ABSTRACT
NORTON, TAYLOR MONTGOMERY. 3D Orthogonal Woven Glass Fiber Reinforced
Polymeric Bridge Deck: Fabrication and Experimental Investigation. (Under the
direction of Dr. Sami Rizkalla and Dr. Amir Mirmiran.)
Rapid deterioration of civil infrastructure has created one of the major challenges
facing the construction industry. In recent years, fiber reinforced polymers (FRP) have
emerged as a potential solution to the tribulations associated with deficient bridge decks.
The main objective of the proposed research is to adapt the 3-D orthogonal 3WeavingTM
process to develop an innovative completely woven fiber reinforced polymeric bridge
deck.
The research accomplished fabricating a unique 3WeavingTM loom capable of
weaving an E-glass preform which “puffs out” into an open cell truss-like structure
aimed to overcome each the weaknesses of its predecessors. The project succeeded in
providing fiber reinforcement through the connection of the truss core components with
the outer composite deck skins. The loom provided continuous fiber reinforcement
through these top and bottom skins. And the innovative fiber architecture provided inplane fiber reinforcement in each of the structural components. Two 5’ long by 15” wide
deck preforms were produced: the first 1 ½” thick and the second 3” thick. In addition, a
2’ long by 12” wide by 1 ½” thick non-truss composite deck was produced for
comparison. The truss oriented decks utilized triangular cut shafts of Balsa as core
inserts, and the non-truss deck maintained a rectangular block of Balsa core; each deck
was infused with an epoxy resin; and concrete was cast atop. Each of the decks was
tested for stiffness and strength in three-point bend. The stiffness tests comprised
loading and unloading the deck in 2 kip increments up to 22 kips and using linear
regression analysis to ascertain any degradation in stiffness. The strength tests consisted
of loading the deck until failure. The testing exemplified the importance of the
attachment of the core structural components to the outer composite deck skins and
demonstrated a resistance of delamination of the core to the outer skins and the outer
skins to themselves.
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Chapter 1: Introduction and Literature Review
1.1 Introduction
Deterioration of civil infrastructure and cost of rehabilitation are major challenges
facing the construction industry. It has been well documented by the Federal Highway
Administration that approximately half of the nation’s 600,000 Federal, state, county and
city bridges were built before 1940 (to load classification designs) and that approximately
200,000 bridges are either structurally deficient or functionally obsolete (Zureick et al.
1997). A study indicated that almost 132,000 of those bridges are deficient by poor
decking conditions attributable to deterioration or sub standardization. Traditional
rehabilitation of these structures is expensive and time consuming. The National Science
Foundation is reacting to this dilemma by facilitating research of improved methods and
materials of rehabilitating these bridge decks.
In recent years, fiber reinforced polymers (FRP) have emerged as a potential
solution to the tribulations associated with civil infrastructure. The aerospace industry
has capitalized the use of reinforced composites, known for their extensive outstanding
material properties, for decades. The high strength to weight ratio, stiffness to weight
ratio, and corrosion and fatigue resistance of FRP composites make them an attractive
structural component for use in the construction of new bridges and retrofitting of
existing bridges (Harik et al 1999). Well established industrial corporations such as
Martin Marietta Materials and Creative Pultrusions have just recently begun fabricating
and manufacturing Glass Fiber Reinforced Polymeric Bridge Decks (GFRP) such as
“Duraspan” and “Superdeck” in response to this growing demand of long-lasting civil
infrastructure.
Composites using glass reinforcing fibers are called glass fiber reinforced
polymers (GFRP). Fiber types can vary and include E-glass, S-glass, Carbon, Kevlar,
Graphite, Boron and others. The preference of a specific reinforcing fiber depends on the
desired mechanical properties of the composite, such as strength and modulus of
elasticity, and the relative cost. Fiber reinforcement appears in several forms including
chopped strands, continuous strands, or woven fabrics with fibers in defined directions.
In order to maximize the material properties, careful attention must be given to fiber
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orientation and the resulting fiber architecture. One primary concern for this present
research to optimize fiber orientation of a GFRP bridge deck panel by inducing a new
textile engineering weaving process originated and patented at the Textile Engineering
Department at North Carolina State University and licensed to the textile engineering
company 3TEXTM located in Cary, North Carolina.
