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ABSTRACT: Included is a summary of efforts to date on the progress of potential applications, R&D, and 
lessons learned in advancing the use of composites for hydraulic structures to extend their service life.  Key 
efforts to date include the world’s largest FRP miter gate, a wicket gate, underwater curable FRP wrapping 
of submerged concrete discharge ports, blocks for miter gates, recess filler panels, coatings for gates and 
repair of corroded steel columns of a concrete bridge deck. 

 

1 INTRODUCTION  
The paper summarizes cooperative efforts 

between the Rijkswaterstaat (RWS) and the United 
States Army Corps of Engineers (USACE) to 
advance the use of composites for hydraulic 
structures.  The agencies agreed that sharing of 
efforts and lessons learned will help accelerate the 
use of these materials in new construction or to 
extend the life of existing infrastructure.  Hydraulic 
structures are exposed to severe corrosive 
conditions and noncorrosive materials have been 
engineered to prevent these structures from 
extensive in-service maintenance and replacement.  
Fiber Reinforced Polymer (FRP) Composites have 
evolved over the years and now dominate the 
marine, aviation, and auto industry. Fiber 
Reinforced Polymer (FRP) composites provide 
excellent corrosion and wear resistance while also 
providing superior thermo-mechanical properties.  
There widely accepted use in these industries is 
because composites offer many and varied superior 
material properties such as high strength-to-weight 
ratio, corrosion and chemical attack resistance, 
ease of construction, low moisture absorption, 
excellent durability, enhanced fatigue and wear 
resistance, low thermal expansion, etc.  Their use in 
the civil works industry has been limited to 
secondary structures, such as hand railings, 
gratings, because Civil Works Engineers have been 

reluctant to take advantage of these properties, 
partially due to the lack of well documented success 
stories and the absence of an accepted design 
code.  This paper summarizes independent efforts 
by each agency and chronicles the progress of the 
agencies cooperative agreement to share vision of 
potential applications, peer review, R&D, lessons 
learned, and development of guidance documents 
for acceptable use (composite code) in advancing 
the use of composites for hydraulic structures. Key 
efforts to date include the world’s largest FRP miter 
gate, a FRP wicket gate, underwater curable FRP 
wrapping of submerged concrete discharge ports, 
FRP blocks for miter gates, FRP recess filler panels, 
FRP coatings for gates and repair of corroded steel 
columns of a concrete bridge deck.  FRP composite 
shapes and wraps were designed and developed for 
offering new features or to rehabilitate some of the 
current waterway infrastructure members built with 
conventional concrete, steel and wood. The vision is 
with the success of this agreement in advancing the 
use of composites for hydraulic structures, other 
cooperative agreements can be fostered by water 
resource agencies in the era of declining 
infrastructure budgets.  This paper summarizes the 
hard work of Dr. Hota V. S. GangaRao from West 
Virginia University and Richard Lampo from 
USACE, Jos Vorstenbosch-Krabbe, from RWS, Jan 
Peeters from FiberCore Europe, and others. 
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2. WORLD’S LARGEST FRP COMPOSITE 

MITER GATE 
The most impressive effort to date is the 

Rijkswaterstaat effort to build the world’s largest 
FRP miter gate in the Netherlands (Figure 1) [1].  
The upper gate single leaf is 6.3 x 4.8 meters (20.7 
x 15.7 ft) and the lower gate single leaf is 6.3 x 12.3 
meters(20.7 x 40.4 ft).  These gates use a patented 
technology [2] design of wrapping the foam and 
fibers to control crack propagation, see Figures 2 
and 3.  This effort is shown in a separate paper in 
these proceedings; see Paper 11 – World’s largest 
Fiber Reinforced Polymer composite Mitre Gates for 
a new Lock in the Netherlands, Vorstenbosch-
Krabbe, Jos, Rijkswaterstaat, Netherlands [1]. 

 

 
Figure 1: Partially finished miter gate. 

 

 
Figure 2: Pattern used to build up the foam and 
fibers onto the mold prior to resin injection 
(exploded view) [2]. 

 

 

Figure 3: The Z-shaped continuous fiber and foam 
build-up used in the FRP Composite Miter Gates [2]. 

