

A key benefit of BFRP for applications to steel is that it does not cause
galvanic corrosion. Basalt is not a conductor (Jayasuriya et al. 2018), so
there is no concern of dissimilar metals coming in contact, as previously
discussed with regard to carbon. Use of basalt may improve bonding in
comparison by eliminating galvanic corrosion completely. Additionally,
BFRP installation can be simplified because an extra step to insulate the
FRP from the steel substrate is not necessary.

Mechanical properties of basalt fiber can vary widely, but basalt fibers
have lower tensile strength and modulus than carbon fibers and higher
tensile strength and modulus than glass fibers (G Wu. et al. 2012; Z. Wu
2010). Since strength is generally controlled by the bond rather than the
fibers for the proposed type of fatigue crack repairs, the reduced strength
of BFRP compared to CFRP is not of highest concern. FRP stiffness,
however, contributes significantly to repair effectiveness, and the lower
modulus of BFRP would tend to reduce the crack closure effect.

It may be possible to account for the lower modulus of BFRP by using a
larger thickness of BFRP when comparing its use to CFRP to obtain
equivalent stiffnesses, as was done by G. Wu et al. (2012). A variety of FRP
types were used to repair notched steel beams tested in fatigue with
thicknesses adjusted for each type to maintain the same stiffness of the
repair across specimens. Comparable results for fatigue life improvement
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were found for the composites tested despite their variations in tensile
modulus.

Due to previous use in other industries, fatigue life of BFRP has been
studied. BFRP does not perform as well in fatigue as CFRP. Dorigato and
Pegoretti (2012) developed S-N (alternating stress versus number of cycles
to failure) curves for carbon, basalt, and glass fiber laminates in tensile
fatigue, as shown in Figure 9. The slope of the S-N curve for BFRP is
dramatically steeper than that for CFRP, indicating a reduced fatigue life
in comparison to CFRP. Fatigue limits for CFRP and BFRP determined by
Z. Wu et al. (2010) indicated that BFRP has infinite life under constant
amplitude fatigue when the stress is less than 55% of its tensile strength,
whereas the same is true for CFRP when the stress is less than 84% of its
tensile strength. Due to the lower fatigue resistance of BFRP, more fatigue
life consideration of the composite may be needed when BFRP is used as
an alternative to CFRP in fatigue repairs.

Figure 9. S-N curves for glass, basalt, and carbon FRP developed
by Dorigato and Pegoretti (2012).
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Underwater Fiber-Reinforced Polymer Repair of Fatigue Cracks

The fatigue life of unprotected steel is reduced in an underwater
environment, and the deleterious effect is known as corrosion fatigue. In
addition to increased crack growth in steel due to the underwater
environment, FRP repair methods may also be less effective when exposed
to water. Although these effects are recognized, they are difficult to assess
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due to time dependence. In comparison to underwater structural repairs
that can often be in place for many years, the time spans of existing
experimental studies are short. It is possible that degradation may
continue to increase with longer exposure time; however, information is
limited because use of composites in civil engineering and especially in
underwater environments is relatively new.

2.4.1 Underwater Fatigue Crack Growth in Steel

In comparison to fatigue in air, corrosion fatigue is more complex and
requires the consideration of more variables such as load frequency and
chemical properties of the water. Although the exact contributions to
corrosion fatigue remain unclear due to difficulty in differentiating
between all mechanisms during experimentation, hydrogen embrittlement
and anodic dissolution are commonly identified as the main driving
factors (Gangloff 2009; Kang et al. 2011; Salivar et al. 1981). Hydrogen
embrittlement increases crack growth rate by making the material around
the crack more brittle. Hydrogen in water absorbs into crack surfaces and
interferes with grain boundary cohesion. Anodic dissolution occurs as the
newly exposed material from crack growth reacts with the water and is
dissolved (Gangloff 2009).

In air, loading frequency has little effect on fatigue crack growth rate in
steels. However, in underwater environments, frequency becomes an
important factor due to the time dependence of the chemical reactions that
contribute to increased growth rates. A testing regime using lower
frequency allows more time for reaction and therefore results in a more
pronounced increase in crack growth underwater compared to in air. An
experimental study conducted by Salivar et al. (1981) considered crack
propagation in steel in air, distilled water, and saltwater environments
with varying frequencies. Wedge opening load type specimens with 1-inch
thicknesses were tested in air and in a chamber containing either distilled
water or a 3.5% NaCl solution. A frequency of 10 Hz in air was used as a
baseline for comparison with other scenarios. For both distilled water and
salt water, frequencies of 10 Hz, 1 Hz, and 0.1 Hz were tested. Resulting
crack growth rates showed no significant difference between the three
environments for the highest frequency of 10 Hz. For the lower
frequencies, the underwater environments caused significantly higher
crack growth rates, with crack growth rate increasing with decreasing
frequency. However, there was no significant difference between results
for the distilled water and saltwater environments. Hydrogen



ERDC/ITL TR-23-1 16

embrittlement was attributed to the increased crack rates underwater as a
result of the fractography analysis of the crack surfaces that was conducted
and showed intergranular fracture was present when the growth rate was
increased in underwater environments.