The author assisted 3TEXTM in building a machine capable of utilizing the
innovative 3WEAVETM weaving technique in fabricating a completely woven continuous
glass fiber bridge deck preform. This preform will “puff out” into a modular 3 inch thick
bridge deck panel with V-shaped (truss-like) cell orientation. The cells will be packed
with triangular cut shafts of lightweight Balsa wood, and the deck will be vacuum resin
infused. The initial target is to develop a product that will meet AASHTO HS-20
standard specifications.
This research will encompass testing the new bridge deck along with the material
properties of the components comprising the specimen. The deck will be tested in threepoint bend and analyzed. Particular attention will be given to the connection points of the
structural components of the truss-like bridge deck as the new weaving technique
introduces a continuous fiber continuity never achieved or built before by the composite
industry.

1.2 Objectives
The primary goal of this project is to utilize the advancements in the threedimensional weaving technology in developing an innovative GFRP deck system that
satisfy AASHTO HS-20 performance specifications. The specific objectives of this
research are as follows:
1. Generate appropriate modifications to the 3-D weave fabrication process to
develop a viable FRP deck with improved strength and stiffness properties and
most importantly which delays the common delamination failure observed in
other GFRP decks.
2. Fabricate and experimentally characterize the skin and core of the deck system for
optimization of fiber content.

2

3. Assess the feasibility and evaluate the implications of using the 3-D weaving
process on the structural behavior of FRP bridge decks by scaled model tests prior
to full-scale prototype tests.

1.3 Literature Review
1.3.1 Design Live Loads and Tire Contact Area
The design of elements of a bridge is governed by requirements of the American
Association of State Highway and Transportation Officials (AASHTO) LRFD
specifications (1998) and the AASHTO standard specifications (1996). The LRFD
specification defines the reliability-based limit states to be considered in bridge deck
design and provides load combinations and load factors. The design live loads consist of
standard truck or lane loads that are equivalent to truck trains. Figure 1.1 shows the
standard H truck loading, while figure 1.2 shows the standard HS truck loading giving
wheel spacing and load distribution. Figure 1.3 gives the equivalent lane loading for both
the H and HS20-44 and the H and HS 15-44 categories. These loads are placed at critical
locations to produce maximum load effects. The configuration that produces the greatest
stress is the design load.
AASHTO defines the finite surface area of the deck beneath the AASHTO truck
wheel as the “tire contact area.” The method governing the computation of this area is
for reinforced concrete bridge decks. Most researchers have opted to apply this
technique since there is currently no provision related to FRP decks in AASHTO’s
specifications. AASHTO LRFD Bridge Design Specifications (1998, 2nd Edition, Vol. 1,
Section 3.6.1.2.5) states the tire contact area of a wheel consisting of one or two tires
shall be assumed to be a rectangle, whose width is 20.0 inches and whose length in inches
shall be taken as:

l = γ (1 + IM / 100) P / 2.5
where:

γ = load factor
IM = dynamic load allowance percent
P = design load
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The actual distribution of tire pressure is so small that the variation can be safely
neglected in practical design.

1.3.2 Legal Truck Loads
The design truck load is not an actual weight of a truck but rather a conceptual
demonstration guiding the requirements of construction to ensure safety. The truck
loading is defined as the weight induced by each individual axle of the vehicle. Thus,
axle weight limits are set forth by law to prevent a vehicle from overstressing the bridge
structure. The Federal-Aid Highway Amendments of 1974 increased the weights allowed
on the Interstate System to 20,000 pounds on a single axle, 34,000 pounds on a tandem
axle, and 80,000 pounds gross weight (23 U.S.C. 127) (USDOT 1994).
The H truck load is a model representative of all trucks while the HS truck load is
representative of a truck with a semi-trailer. The proposed 3WeaveTM GFRP bridge deck
is deigned to achieve HS20-44 performance requirements. Illustrated in figure 1.3, the
legal design per axle is 32,000 lbs., and thus the legal wheel weight shall be assumed to
be 16,000 lbs (50% of legal axle).