 

3. REPLACE TIMBER WICKET GATES OF 
ROCK ISLAND LOCK & DAM 

 
Wicket gates are generally constructed of steel or 

iron framing with timber leafs, see Figure 4. 
However, steel or timber wicket gates are high in 
maintenance costs due to decay. To overcome 
these disadvantages, light weight, corrosion 
resistant, decay-free and maintenance friendly FRP 
composite wicket gate has been developed for field 
implementation. 

 

 
 Figure 4: Deteriorated old wicket gate. 
 

Although several shape and configurations of 
FRP have been utilized in the past for other 
infrastructure applications, this work deals with the 
wicket gates that are supported on steel horse and 
prop rod [3]. These gates are hoisted into position 
with a gantry operated crane or winch, without 
utilizing any hydraulic cylinder. The wickets are 
generally held in an upward position with a prop 
which slides into a hurter track (Figure 5). The 
horse-type wicket gate is hinged just below its 
center point to a collapsible horse and held in place 
with a prop. This method requires less hoisting force 
than other methods, but the assembly is more 
complex and the wicket can be kicked up by the tow 
wash. The following sections describe FRP wicket 
gate testing and design including comparisons with 
timber wicket gate. It should be noted that the 
projections of failure bending and shear loads are 
based on the coupon and prototype test data and 
extrapolations. The final projections are calculated 
based on the observed values during 120 kips of 
applied load during testing and observation of 
bending strains, shear strains, and deflections. 
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Figure 5. Horse-type wicket gate configuration 

(top), timber wicket gate (bottom) 
 
Wicket gates made of timber sections with 

peripheral steel frame are currently in service in 
Rock Island Lock and Dam, IL and at other USACE 
facilities. These gates have undergone some 
deterioration and are a high maintenance issue for 
USACE. The length and width of the gate is 16.5 
ft.(5 m) and 46 inch (1.2 m), respectively. The gate 
is made with 4 timber beams (varying depth), with 
maximum depth being 12 inches. It consists of 
3.5”x3.5”x0.25” steel angles along the edges of 
upstream face of the gate, 0.5” thick steel plates (6”) 
on both faces (top), and 1.75” thick steel plates on 
both faces (bottom) as shown in Fig.5.  

 
2.1. Forces on Wicket Gate 
 
The prop is connected to the middle portion (prop 

connection zone) of the gate as shown in Fig. 5. 

The location of top hinge from the bottom of the 
gate is 8 ft. along the gate length. The gate was 
analyzed in three different positions as provided 
below:  

2.1 Rest position  
2.2 Operating position  
2.2.1 Presence of water on downstream side  
2.2.2 Absence of water on downstream side  
2.3 Lifting position.  

 

2.2 Deflection Due to Water Loading 
During the operation of the wicket gate, maximum 
deflection at the free end is 0.15” and during the 
lifting of the gate assuming there is no water on the 
other end (hypothetical case), the maximum 
deflection at the center is 1.1”, Figure 6.  
 

 
Figure 6. Operating position of the gate  

 

2.3 Results of Analysis 
 
The FRP wicket gate was designed, tested, 
analyzed, and developed for the replacement of the 
existing timber wicket gate. Based on partial-load 
testing without failure, the FRP gate resisted an 
applied bending moment of 300 k-ft.  

The total bending moment resisting capacity of 
the FRP wicket gate without any steel attachment is 
488.1 kip-ft, while the maximum bending moment in 
the field under a hypothetical worst case is 122 kip-
ft with a factor of safety of 4. Similarly, the gate also 
has a factor of safety of 14.2 for shear forces and a 
factor of safety of 9.3 for web buckling. The FRP 
wicket gate strength values are found to far exceed 
that of the timber wicket gate.  The maximum 
deflection during the operating position of the gate is 
0.154” which corresponds to L/660.    
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Figure 7. FRP Wickets with old hardware installed. 
 

 
Figure 8. FRP Wicket being lifted in place. 
 