Similarly, varying the stress range can indirectly introduce a time variable
that affects fatigue life underwater. If maintaining all other variables,
reducing the stress range lowers the crack growth rate and therefore
increases the time required for a crack to grow to a given length. If
underwater, the increased time needed for crack growth allows the
environmental factors a longer time to react, resulting in more
pronounced degradation. This can result in a larger difference between
fatigue life in air and water with lower stress ranges compared to higher
stress ranges. Plots of stress range versus number of cycles for air, fresh
water, and saltwater environments were developed and compared by
Morgantini et al. (2018). Round rod specimens were axially fatigue tested
with varying stress ranges and stress ratios in the three environments.
Comparing the resulting S-N curves for fresh water and air, as shown in
Figure 10, indicates that the environmental factors are much more present
with low stress ranges. At higher stress ranges, at which the tests took
fewer than 106 cycles, the results in water showed little difference from
those in air. However, at the lowest stress ranges tested, which approached
107 cycles, the fatigue life was reduced by a factor of 2.1 when in water.
The authors attribute this to the larger amount of time in water when the
stress range is low. Also, the fatigue limit for the underwater environment
was not reached in the stress ranges that were tested, which implies that
the life reduction could be even greater with lower stress range.
Comparing the resulting S-N curves in fresh water and salt water as shown
in Figure 11 shows that salt water reduces fatigue life more than does fresh
water, but the difference is very small compared to that between fresh
water and air.
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Figure 10. S-N curves for steel in air and fresh water corrosion fatigue (CF)
(Morgantini et al. 2018).
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Figure 11. Comparison of S-N curves for steel in fresh water and salt water
(Morgantini et al. 2018).
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As one of the driving factors of corrosion fatigue is hydrogen
embrittlement, which is caused by a reaction between steel and hydrogen,
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it is logical that the pH of the environment may affect fatigue life.
Differences in fatigue life between steel in solutions of various acidities
were explored by Misawa and Kobayashi (1976). Round rod specimens
with 15 mm diameter and 2.5 mm machined notches were tested in a
rotating-bending fatigue machine. A corrosion cell around the specimens
contained water with pH of 0.5, 5.3, or 11.2. Crack length and number of
cycles were recorded throughout each of the tests. The solution closest to
neutral, with a pH of 5.3, resulted in the highest fatigue life. Both the
acidic and basic solutions reduced the life; however, it was reduced
significantly more with the acidic solution, as depicted in Figure 12. This
suggests a complex relationship between the pH of water and fatigue life of
steel.

Figure 12. Fatigue crack propagation of steel in solutions of varying pH
(Misawa and Kobayashi 1976).
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2.4.2 Underwater Bonded Fiber-Reinforced Polymer Durability

As with in-air repairs, underwater repairs with FRP have been explored
more for concrete than steel applications. Several examples of applying
FRP to deteriorated concrete in tidal zones have been completed (Al
Azzawi et al. 2018; Long et al. 2012). Mahmoud and Riveros (2013)
provided a small number of examples of CFRP used for repair of ship
structures. However, no examples of FRP used underwater for fatigue
repair in steel other than those by Mahmoud et al. (2018) and Riveros et
al. (2018) are known. Although limited previous work has shown that
tensile strength, elastic modulus, fatigue life, and bond of FRP can be
reduced when underwater.
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Changes in tensile strength and elastic modulus of various FRP—including
CFRP and BFRP—after exposure to aqueous solutions were studied by Liu
et al. (2017). Coupons were subjected to wet-dry cycles where they were
submerged for 15 days and then in air for 15 days. Tensile tests to obtain
ultimate strength and tensile modulus were conducted after between 1 and
12 wet-dry cycles were completed. Sulfate, chloride, alkaline, and acidic
solutions were used. The CFRP samples were minimally affected by all of
the solutions, with maximum reductions after 12 cycles of 10% and 5% for
tensile strength and modulus, respectively. However, BFRP was more
significantly degraded after 12 cycles with tensile strength reductions
between 13% and 34% depending on solution type and tensile modulus
reductions of approximately 15%.

In air, CFRP is well known for its high fatigue strength. CFRP coupons
exposed to moisture were tested in bending fatigue and compared to dry
specimens by Meng et al. (2016). Samples were submerged in fresh water
or sea water for three months prior to testing, and moisture was
maintained during testing by wrapping them with saturated sponges. Tests
used constant amplitude four-point bending with a stress ration of 0.1 and
various maximum stresses. Although resulting fatigue lives were scattered,
saturated specimens clearly showed reduced life in comparison to dry
specimens. Dry specimens tended to have infinite life, which was taken as
no sign of failure after 106 cycles, if the maximum stress was less than
80% of ultimate strength. For saturated specimens, the life was generally
only infinite if the maximum stress was less than 65% of ultimate strength.

The adhesives used for FRP can also be susceptible to damage from
exposure to water. Water can diffuse into adhesives and chemically react
(Hollaway and Cadei 2002). It is possible for the adhesive to plasticize or
breakdown and crack. Adhesive deterioration due to moisture exposure is
known to be time dependent. However, no example of environmental
testing with extended durations that would be applicable for civil
engineering structures with long services lives is known, and accelerated
testing methods do not represent the environments experienced in service
well (Hollaway and Cadei 2002).
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3.1

3.2

Experimental Program

Introduction

The experimental program consisted of testing eight center-cracked steel
panels, six of which were retrofitted with different configurations of FRP,
subjected to constant amplitude mode I fatigue loading. Both BFRP and
CFRP were used to evaluate BFRP as an alternative to CFRP. Specimens
were submerged in fresh water to simulate the service environment
experienced by SHS. The specimen design, test frame, and procedure are
similar to those previously used by Mahmoud et al. (2018).

Text Matrix and Specimen Details

A total of eight center-cracked Tension (CCT) panels were tested with
dimensions of 1 m x 1 m (3.28 ft x 3.28 ft), a thickness of 9.5 mm (3/8 in.),
and centered 102 mm (4 in.) precut crack as shown in Figure 13a.
Additionally, because only crack propagation, not initiation, was of
interest, tack welds were placed at the ends of the pre-cut crack to promote
the initial step of crack propagation from the precut crack. One
unretrofitted specimen (specimen S1) was tested in the air (dry condition)
to establish a baseline and determine the reduction in fatigue life caused
by the underwater environment. Another unretrofitted specimen
(specimen S2) was tested in freshwater to establish a baseline comparison
against the repaired specimens. No retrofitted specimens were tested in air
conditions, which was previously covered by Mahmoud et al. (2018) to
investigate the effectiveness of FRP repair in dry conditions.