1.3.3 Live Load Deflections
AASHTO LFRD Bridge specifications state there are as yet no simple definitive
guidelines for the limits of tolerable static deflection or dynamic motion. Rather, these
provisions permit the use of past practice for deflection control. Designers are permitted
to exceed these limits at their discretion. In the absence of other criteria, the deflection
limit to be considered for steel, aluminum, and/or concrete construction for “General
Vehicular Load” is Span/800 (or L/800 where L is the length of the effective span or
center-to-center distance between supports). Without specific guidelines for the
deflection limits of FRP composite bridge decks, most researchers cite L/800 as their
deflection criteria. This can also be referred to as a deflection index, and moreover,
researchers are known to compare their experimental deflection indices against the L/800
deflection index.
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1.3.4 Previously Conducted Research
Interest in fiber-reinforced polymeric bridge decks began almost 20 years ago.
With recent advances in manufacturing techniques, multiple research papers and reports
have been published pertaining to a true FRP bridge deck structure. A true FRP deck
structure is defined as being made solely out of FRP (without regard to the wearing
surface).
To the author’s knowledge, the first published document of the subject was
written by John Henry in 1985. Since then, a number of research papers have been
published including but not limited to those by Shih (1995), Karbhari et al. (1997),
Lopez-Anido et al. (1997a, 1997b), Harik et al. (1999), and Zureick et al (1997). In
addition to these papers exist actual FRP deck systems in use today, namely “Duraspan”
by Martin Marietta Materials and “Superdeck” by Creative Pultrusions.
At North Carolina State University, John Henry analyzed five single-span Eglass/epoxy deck panels using the computer program SAP IV. He investigated several
cross sectional configurations (Figure 1.4) of the deck panel. Each deck was 8 inches
long (in the direction of traffic), 9 inches thick, and comprised an effective span of 7 feet.
Henry researched the deflection of the deck beneath an HS-20 44 wheel load of
16 kips distributed over an 8 inch (traffic direction) by 20 inch area. The deck system
consisted of a span equal to that of the roadway (assumed to be 28 feet) and the width of
which is equal to the tire contact dimension of 8 inches (Figure 1.5). The load was
placed at the critical section of each of the four 7 foot spans to achieve the largest
deflection. Only lateral distribution of loads was assumed, or the load was carried to the
supports by one-way (lateral) action only. The deck is assumed to behave as a one-way
slab as the longitudinal span length is more than twice the lateral (perpendicular to the
direction of traffic flow) span length.
Henry first analyzed the system as 4 simple supported spans and then a second
time as a continuous system.
In the analysis computation, only wheel loads were considered, i.e., no
additional loads like wind, creep, and dynamic effects were considered. Henry assumed a
modulus of elasticity of 3,000 ksi since his composite was composed of E-glass with a
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fiber orientation of 0, +-450 n, 00. Within the model, the top plates of the deck panels
were managed as truss members even though they experience loads between nodes.
The largest deflections in these composite deck sections occurred directly under
the center of the load (at center span). Table 1.1 depicts the live load deflections for the 5
different configurations illustrated in Figure 1.4. Although the deflections exceeded the
L/800 (.105 inches for 7 foot span) deflection limit, the X-shaped deck panels (deck 1
and 2) were closest to meeting deflection criteria having deflected .144 inches each.
Henry then continued the research on the X-shaped deck panels with four primary
objectives: 1) to determine the effects of the panel width on deflections, 2) to optimize
the SAP program using truss elements in place of plate elements, 3) to explore the
influence of boundary conditions, and 4) to determine the stresses and deflections of a 28
foot four-span continuous FRP deck system.
Shih (1995) also researched four various design configurations, shown in figure
1.6, of fiber reinforced polymeric bridge decks subjected to AASHTO HS-20 44 loading.
He used an optimization algorithm along with his finite element technique to analyze
strength and serviceability. His research concluded that V-shaped configuration was the
most efficient design for various effective span lengths ranging from 4-12ft. Shih
proposed minimum plate and element thicknesses that meet serviceability criteria.