2.2 Fabrication and Installation 
 
Three gates were fabricated with FRP using the 

old hardware and in August of 2015 all three gates 
were installed and appear to be functioning 

properly, see figures 7, 8, and 9.  Given the high 
safety factors obtained and demonstrated through 
physical testing and the corrosion resistance of the 
FRP, the 3 wicket gates should provide many years 
of satisfactory service.  
 

 
 

Figure 9. FRP Wickets installed in service. 
 

3. UNDERWATER FRP WRAPPING 
In order to prevent tension failures as well as loss 

and damage of concrete section in discharge ports 
in Chickamauga Dam, Tennessee (Figure 10), 
Aquawrap FRP system consisting of underwater 
curable resin was used for repairing the structure. 
Since its opening in 1939, the main section of 
Chickamauga Lock has grown 12 inches in length 
on the riverside and more than seven inches on the 
landside [4]. This growth of concrete due to a 
chemical reaction between the alkali in the cement 
and the minerals in the stone has caused 
deterioration of concrete. In addition, erosive effects 
from hydraulic forces have caused some chunks of 
concrete to break from the main structure [4].  
 

 
Figure 10. View of discharge ports at 

Chickamauga Lock and Dam, TN 
 
3.1 Materials and properties for underwater 

wrapping. 
Aquawrap fabric: It is a pre-preg system, where 
fabric is pre-impregnated with water-activated 
urethane resin (Figure 11). The advantages of 
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Aquawrap include: low cost, ease of use, ability to 
cure in wet and underwater conditions, 
customizable dimensions, heat resistance up to 142 
0C (288 0F), and others [5]. It is odorless, non-
flammable, and bonds permanently to a wide variety 
of surfaces such as metals, composites, concrete, 
plastics, and wood [5]. Aquawrap is hermetically 
sealed in foil pouches and opened just before the 
application of FRP to prevent premature curing by 
atmospheric moisture.  
 

 

  
Figure 11. Aquawrap with pre-saturated resin (T), 

BP-4 primer (L), & stricture banding (R) 
 
3.2 Strength increase due to wrapping. 
Plain Concrete cylinders wrapped underwater 

with single layer of Aquawrap showed an average 
strength increase of 57.4%. Wrapping of 2, 3 and 5 
layers resulted in an average strength increase per 
layer by 49.8%, 42.4% and 51.5%, respectively. The 
average percentage axial compressive strength 
increase for 1, 2, 3, and 5 layers of wrapping is 
shown in Figure 12. Average strength increase per 
layer was noted to be ~50% for ≈2 ksi compressive 
strength concrete. 

 

 
Figure 12. Average axial strength increase for 1, 

2, 3, and 5 layers of wrapping 

 
3.3. Field installation of underwater wrapping. 
 The discharge ports in Chickamauga Lock & 

Dam were wrapped with Aquawrap repair system 
underwater during July 2013. The repair including 
concrete surface preparation, application of 
primer/adhesive and finally wrapping of the structure 
were performed completely underwater by the team 
of divers. 

Surface Preparation: Entire discharge port 
surface was power washed with water jets. No other 
surface preparation or repair was necessary. 

Wrap Installation: After the surface preparation, a 
layer of polyurethane primer/adhesive system (BP-
4) was mixed and then applied over the entire 
surface of the pier-like concrete discharge port in 
order to provide good bonding between the concrete 
surface and the Aquawrap layer (Figure 13) [4]. The 
pier-like concrete port was wrapped with two layers 
of Aquawrap G-05 fabric. After the wrapping, epoxy 
based primer was used to coat over the wrap to seal 
the system. After three months of installation, the 
inspection team of divers monitored and examined 
the wrapped discharge ports. The materials and 
installation condition looked intact, similar to the day 
it was put in, as reported by the inspection team [4]. 
 

 

 

 
Figure 13. Helper handing diver roll of composite 

wrapping – much easier than handling 100 lb-plus 
piece of steel.  (left) Video monitoring (right) 

 
This study focused on the structural performance 

as well as field installation of water curable FRP 
wrap repair system for concrete discharge ports and 
arrived at following conclusions: 

1. The underwater FRP repair system was 
found to be economical and provided good 
confinement for concrete cylinders and 
showed an average strength increase of 
~50% per layer of wrap up to 5 layers and 
increase in energy absorption.  