Four specimens were retrofitted with two double layers of FRP patches on
each face. The retrofitted specimens were tested in freshwater to simulate
the environment experienced by SHS. Treated freshwater was used as a
baseline condition as opposed to untreated river water. An FRP patch
width of 178 mm (7 in.) was selected based on the manufactured width of
the fiber fabric that was used. A patch length of 381 mm (15 in.) was used.
All repaired specimens used two layers of FRP on each face. CFRP and
BFRP patches were used for specimens S3 and S5 and specimens S4 and
S6, respectively. To ensure repeatability of the results, the specimens
repaired with two FRP patches are repeated (i.e., specimen S5 is identical
to specimen S3 and specimen S6 is identical to specimen S4). The retrofit
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method and test environment for each specimen are summarized in Table
1. Figure 13b shows the dimension of the retrofitted specimens.
Figure 13. Specimen configuration: (a) air specimen, (b) two patches specimen, (c) full patch
specimen, and (d) cross-sectional view of the fiber-reinforced polymer patches.
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Table 1. Test matrix.
Specimen | FRP Type | FRP Layers FRP Configuration | Environment
S1 None 0 None Air
S2 None 0 None Fresh water
S3 Carbon 2 Two patches Fresh water
S4 Basalt 2 Two patches Fresh water
S5 Carbon 2 Two patches Fresh water
S6 Basalt 2 Two patches Fresh water
S7 Carbon 2 Full patch Fresh water
S8 Basalt 2 Full patch Fresh water

To investigate the effect of applying a more aggressive repair, two

specimens were repaired with two layers of full patches on each face. The

repairs completely covered the pre-introduced cracks to limit crack tip

opening displacement. Specimen S7 was repaired with CFRP, while

specimen S8 was retrofitted with BFRP. The two retrofitted specimens
were also tested in freshwater and under the same environment as the
previous retrofitted specimens. An FRP patch with width of 578 mm (22
3/4 in.) and length of 381 mm (15 in.) was used. The retrofit method and

test environment for each specimen are summarized in Table 1. Figure 13c¢

displays the dimension of the retrofitted specimens.

An adhesive epoxy was used between the steel and FRP patch and between
subsequent layers of FRP to improve bonding. A spew fillet was also
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formed from the adhesive around the perimeter of the FRP patch to reduce
stress concentrations and reduce the potential for debonding at the patch
ends. For the specimen repaired with CFRP, an additional layer of glass
fiber fabric was installed between the steel and CFRP to provide an
insulating barrier and prevent galvanic corrosion. Cross-sectional views of
the FRP patch locations are illustrated in Figure 13d.

Material Properties

Both types of FRP were made from unidirectional fiber fabrics that were
saturated with epoxy to form composites. The carbon fabric used was Tyfo
SCH-41, manufactured by Fyfe Co. The basalt fibers used were
manufactured by Textum. Tyfo S epoxy made by Fyfe Co. was used as the
saturant epoxy for both fiber types. Tyfo TC epoxy made by Fyfe Co. was
used as the adhesive. The mechanical properties of materials are provided
in Table 2. Since the basalt fiber properties are unknown, ranges are listed
in Table 2 as found in the literature (Dorigato and Pegoretti 2012; F. T. Liu
et al. 2017; G. Wu et al. 2012; Z. Wu et al. 2010). The plates used were
structural rolled steel with 9.5 mm (3/8 in.) thickness. A bi-directional
glass fiber fabric was used for the insulation for the CFRP repaired
specimen.

Table 2. Material properties.

Material Tensile Strength (MPa) Tensile Modulus (GPa)
Steel 250 200
Carbon fiber (Tyfo SCH-41) 4,000 230
Basalt fiber 1,200-2,200 65-90
Saturant epoxy (Tyfo S) 72.4 3.18
Adhesive epoxy (Tyfo TC) 22.7 1.2

Average thickness of the CFRP measured from coupons was approximately
2 mm. For the BFRP, average measured thickness from coupons was

3 mm. The CFRP and BFRP were not intended to have equivalent stiffness,
though the larger thickness of the BFRP can partially account for its
reduced tensile modulus in comparison to the CFRP. Although adhesive
application was not perfectly even, the average thickness of an adhesive

layer was approximately 3 mm.
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3.4

Specimen Manufacture and Retrofit Application

Each specimen was cut to size from 9.5 mm (3/8 in.) rolled steel plates,
and then holes for connection to the testing frame were made with a
magnetic drill. The existing crack was first cut with a 102 mm (4 in.)
diameter and 3 mm (1/8 in.)-thick angle grinder disk and then cut to
square with a reciprocating saw. Tack welds, approximately 6 mm (1/4 in.)
in diameter, were added at the ends of the cracks to promote crack
initiation.

For the retrofitted specimens, outlines of the FRP patch locations were
marked, and an angle grinder was used to clean and roughen the surface
within the patch locations. The roughened surfaces were then thoroughly
cleaned with acetone to remove particles from grinding, and the patch
locations were re-marked. The required carbon, glass, and basalt fiber
fabrics were cut to size and wiped with a cloth dampened with acetone to
remove any dust. Glass fibers were cut approximately 13 mm (1/2 in.)
larger in both dimensions than the carbon fibers to ensure an adequate
insulating layer should there be any slight misalignment during
application.

The FRP patches were applied with a wet layup process. Proper adhesion
and fiber alignment were critical during the application process because
they are important for the performance of the retrofit. However, the
installation process was not intended to be highly precise because it is
ultimately intended to be feasible for applications in the field, not just a
controlled laboratory environment.

The adhesive (Tyfo-TC) and saturant (Tyfo-S) used are both two-
component epoxies, and they were mixed according to manufacturer
instructions. Each component was measured by weight, and an electric
mixer was used to blend for the specified amount of time. The time was
noted after mixing each batch of epoxy, and new batches were made as
needed based on the manufacturer-specified pot life.

FRP patches were applied one at a time. Adhesive was spread on the clean,
roughened steel surface in a uniform layer using a spatula. A layer of fibers
was then placed on top of the adhesive and gently pressed into the
adhesive and smoothed to remove any air bubbles and align fibers.
Additional alternating layers of adhesive and fibers were applied as needed
for each specimen. Before being placed, carbon fibers and basalt fibers
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were saturated with Tyfo-S. Fibers were fully submerged in the saturant
and then removed and gently stripped of excess by hand. Placement was
such that the unidirectional fibers were aligned perpendicular to the crack
plane. The glass fiber fabric layers were not saturated.

After all the layers were applied, spew fillets around the patches were
formed by hand from additional adhesive to create a smooth transition
between the patch and the steel. Any spilled or excess epoxy on the
specimen was then removed. The epoxies were allowed to harden before
being handled, and the manufacturer-specified cure time was observed. All
retrofits were performed in normal temperature and dry conditions, which
represents reality since miter gates are typically dewatered prior to the
implementation of any major repairs. The FRP application process is
illustrated in Figure 14.
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Figure 14. Fiber-reinforced polymer patch retrofit application process.
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3.5 Test Setup

A self-reacting steel frame was designed to support the specimen and MTS
hydraulic actuator and resist the cyclic load applied to the specimen.
Conceptually, the test frame was identical to that used by Mahmoud et al.
(2018), but beam and column sizes were increased to extend the frame’s
fatigue life. Once installed, specimens were positioned such that the faces
of the steel plates were oriented to the north and south and cracks would
propagate to the east and west. Specimens were attached to the lower
beam using a double angle connection. Another double angle connection
at the top of the specimens attached a stiffened built-up I-beam used to
distribute load from the actuator. The actuator was secured to the test
frame’s upper beam with threaded rods that spanned from the actuator
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through to the top flange of the beam. Strain gauges on the rods were used
to monitor pretensioning of the rods. All bolts in the test frame were
pretensioned using direct tension indicating washers.