In the Proceeding of the International Composites Exposition of 1997, Karbhari et
al. presented the results of testing 8 different FRP bridge deck configurations varying cell
orientation and core structures shown in figure 1.7. The three primary objectives for the
development of these decks include: 1) the development of stiffness through the use of
face sheets and internal core configurations that would fall in the range between the
uncracked and cracked stiffness of reinforced concrete decks, 2) the development of
equivalent energy levels at acceptable displacement levels as a means of building in a
factor of safety due to the elastic behavior of composite materials, and 3) the
development of processing methods that would be cost effective and which would ensure
repeatability and uniformity. Deck components were manufactured by several industrial
partners (as listed in Figure1.7) and were produced using Pultrusion, Hand Lay-up, and
Resin Transfer Infusion techniques. The depth of the specimens was 9 inches to enable
direct replacement with existing concrete decks, and the length varied from 3 ft. to 15 ft.
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The truss core configuration consisted of triangular foam cores wrapped with
fabric and inserted between face sheets to form the structure. In order to assess the
effectiveness of additional reinforcements at the nodes formed by the adjacent triangles,
the second configuration used a woven fabric insert that strengthened the node area. This
is particularly important as one primary factor of the proposed 3WeaveTM FRP bridge
deck of this thesis is the effect of additional strength at nodal points through continuity of
fibers, capable solely with the innovative weaving technique. The effect of the
reinforcement of the second configuration is illustrated in the load-displacement profiles
of figure 1.8 as the response appears to shift from linear elastic to “pseudo-ductile” with
the ductility being afforded by matrix cracking and gradual separation between fabric
layers at internal nodes and along inclined webs.
All the deck specimens were tested, and the experimental results were compared
with control mild steel reinforced concrete (RC) slabs. It was reported that the fiber
reinforced composite deck specimens showed failure loads far in excess of that shown by
the reinforced concrete specimen. The authors showed that the stiffness of the FRP decks
was between two values, that of an uncracked RC slab and that of a cracked RC slab.
Overall, the ultimate strength capacities of the FRP deck panels were higher than those of
the reinforced concrete slabs, and the composite deck were 3 to 4 times lighter than the
reinforced concrete deck panel which weighed about 12,500 lbs.
Three composite and one reinforced concrete deck panels were placed at a test
site at University of California at San Diego for field monitoring of actual behavior.
The Proceeding of the International Composites Exposition of 1997, LopezAnido et al. presented also the experimental characterization of a cellular FRP bridge
deck (H-deck) with multi-axial fiber architecture. This deck section was composed of
pultruded hexagonal tubes and double trapezoidal sections (Figure 1.9 and 1.10) bonded
by adhesives and rivets. There was no direct reinforcement continuity through the
transverse direction of the structure, relying only on the adhesives and rivets to form the
FRP deck modules. The materials comprising the deck were E-glass triaxial stitched
fabrics [+-45/900] with binderless chopped strand mats and a vinylester resin matrix. The
fabrics were manufactured by Brunswick Technologies Inc. (BTI).
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The H-deck modules were placed transversely to the traffic direction and are
supported by longitudinal beams. This system was designed to meet AASHTO 1994
highway bridge design requirements. The dimensions of the test specimen were 8 inches,
45 inches, and 108 inches for depth, width, and span respectively. The prototypes were
fabricated using Vacuum Assisted Resin Transfer Molding (VARTM) by HardCoreDuPont, L.L.C.
The H-deck was evaluated for stiffness, strength, and fatigue resistance. Two
types of loading were applied to the panels: 1) a patch load 10 inches by 20 inches, with
the larger dimension perpendicular to traffic flow to simulate the action of a wheel load;
and 2) a transverse line load with a width of 11.5 inches to establish longitudinal stiffness
properties under cylindrical bending. Each panel was loaded up to 90 kips while strains
and deflections were measured on the uppermost and bottommost surfaces. The
analytical flexural rigidity of the FRP bridge deck was reported to be 74,500 kip-in. This
major orthotropic bending stiffness, along with other mechanical properties of the
composite laminate, was computed based on macro-mechanics, i.e., lamination theory.
Using finite element analysis (ANSYS TM 5.0) to predict the deflections and
strains, the authors illustrated they were able to obtain a close relation with the
experimental results: 4% to 9% proximity with the deflections and 2.4% to 33%
proximity for the strains. The deck elements are modeled using eight-node layered shell
elements (SHELL99). Each composite layer represents a multi-axial fabric with elastic
properties that were obtained experimentally. A simply supported deck module with
length 108 inches under a central patch load was modeled using 368 shell elements with
1026 nodes.