2. Experimental confined strengths correlated 
well with ACI 440.2R-08 FRP confinement 
equation.  

3. Aquawrap repair system was successfully 
field implemented underwater in discharge 
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ports in Chickamauga Lock & Dam, TN. The 
materials and the installation conditions were 
found to be in original condition after three 
months of installation. 

4. Maybe useful in other applications that 
would preclude the need for a cofferdam. 

 
4. FRP BLOCKS FOR MITER GATES 

Miter blocks used in hydraulic gates create a vertical 
line of contact between two closed miter gate leaves 
(Figures 14, 15, and 16). Miter blocks may be 
exposed to harsh service conditions including wet-
dry cycles, corrosive elements, hydrodynamic 
forces, mitering forces, and freeze-thaw effects [4].  
In this research, feasibility of FRP block for miter 
gates was examined by utilizing off-the-shelf FRP 
products. The miter block was designed for a 
USACE recommended compressive stress of 1400 
psi that is induced by both hydrostatic and 
hydrodynamic forces. The miter block has to 
withstand 12,000+ cycles of opening and closing 
operations a year, and has an expected service life 
of 30 years. Compressive forces across mitering 
surfaces are the dominant forces that the FRP miter 
blocks will have to withstand under service 
conditions. Typical dimensions of the miter block are 
4”x2.5” with 13/16” holes drilled at every 18” along 
its length. 
 

 

 
 

 
Figure 14. Miter gate (Top), miter block (Middle), 

and corroded miter blocks (Botom) 
 

 
Figure 15. Composite blocks have to resist cyclic 

loadings and occasional foreign objects trapped 
between the blocks during gate closure.  
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Compressive stress of 51 ksi far exceeds the 
required value of 1.4 ksi and no cracking was found 
after fatigue load in excess of 500,000 cycles. 
These FRP miter blocks were field installed in 
Washington Lake Lock and Dam, see Figure 17.  To 
prevent moisture ingress into the miter block, field 
drilled bolt holes were sealed with waterproof 
sealants.  The blocks are expected to provide a long 
service life for the miter gates. 
 

 
Figure 16. Composite Test Pinching Behavior 

with Foreign Object 
 
Solid FRP miter block met and even exceeded 

the operational requirements defined by the USACE 
under both the static and fatigue loads, carrying an 
average failure stress of 51 ksi (vs. required 1.4 ksi). 

 

 

 
Figure 17.  Installation of FRP Miter Gate Blocks 

that are lightweight, easier and safer to handle than 
steel.  

 
5: FRP RECESS FILLER PANELS 

Recess panels are typically located in the upper 
lock approach and are used in many navigational 
structures. If a miter gate were inoperable, an 
emergency gate would be raised and the recess 
panel protects the recess in the lock wall that allows 
the emergency gate to rise. Figure 18 shows a 
recess panel from the upper lock approach at 
Willow Island Lock and Dam in Ohio River. Recess 
Panels are used to protect the recess areas in the 
lock chamber from barge impact damage to lock 
walls. Recess panels currently in service are 
manufactured using steel I-beams, angles, and flat 
sheets. These panels are heavy to lift and corrode 
in a short time including the requirement of regular 
corrosion resistant surface coatings. Figure 18 
shows the corrosion and abrasion effect on a recess 
panel due to barge impact and harsh exposure 
conditions. In this research, use of currently 
available FRP shapes is explored as an alternate to 
steel material for manufacturing recess protection 
panels. Previous studies and tests show that FRP 
composites perform well in water environments. The 
FRP composite recess filler panel was designed 
using off-the-shelf FRP composite components 
(Figure 19). The recess panel was designed to 
withstand a barge impact load which when 
calculated requires over 100 foot-kip section with a 
shear capacity of ~70 kips. Three full sized FRP 
composite panels were designed and manufactured 
for field implementation.  