A tank surrounding the specimens was built for use when an underwater
test environment was needed. The steel tank floor rested on the lower test
frame beam. Acrylic sheets were used as tank walls so that the specimens
could be observed from outside the tank. Pumps were installed so that the
tank could be easily filled and drained when needed. A schematic of the

test frame and water tank as viewed looking south is provided in Figure 15.

A photo of the test system viewed looking south is shown in Figure 16.
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Figure 15. Schematic of self-reacting test frame looking south.
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Figure 16. Photo of test frame.

Instrumentation

Strain gauges were installed on each specimen as shown in Figure 17.
Strain gauges located above the crack plane were used to verify the applied
nominal stress. All specimens had multiple strain gauges installed along
the crack plane. Unlike the strain gauges attached to the steel panel, the
gauges located on the patches are attached directly on the FRP sheets to
monitor their strain. Strain values from these gauges were expected to
increase with crack growth and grow rapidly as the crack approached a
gauge. For the retrofitted specimens with two patches, additional strain
gauges were used to monitor FRP debonding, if any, by placing them along
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the height of the patches. For the retrofitted specimens with a full patch,
additional strain gauges on the FRP and above the crack were utilized to
monitor the crack's initial growth. A drop in a reading from a gauge on the
FRP indicated that the bond directly beneath it was no longer intact.
Strain gauges applied to specimens S2 through S8 were covered in silicone
sealant to protect them from the water. A National Instruments PXI data
acquisition system was used for recording strain readings.

Figure 17. Specimen 1 strain gauge layout.
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Test Procedure

Specimens were subjected to a constant amplitude fatigue load with
amplitude of 55 MPa (8 ksi) and frequency of 0.6 Hz. A positive stress
amplitude of 0.1 MPa was used to avoid crack closure. Therefore, the value
of the load ratio (R), which is calculated as the ratio between the minimum
(Omin = 0.1 MPa) and maximum (omax = 55 MPa) stress applied to the
specimen, is close to 0. The omax is selected as it represents a maximum
value observed in a typical miter gate based on finite element analysis. The
lower load frequency (less than 1 Hz) is selected to ensure that the impact
of the underwater environment is significant on the crack growth rate as
discussed by Salivar et al. (1981). To apply these stresses to the tested
specimens, a load control procedure is used. The maximum load (F)
applied to the specimens is calculated as a function of the desired stresses
on the crack plan (omax or omin) and the specimen cross section area at this
location (Anet). The strain data are also used to verify the applied stresses
on the tested specimens. Load commands were sent to the actuator using
an MTS FlexTest controller. Force and displacement feedback were
recorded by the controller. Strain data were recorded continuously
throughout the tests using the data acquisition system.
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At the beginning of each test, the initial crack was monitored closely to
detect crack initiation. The initial crack length was taken as the out-to-out
distance between the tack welds on either end of the cut crack. Crack
propagation was taken to begin when a crack had initiated and grown
through the tack welds. Crack length was then measured manually to the
nearest 1.5 mm (1/16 in.) in regular increments for the test duration.

A dye penetrant was used when measuring crack lengths to clearly identify
the crack tip. Dye penetrant is a visual inspection method for detecting
flaws. Typically, the dye is applied to a surface and allowed to penetrate
any flaws. Then the excess dye is wiped from the surface, and a developer
is applied. The developer draws out dye remaining in the flaws, making
their location appear clearly. In this case, the dye was applied during the
fatigue loading, and the crack tip was identified by the dye forced out
during the crack closure portion of the cycle.

For the retrofitted specimens, crack lengths were only measured when the
crack tip was not beneath an FRP patch since no additional method for
detecting the crack through the FRP was implemented. Visual
observations of retrofit behavior were also made throughout the test to
help identify any debonding behavior for comparison to that detected by
the strain gauges along the length of the FRP patches.

Tests were considered complete when the crack length was such that final
fracture of the specimen was imminent. Specimens were not intended to
be tested to fracture because the fracture can cause a shock to the test
frame, possibly altering alignment or affecting bolt pretension. Typically,
the crack grew to 100 mm to 120 mm away from the specimen edge before
crack growth accelerated dramatically and the test was stopped.



ERDC/ITL TR-23-1

31

4.1

Experimental Results and Discussion

Introduction

Results from the eight tested specimens are presented and discussed
herein. Each specimen was cyclically loaded as previously described until a
fracture occurred or was imminent. Crack growth versus the number of
cycles and strain in the steel and FRP, when applicable, were recorded
throughout the tests. Comparison of specimens S1 and S2 allowed for the
deleterious effect of the underwater environment to be quantified. The
effectiveness of the retrofit methods was determined by comparison of the
repaired specimens to the unrepaired specimens. Comparison of
specimens S3 and S5 with specimens S4 and S6 allowed for assessment of
the use of BFRP as an alternative to CFRP. The impact of the patch
configuration was investigated by comparing the repaired specimens with
two patches (specimens S2 to S6) with the repaired specimens with a full
patch (specimens S7 and S8).

During each test, crack length was measured for the east and west cracks
on both the north and south faces, and the average values for the east and
west cracks were recorded each time that measurements were taken. The
maximum strain values recorded during the times between the crack
measurements process are utilized to compare the strain data in this
section. For unretrofitted specimens, crack growth data were used to
calculate Paris Law parameters C and m for use in future numerical
analysis. Observations of the crack behavior were made for each specimen
during and after the tests. After test completion, specimens that remained
intact were cut along the crack plane in order to observe the characteristics
of the crack face. In addition, the FRP bond was closely monitored for the
retrofitted specimens. Debonding around the edges of the adhesive was
detected. The failure mode of the FRP was observed at the end of tests of
retrofitted specimens as either debonding failure, fiber rupture failure, or
a combination. The galvanic corrosion was not directly measured during
the test and the debonding around the edges was utilized as an indication
of a possible galvanic effect. Details on the behavior of each specimen are
noted below.
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4.2

Specimens’ Failure Mode

In comparison to fatigue in air, corrosion fatigue is more complex and
requires the consideration of more variables such as load frequency and
chemical properties of the water. Although the exact contributions to
corrosion fatigue remain unclear due to difficulty in differentiating
between all mechanisms during experimentation, hydrogen embrittlement
and anodic dissolution are commonly attributed as the main driving
factors (Salivar et al. 1981). Hydrogen embrittlement increases the crack
growth rate by making the material around the crack more brittle.
Hydrogen in water absorbs into crack surfaces and interferes with grain
boundary cohesion. Anodic dissolution occurs as the newly exposed
material from crack growth reacts with the water and is dissolved
(Gangloff 2009). In the air, loading frequency has little effect on fatigue
crack growth rate in steels. However, in underwater environments,
frequency becomes an important factor due to the time dependence of the
chemical reactions that contribute to increased growth rates.

In addition to hydrogen embrittlement impacting fatigue life, partial
debonding, which occurred in some repaired specimens, had an impact on
fatigue life. At the early stage of the tests prior to the cracks reaching the
FRP patches, the growth rate of the cracks is lower for specimens
retrofitted using CFRP as a result of the higher stiffness of the CFRP
patches, which promoted crack closure. However, as the cracks continue to
propagate, the high stiffness of the CFRP patches attracts larger forces,
causing some debonding in the patches. On the other hand, the BFRP has
lower stiffness, causing it to be less effective in closing the crack in the
early stages of the propagation. However, the lower stiffness characteristic
is beneficial overall in reducing stresses in the repairs and eliminating
debonding.

For specimen S1, the west side of the crack exhibited stable growth until a
half-crack length of approximately 300 mm at 975,000 cycles. The east
side of the crack became unstable at a slightly lower crack length of
approximately 250 mm at 990,000 cycles due to the uneven crack growth
across the two sides. The test was stopped at 1,031,428 cycles when
fracture of the west side was considered imminent to avoid damage to the
test frame. Although fracture of the east side was not yet imminent, the
east crack was showing unstable growth. The crack at the time of test
completion is shown in Figure 18a.
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For specimen S2 (underwater specimen), the crack growth was stable until
a half-crack length of approximately 300 mm. Both cracks reached 300
mm after approximately 880,000 cycles. The test was stopped at 925,000
cycles, when the crack began to grow very rapidly and the fracture was
imminent. Figure 18b shows specimen S2 after the test was completed and
the specimen was removed from the testing frame.

Figure 18. Failure of the different specimens.
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For specimen S3, the adhesive debonded around the crack tip on the north
face of the west crack at approximately 415,000 cycles. Debonding was
also noticed along the top boundary of the CFRP patches on the north side
at 380,000 cycles. By 705,000 cycles, the debonding of both north patches
had propagated down the top quarter of the inner edges of the patches. At
905,000 cycles, the inner edges of the north patches had debonded on the
entire top half, and the outer edges had debonded on the top quarter. The
edges of the entire top half of the north CFRP patches had debonded by
955,000 cycles, as shown in Figure 18c.

After 510,000 cycles, specimen S4 showed slight but not significant
debonding directly adjacent to the cracks and began to propagate under
the BFRP patches. At 1,680,100 cycles, the west crack, with a length of 275
mm, appeared beyond the BFRP patch. Once beyond the patch, the west
crack grew quickly until it fractured at 1,765,458 cycles. as shown in Figure
18d. The east crack was not visible beyond the BFRP patch until the final
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fracture of the west half, at which point it was approximately 20 mm
beyond the adhesive fillet.

For specimen S5, a vertical crack on adhesive at the south side of the crack
was visually noticed at 845,000 cycles. Debonding around the crack did
not appear to propagate significantly along the vertical inside edges of the
patches throughout the test. No visibly detectable debonding of the patch
ends occurred throughout the entire test. At 1,295,000 cycles, the west
crack appeared beyond the CFRP patch. Once beyond the patch, the west
crack grew quickly until it fractured at 1,310,875 cycles, as shown in Figure
18e. The east crack was not visible beyond the CFRP patch until the final
fracture of the west half.

For specimen S6, no significant debonding occurred during the test.
However, at 1,750,000 cycles and due to the specimen’s instability after
the west crack appeared beyond the BFRP patch, the patches located on
the lower part of the east crack debonded. Once beyond the patch, the west
crack grew quickly until it fractured at 1,797,062 cycles, as shown in Figure

18f.

For specimens S7 and S8, the test stopped at 3 million cycles, and the
patches were partially saw cut to expose the crack tip as shown in Figures
18g and 18h, respectively. It can be noticed from the figures that in both
specimens the crack did not initiate, indicating an infinite life. From the
observed failure modes for different specimens, it can be concluded that
the fiber bonding was significantly enhanced compared with the previous
study by Mahmoud et al. (2018), which was directly impacted by utilizing
the glass fiber as isolation for the CFRP to reduce or prevent the galvanic
corrosion and using BFRP, which does not cause galvanic corrosion.

Since the tests were conducted using a load control procedure, the
degradation can be measured using the change (increase) in the measured
displacement. Minor stiffness degradation of less than 1% over the test
total number of cycles was noticed for all the tested specimens before the
crack growth passed the patches or large deponding occurred. For
specimens S7 and S8, no degradation was recorded. The axial stiffness for
all the repaired specimens with two patches (S3 to S6) were higher than
the unretrofitted specimen S2 by up to 2.2%. Due to the difference in the
axial stiffness between the CFRP and BFRP, the measured axial stiffness
for specimen S3 was 2.3% higher than for specimen S4. Due to the change
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4.3

in the retrofitted sheet configuration, the axial stiffnesses for specimens S7
and S8 were higher than for specimens S5 and S6 by 7.2% and 5.8%,
respectively.