 

  
Figure 18. Steel recess filler panel subjected to 

corrosion and abrasion [4] 
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Figure 19: FRP superdeck (Creative Pultrusion 

Inc) [4]; assembly with polyuria coating on top; 
whole panel with steel frame (left to right) 

 

Based on the configurations evaluated, 
hexagonal deck was found to be the best off-the-
shelf FRP shape in terms of energy absorption for 
implementation. These recess panels will be field 
installed at Willow Island Lock and Dam on the Ohio 
River near Parkersburg WV.  Hexagonal FRP 
superdeck was selected for fabricating and field 
implementing FRP recess protection panel (Figure 
19). The deck showed excellent energy absorption 
characteristics. Being lighter and more resistant to 
corrosion is a benefit, but the biggest gain is up front 
cost.  The extruded panels are less expensive to 
fabricate whereas the conventional steel panels 
require a large amount of fit-up, extensive welding, 
and vinyl painting required for fabrication.   

 

6 FRP COATINGS FOR GATES 
This research is focused on the study of abrasion 

characteristics as well as comparative abrasion 
tests on different commercially available abrasion 
resistant coatings and come up with composite 
based coating that can withstand hydraulic forces 
from high velocity water as well as severe cutting, 
impact and abrasive forces from debris and sand 
particles flowing along with the water in tainter gates 
at Heflin Lock & Dam near Gainesville, Alabama in 
order to protect steel from being directly exposed 
and corroded. Conditions of severe abrasion exist at 
some high-lift dams that cause standard protective 
coatings on the downstream side of tainter gates to 
be abraded away in just few years of service (Figure 
20). Down-stream side of protective coating system 
is damaged typically by debris that swirls and bangs 
against the gate causing severe cutting and 
abrasion to the coatings applied on those gates. 
Generally, US Army Corps of Engineers use vinyl 
based coatings on such steel gates in order to 
protect them from corrosion but due to the existence 
of such abrasive forces, the coating gets abraded 
easily at a faster rate giving a loss of huge amounts 
of money. Thus, the focus was to come up with the 
composite coating that can withstand the abrasive 
action of water and other unwanted particles and 
debris flowing with it. The abrasive wear resistance 
of ceramic composite coatings is generally high as 
composites help achieving better hardness and 
sufficient fracture toughness. Such properties will 
help avoid brittle fracture and hard ceramic particles 
or fibers present in the matrix can withstand the 
cutting or abrasive action of the abrasive particles 
[6].  
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Figure 20 Corrosion on tainter gates at Heflin Dam, 
Alabama [4] 

 

 
Figure 21. Five systems to be applied: 

UHMWPE, two different ceramic composite 
coatings, same two coatings over vinyl 3-A-Z.  

 
Figure 22. Adhesive being applied for bondable 

UHMWPE.  
 
UHMW-PE plate attached to metallic surface 

showed least amount of abrasion in these tests. 
Among coatings, ARC 855 and ARC S2 composite 
coating performed the best under dry (none) and 
water immersion abrasion testing respectively. This 
was followed by vinyl 5-e-z and vinyl 3-a-z systems 
coated with ARC 855. Among vinyl 3-a-z and vinyl 
5-e-z, both show similar abrasion under wet 
conditions, whereas vinyl 5-e-z showed better 
abrasion resistance under dry conditions. Coatings 
with flexible or smooth surfaces such as Flexible 
and UHMW-PE performed better under water 
immersion conditions as compared to their dry 
surface abrasion because of water lubrication effect. 
We will be inspecting condition this Fall after one 
year’s exposure (Figures 21 and 22). 

 
7 REPAIRS OF CORRODED STEEL PILES 

WITH FRP 
East Lynn Lake Bridge with severely corroded 

steel structural members is located on Cove Creek, 
which is a tributary of the East Fork of Twelve Pole 
Creek, West Virginia. It was designed in 1969 and 
constructed in early 1970s. It consists of 5 spans, 
and is a two lane, continuous reinforced concrete 
slab structure designed for H-15-44 loading. Each of 
the two ends spans are 20’-3” in length and the 3 
intermediate spans are 27’-6” each. The bridge is 
supported by four piers and two abutments. The 
piers and abutments consist of a five pile bent with a 
reinforced concrete cap with all of the piles founded 
on rock. The existing steel piles are exposed to year 
round water stream level fluctuations and are 
susceptible to continued oxidation, rusting, and 
scouring (Figure 23). Under this work, steel H-piles 
with advanced deterioration and section loss verified 
to be up to 60% will be rehabilitated with FRP 
jackets and self-consolidating concrete (SCC).  This 
will allow the bridge to return to full load rating. 
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Figure 23. East Lynn Lake Bridge (1969) with 

severely corroded steel structural members, Cove 
Creek, West Virginia (top); close-up of corroded 
steel pile (bottom) 