Specimens’ Fatigue Life

The fatigue life was used as the primary metric for comparing results
across specimens and determining the effectiveness of the retrofits. As
expected, all proposed retrofitting methods improved fatigue life, and the
underwater environment reduced fatigue life in comparison to fatigue in
air condition. Crack growth data for all specimens are shown in Figure 19.
For all the specimens, the cracks initiated from the tack welds at both ends
of the pre-cut crack at approximately the same time. The initial phase of
crack propagation is affected by the presence of the tack welds on both
sides of the introduced crack. The number of cycles measured before the
crack grew past the tack welds was 87,173; 80,000; 92,000; 94,000;
90,000; and 96,000 for specimens S1 to S6, respectively. However, no
initiation was recorded for specimens S7 and S8. The cycles associated
with initiation caused by the tack welds were subtracted from the total
number of cycles reported for each test.

Figure 19a shows that for specimen S1, the two crack tips propagated at
similar rates until reaching a half crack length of 75 mm. After this point,
the west crack began to propagate more quickly than the east crack. The
difference in length between the two cracks increased throughout the test.
However, at the completion of the test, the west crack was 100 mm longer
than the east crack. Measurements of crack growth for specimen S2 are
shown in Figure 19b. The two crack tips propagated at similar rates until
reaching a half-crack length of 200 mm. After this point, the east crack
began to propagate more quickly than the west crack. At the completion of
the test, the east crack was 40 mm longer than the west crack.

For specimen S3, the west side of the crack immediately began to grow
more quickly than the east side, as shown in Figure 19c. The width of the
adhesive extending beyond the CFRP varied slightly at each location but
was approximately 80 mm from the tack welds. The west crack reached a
length of 93 mm at 380,000 cycles before reaching the adhesive. The east
crack reached a length of 68 mm at 285,000 cycles and then could no
longer be measured.
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Figure 19. Comparison of crack growth and fatigue life for all specimens.

_agrmimen 1 Half Crack Length vs. Number of Cycles Specimen 2 Half Crack Length vs. Number of Cycles Specimen 3 Half Crack Length vs. Number of Cycles
- ' 500 500 o
0O Wast Crack 0 Wast Crack O West Crack
E 400 1 400 o 400
= @ =7 (b) j =7 © .
300 2300 5300
3 5 5
= = =
22 2 200 r_agﬁ 2 200
= 100} flaabfgf = 100
0 ] ]
0 0.5 1 13 2 ] 0.5 1 15 2 ] 0.5 1 15 2
Number of Cydes 108 Number of Cycles <108 Number of Cycles <108
Specimen 4 Half Crack Length vs. Number of Cycles Specimen # Half Crack Length vs. Number of Cycles Specimen 6 Half Crack Length vs. Number of Cycles
500 4] 500 ] 500 T

Hall Crack Length {mim)

o East Coack : o East Coack : o East Coack
0 Weast Crack 0 Weast Crack 0 Weast Crack
400 (f)

Half Crack Length (mm;)
b

" Number of Creles h w100 " Number of Cycles h w100 " Number of Cycles
Specimen 7 Half Crack Length vs. Number of Cycles Specimen 8 Half Crack Length vs. Number of Cycles o 21 of Fatigue life
500 500 -
O Wast Crack O West Crack
400 (‘_ 400
) (h)

Hall Crack Length {mim)

Hall' Crack Length (mm;)
Mumber of Cyeles

5 2 5 5 2 51 52 53 54 55 56
Number of Cycles <108 Number of Cyeles c10f Specimens

Cracks in specimen S4 began to propagate on both sides of the initial
notches at the same time. Crack propagation results are shown in Figure
19d. The width of the adhesive extending beyond the BFRP varied slightly
at each location. The length of the west crack was 98 mm at 402,000
cycles before reaching the adhesive. The east crack reached a length of 87
mm at 402,000 cycles and then could no longer be measured. The two
crack tips for specimen S5 almost propagated at similar rates until
reaching the adhesive at 395,000 cycles as displayed in Figure 19e. At the
completion of the test, the west crack was 45 mm longer than the east
crack.

For specimen S6, the two crack tips propagated at similar rates until
reaching the adhesive at 245,000 cycles as shown in Figure 19f. At the
completion of the test, the east crack was approximately 155 mm longer
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than the west crack. The cracks in specimens S7 and S8 did not propagate
as displayed in Figure 19g and h.

A comparison between the fatigue life of all the tested specimens is shown
in Figure 19i. A freshwater environment reduced the fatigue life by more
than 10.3%. Utilizing two patches of CFRP can enhance the fatigue life
between 31.1% and 36.3% compared with unretrofitted specimens tested
in the underwater environment. However, using BFRP and the same
repair configuration can improve the fatigue life between 83.4% to 89.0%
compared with unretrofitted specimens tested in the underwater
environment. Eventually, employing full patches that cover the crack
resulted in infinite fatigue life for the specimens. These increases in the
fatigue life were significant compared with a previous study by Mahmoud
et al. (2018), where the fatigue life was only increased by 16% by using one
layer of the CFRP sheet without an insulation layer of the glass fiber layer.
The increase in performance in this study compared with the previous
study (Mahmoud et al. 2018) is due to the effectiveness of the glass fiber in
insulating the CFRP and preventing galvanic corrosion, the significance of
using two layers of FRP in reducing the stresses on the crack plane, and
efficiency of the BFRP in reducing the crack growth.

To further reflect on the crack growth rate for the unrepaired specimens
(in air and underwater,) the parameters for Paris’ law were calculated from
the test data. Paris’ law can be applied as a simple analytical method for
understanding the growth rate of the test specimens’ crack. Using the
crack growth data acquired from specimens S1 and S2, Paris’ law
parameters C and m were estimated by calculating crack growth rate
(da/dN) and stress intensity factor range (AK). C and m are the y-intercept
and slope, respectively, of da/dN versus AK plotted on a log-log scale, as
shown in Figure 20. Separate parameters were calculated for the east and
west cracks. The difference between the estimated parameters for the east
and the west cracks is minimal, which could be due to uneven stress
distribution in the specimen due to minute misalignment in the test setup.
Calculated parameters are for crack length and stress intensity factor in
units of mm and MPa-mm?/2, respectively. The first several crack length
measurements were excluded from the calculation because they may have
been affected by the presence of the tack welds. Additionally,
measurements taken after unstable growth was noted were excluded, as
Paris’ law no longer applies. A comparison between specimens S1, shown
in Figure 20a, and specimen S2, displayed in Figure 20b, reveals that in
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4.4

da/dN (mm/feylee)

each specimen there was a difference between the crack growth rates for
the east and west sides. The slope values for the east and west cracks, per
meter, reduced from 2.51 and 1.58 for specimen S1 to 1.58 and 1.35 for
specimen S2, which reflects the impact of the surrounding environment on
the accelerating crack growth rates.

Figure 20. Plot of crack growth rate and stress intensity factor range for determination of
Paris’ law parameters for (a) specimen S1 and (b) specimen S2.
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Specimens’ Strains

Strain gauges applied on the steel were located along the crack plane, and
readings corresponding to measured crack lengths are shown in Figure 21
for specimens S3, S4, S5, and S6 that were retrofitted with two patches.
For specimen 3, the strain in gauges 1 and 4 located on the east side of the
specimen increased as the crack approached the gauges. The crack did not
reach the gauges, however, due to a fracture of the west side. This means
that the maximum strain that would have occurred when the crack tip
reached the gauges was not recorded. Strain gauges 2 and 3 located on the
west side showed a slight increase as the crack approached, but no rapid
increase in strain was noted. As the west crack grew, it curved slightly
upward such that its path was above the strain gauges rather than directly
through them, so elevated strain values were not observed. For specimen
S4, a rapid increase in the readings from strain gauges 2 and 3 along the
west was recorded after the crack length was beyond the BFRP. However,
the elevated values were not as high as those recorded for other specimens
because the crack grew slightly above the strain gauges.



ERDC/ITL TR-23-1

39

Figure 21. Strain data from strain gauges located in the steel at the crack plane vs. half-crack
length for specimens strengthened with two patches including (a) specimen S3, (b) specimen
$4, (c¢) specimen S5, and (d) specimen S6.
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The east crack approached strain gauges 1 and 4 just as the fracture of the
west half of the specimen took place, and increased values were recorded
at that instance. For specimen S5, once the crack was beyond the CFRP,
the readings from strain gauges 1, 2, and 4 were significantly increased. At
the same time, the readings from strain gauge 3 were also increased but
with less magnitude, which matched the observation that the crack grew
past slightly above strain gauge 4 located in the east half before the west
half of the specimen fractured. Unlike the previously retrofitted
specimens, the fracture in specimen S6 occurred in the east half. Strain
data for strain gauges 2 and 3 located in the east half showed a sudden
increase in strain magnitude while increases recorded for strain gauges 1
and 4 were mild. The crack in the west half was about to approach strain
gauges 1 and 4 in the same instance when the fracture of the west half took

place.



ERDC/ITL TR-23-1 40

Strain gauges on the FRP were installed along the crack plane on both
faces and along the height of the patches on the south face. A comparison
between the strain data collected from these strain gauges is shown in
Figure 22. Similar to Figure 21, this figure displays the results of the
specimens repaired with two patches. The strain magnitudes were non-
uniformly distributed over the patches. For all the specimens, strain
magnitudes recorded in the strain gauges located in the south face were
less than the ones located in the north face. For specimen S3, Figure 22a
shows that recorded values from strain gauges 5 and 6 slightly dropped
during the test, which is an indication that debonding occurred in the
patches located on the north face. All the strain gauges on the south face
showed an increase in the strain magnitudes throughout the test,
indicating that they remained well bonded. The south patches were
bridging the crack and providing a crack closure effect until they ruptured.
Unlike specimen S3, the magnitudes of all the strains were increasing with
the half-crack length indicating that no debonding took place in specimens
S4, S5, and S6 as shown in Figures 22b, 22¢, and 22d, respectively.
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Figure 22. Strain data from strain gauges located in the patches at the crack plane vs. half
crack length for specimens strengthened with two patches including (a) specimen S3, (b)
specimen $4, (¢) specimen S5, and (d) specimen S6.

Specimen 3 Mid Patch Strain vs. Crack Length Specimen 4 Mid Patch Strain vs. Crack Length
T T T T T T T T T

2000 2000 ¢ -
| 4 Strain Gauge 5
1800 1800 . Strain Cauge6
1600 1600 } Srra!n Gauge7
©- Strain Gauge 8
1400 1400
— 1200 —1200 } ey
% 1000 E 1000 ¢ o
@ goof D aoot ]
600 GO0 [oemoen 1
o o :
400 -&‘«-\ 400 [ 4
2001 . . 1 2001 4
8. (a) | (b)
0 R L R . [ Lo . A . L i
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
Half Crack Length (mm) Half Crack Length (mm)
2000 Specimen 5 Mid Patch Strains vs. Crack Length 2000 Specimen 6 Mid Patch Strains vs. Crack Length
LUt ¥ T T LUt T T T
1800 (C) 1 1800 (d) g
1600 1600 ]
1400+ 1400 F
—1200f {1  —1z00f T
= g =
£ 1000+ 1 £ 1000
= =
Y goot Y goot
oo " 600 [, T — =|L|
e
b,
400 ¥ atl 4001
2001 2001
o & s L L L L 4 0 L.E@ml " " " . .
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Half Crack Length (mm) Half Crack Length (mm)

Strain gauges were also placed along the height of the patches on the south
face to assist with detecting debonding from the steel. The strain results
from the west half of the specimen are used as an example of the CFRP
behavior and the strain distribution along the patches. Figures 23a and
23b show the strain data collected from specimens S3 and S4, respectively.
For both specimens, all the strain gauges on the south face recorded
increasing strains throughout the test, indicating that they remained well
bonded. Therefore, the south patches were effectively bridging the crack
and providing a crack closure effect until they ruptured. However, for
specimen S3, only one of the strain gauges that was located on the north
side of the specimen, shown in Figure 22a, showed decreasing values
throughout the test. This matches the visual observation on that face.
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Strain | pue)

Figure 23. Plot of the strain data collected from strain gauges located along the height of the
repair patches in the south face and at the west half of the specimens (a) S3 and (b) S4.
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To understand the strain distribution on the crack plane for the specimens
S7 and S8 which were repaired with full patches, five strain gauges are
installed on each face of each specimen. The strain data for these two
specimens were stable, and no changes in the strain were recorded over
the test. A comparison between the values of the strain data collected from
these strain gauges is displayed in Figures 24a and 24b for specimens S7

and S8, respectively.