 
This work consisted of reducing and preventing 

corrosion of H-piles including improving their load 
rating through FRP wrapping (Figure 24). Steel piles 
with section loss and deterioration were cleaned of 
loose debris and corrosion by-products through 
pressure washing using a 5000 psi pump. 
Necessary corrosion treatment/monitoring schemes 
were implemented prior to rehabilitation. The lake 
was drawn to allow for the wrapping to extend to a 
depth of up to a minimum of half feet or beyond the 
corrosion zone. 

Circular FRP shells of ¼” thick x 20” diameter 
with tongue and groove joints were placed around 
the H-piles up to required heights. Additional 
fastening/bonding schemes were used to hold the 
shell in place around the piles and two layer 
circumferential GFRP wrapping over the shell. The 
bottom part of the FRP shell was grouted with up to 
9” height of epoxy grout, see Figure 25 [4]. The rest 
of the shell will be filled with self consolidating 
concrete and cement grout, which was pumped 

through the top port on the FRP shell. The design 
provides 3 layers of protection against further 
corrosion and provides pile strength over 2 times 
the original pile bent strength. Construction efforts 
were completed by WVU and East Lynn Lake 
personnel. 

 
Following field installation, field monitoring will be 

carried out in terms of Non-Destructive Testing 
(infrared thermography and electronic tap hammer) 
for bond integrity evaluations. In addition, corrosion 
rate evaluation, thermal strains, deformations under 
loading, humidity levels, and others will be 
monitored. Calibrated truck loads will be used for 
load tests prior to and after rehabilitation.  
 

 

 
Figure 24. Close-up of shell placed around 

corroded steel pile (left); Diagram of the repairs that 
will encapsulate and protect the piles from future 
corrosion (right side), Photo and graphic by 
Christopher Chandler. 
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Figure 25. Close-up of SCC being pumped into 

shell of corroded steel pile (left); Columns with 
shells in placed and wrapped with GFRP Wrap 
(right side), photos by Dr. Ray Liang. 
 

 
Figure 26. Repaired bridge nearing completion, 

photos by Dale Smith. 
 
The repair of the bridge was a Win/Win outcome 

with a partnership among USACE Huntington 
District, USACE ERDC, the National Science 
Foundation (NSF) and WVU.  The advantages of 
the composite construction were: short 6 week 
construction duration, actual construction cost 
savings of approximately 35% of conventional 
construction, estimate, i.e., $115k vs. $350k (Total 
cost of project, including R&D effort –$375k), longer 
life – composites expected to protect bent piles for 
the life of the bridge, low maintenance – no need for 
repainting, and relatively easy construction.  The 
conventional fix is by welding on steel plates that is 
labor intensive and only lasts about 10 to 15 years 
whereas the composite wrap will be a long-term fix 

and allows the bridge to return to full load rating.  
The project won the 2014 USACE Innovation 
Award. 

 
8. CONCLUSIONS 
The efforts to date have been very favorable and 

demonstrate that FRP composites have a place for 
the tough and demanding environment of civil works 
hydraulic structures.  We are building on this with 
future projects such as valves, quoin blocks, 
bulkheads, stop logs, repair of cracked steel, and 
perhaps some dam large miter and tainter gates.  It 
is noted that some of the suppliers of composites 
are offering 25 and some 50 year warranties that 
demonstrate the longevity expected for FRP 
Composites. 

 
We are starting a new PIANC Working Group on 
Composites for Hydraulic Structures that will identify 
“Best Practices” where composites provide a benefit 
over conventional materials for hydraulic structures 
and to gather any applicable guidance documents.  
The design guidance will need to cover design 
parameters, fabrication, testing and inspection 
procedures to assure that a safe product is provided 
for field service. 
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