The results show that the strain distributions on the north and south faces
are slightly different, which was attributed to slight misalignment in the
test frame. Variation in the strain distribution between the north and
south faces for the specimen retrofitted with the BFRP was less compared
with the specimen retrofitted with CFRP, which is an indication of the
effectiveness of the BFRP in redistributing the strain and stresses over the
tested specimen’s components. Also, the average strains on the BFRP
patches were less than on the CFRP patches. The average strains in the
steel repaired with BFRP were more than the ones repaired with CFRP.
The average strains recorded on the west and east sides of both were
symmetric, where the average strains recorded at strain gauges 1 and 2
were similar in magnitude to the strains in strain gauges 4 and 5,
respectively. This similarity in the recorded strains reflects the symmetry
in the test configuration between the east and west sides. These two tests
were stopped when the number of cycles reached the pre-defined
threshold of 3 million cycles and the crack in these two specimens showed

no initiation.
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Figure 24. Plot of the strain data collected from strain gauges located along the crack length
of the specimens (a) S7 and (b) S8.
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5.1

5.2

Conclusion

Summary of Current Work

Eight large-scale center-cracked tension specimens were fabricated for
fatigue testing. Six of these specimens were retrofitted using bonded FRP
patches and tested in an underwater environment and compared with
unretrofitted specimens tested in an air and underwater environment.
CFRP, which has previously been used in various studies for fatigue crack
repair in steel, was used to retrofit one specimen. Another specimen was
retrofitted with BFRP, which has very limited previous use in civil
engineering applications but does not react galvanically with steel, which
CFRP does. Two different configurations for the FRP patches were tested
using either two separate patches or one full patch. Special consideration
was given to the quality of the bond between the steel and FRP because
several previous studies indicate that FRP retrofits are limited by the
bond. An underwater environment was introduced for the retrofitted
specimens and one unretrofitted specimen to simulate the environment
experienced by steel hydraulic structures and evaluate whether the retrofit
methods are suitable for that environment.

Constant amplitude mode I fatigue tests were carried out for each
specimen. Crack growth and FRP behavior were monitored throughout the
tests. Results from the two unretrofitted specimens, only one of which was
tested underwater, were compared to identify the reduction in fatigue life
due to an underwater environment. Results from the different, retrofitted,
and unretrofitted, specimens were compared to identify the enhancement
in fatigue life due to different environments, various FRP types, and a
variety of the FRP configurations. The use of BFRP as an alternative to
CFRP was evaluated by comparing the two retrofitted specimens.

Conclusions

Results from the unretrofitted specimens tested in air and water
confirmed that crack growth accelerates underwater; a decrease in fatigue
life of 10.3% was recorded when tested in an underwater environment.
Although fatigue life was not reduced tremendously, the effect of the
underwater environment can become substantial throughout the long
service life.
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The retrofit methods using two patches of both CFRP and BFRP were
shown to be viable for increasing fatigue life of a center-cracked panel with
increases over the underwater unretrofitted specimen of 36.3% and 89.0%
for CFRP and BFRP, respectively.

CFRP performance was enhanced in this experiment testing compared
with previously published studies as a result of using glass fiber as an
insulating layer and proper application process, which highlights the need
for the installation procedures when using the CFRP as a retrofit material
in an underwater environment.

BFRP over performed the CFRP due to its ability to avoid galvanic
corrosion, enhance the durability in the underwater environment, and
reduce the demand on the adhesive. Even though the sample size was
small, the positive results of the BFRP specimens showed promise that the
BFRP can be the future repair of fatigue damage in steel, especially in an
underwater environment.

The higher stiffness of the CFRP was apparent when comparing crack
growth and strain distribution with BFRP before the cracks reached the
FRP patches. BFRP was also effective in the redistribution of the stresses
over the tested specimens’ components.

The retrofitting configuration utilized has a significant impact on the
expected fatigue life of the center-cracked panels. The results showed that
using a single patch that covers the center crack can assure an infinite
fatigue life of the tested specimen. It can also significantly reduce the
stresses on the crack tip and delay the crack opening.

The results show that the use of glass fiber as an insulation layer between
the CFRP and the steel and the use of BFRP to repair the steel structures
subjected to high-cycle fatigue and submerged in the freshwater
environment can significantly enhance fatigue life. While these findings
are applicable to underwater cracked steel elements subjected to mode I
fatigue loading and fabricated using different structural steel grades
(ANSI/AISC 360-16 2016), the impact of the element’s exposure time to
the harsh surrounding environment on the repair effectiveness needs
further investigation.
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5.3

Recommendations for Future Work

Although the completed tests indicate that both CFRP and BFRP are viable
repair options, the mechanisms caused by the underwater environment
remain unclear. The extent to which saturation affected the adhesive
properties and therefore contributed to the debonding in the specimen
with CFRP is not known. Smaller scale testing to isolate the adhesive
properties after water saturation is recommended. Exploring saturation
over a longer time period is also recommended because time frame of the
present tests was much shorter than the life span of a steel hydraulic
structure. Since it is known that a threshold stress under which FRP will
not debond exists, underwater bond fatigue tests for the FRP materials
used would be useful for selecting future retrofit configurations.
Additionally, the behavior of BFRP in both air and water is not well
understood due to its limited prior use. Should BFRP be selected for
further use, material properties, fatigue strength, and underwater
durability should be tested on a small scale.

Based on the current results and the methods previously used by others,
the following modifications for improving the retrofit method are
recommended if additional large-scale tests of the same nature are
performed:

e Develop a mechanical clamping method to apply confining pressure to
the FRP patch ends and reduce debonding.

e Apply a sealant coating to the FRP patches to reduce exposure of the
epoxies to water.

Extending the large-scale testing method to account for multimode
loading or more complex geometry of the fatigue-damaged component
would also provide additional insight for future field use because many
locations in SHS that experience fatigue damage are more complex than
the configuration tested in the current work.

Since it is not feasible to conduct large-scale testing for all field application
configurations, a method for predicting remaining fatigue life after a crack
is repaired is desirable. Both numerical and analytical methods for
predicting crack growth in air after applying FRP repairs exist, but for the
purpose of rapidly assessing a needed repair, a quick analytical approach
would be more appropriate. An adaptation of the existing analytical
models for growth of a repaired crack that accounts for the nominal stress
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reduction and crack closure effects of the FRP is suggested. Results from
this study and any additional experimental work may be useful for making
empirical modifications to account for underwater environmental factors.
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