The authors indicated that the deck did not experience stiffness degradation due to
fatigue. The design of FRP H-decks is controlled by deflection limit states. The H-deck
met AASHTO requirements for highway bridges.
Lopez-Anido, Gangarao, Trovillion, and Busel (1997) next presented the
preparation and installation of the H-decks for two secondary roads in West Virginia. A
polymer concrete topping surface was applied to the bridge deck.
Zureick (1997) performed finite element analyses on FRP deck panels with boxshaped cells (Figure 1.11, Deck 1). The dimensions of the prototype models were 11
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inches in depth and 8 feet in length (traffic direction). Each panel was simply supported
with a 40 foot span and subjected to one “wheel line” (not an axle) of an AASHTO
HS20-44 truck. Within the analyses, Zureick portrayed the materials properties to be
consistent with E-glass/vinylester matrix with a fiber-volume fraction of 45%. Zureick
studied four different configurations with various fiber directions and cell orientations.
His test showed that stresses were less than 4 ksi in each case. Similar to most FRP
decks, he found that deflection controlled. He also noted that deflections were less for
decks with cell orientations perpendicular to traffic flow.
Zureick next optimized his ANSYS (finite element software) utilizing four
different models, each comprising its own cell orientation, illustrated in figure 1.11. In
his analyses, the deck widths (traffic direction) ranged from 9 to 10 cells or 72 to 80
inches respectively. The objective of the optimization was the minimum volume (by
weight) FRP deck. There were four design variables of the optimization program: 1) top
plate thickness, 2) bottom plate thickness, 3) web thickness, and 4) “theta” for two of the
six plies in the laminate. Several constraints were imposed so that strength, stability,
stiffness, and serviceability were not compromised. The constraints were as follows: 1)
L/800 maximum deflection, where L is the center-to-center distance between supports
(.12 inches at L=8 feet); 2) relative deflection between adjacent webs less than or equal to
.1 inch; 3) max Tsai-Wu failure criteria is .6; 4) top plate thickness greater or equal to .5
inches; and 5) bottom plate and web thickness greater or equal to .25 inches. The author
again portrayed the material properties to be E-glass/vinylester. The FRP decks were
loaded by one HS20-44 axle on each span, for a total of 4 wheel loads-each of which was
applied to the deck over a 6 inch (traffic direction) by 20 inch area. Optimum decks were
found for 6 different deck depths (from 7 inches to 12 inches at 1-inch increments).
Zureick found the box-celled deck and the V-celled deck to be the most efficient sections.
The trapezoidal-celled deck converged to the box-cell at the optimum design. At every
length, the X-cell deck was heavier than the V-cell deck. At smaller depths (7 to 10
inches) the V-cell deck was lighter than the box-cell deck, but at 11 and 12 inches, the
box-cell deck was lighter.
After concluding that the box-cell and V-cell deck were optimum, Zureick tested
these designs at larger stringer spacing. At 10-foot and 12-foot stringer spacing, neither
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of the deck configurations were able to meet the deflection limit criteria of L/800 (.15
inches for L=10 feet and .18 inches for L=12 feet).
Brown and Zureick (1999) developed a modular glass fiber deck panel for the
Landing Ship Quay/Causeway and Mobile Offshore Base programs funded by DARPA
(Defense Advanced Research Projects Administration). Illustrated in Figure 1.12, this 9
inch thick deck panel consisted of pultruded triangular components interlockingly placed
between two hand laid-up composite plates. The triangular elements were fabricated
using a single ply of 3-D Through-the-ThicknessR E-glass braided fabric, produced by
Atlantic Research, pulled through a pultrusion die. The face sheets comprised E-glass
knitted fabrics, supplied by Johnson Industries, embedded in a vinylester resin. The deck
modules produced for the LSQ/C application were 10 ft long in the traffic direction and
30 feet wide. Prior to application, a 9.84 square foot panel was produced and tested
under 3-point bending. The deck was loaded to 140 kips without failure and experienced
a maximum deflection of .7 inches, a max tensile strain of approximately 2300
microstrain and a max compressive strain of approximately 1600 microstrain. Upon
completion of the test program, the Virginia Department of Transportation (VDOT)
placed the two 10 feet by 20 feet deck panels test pit at the Troutville, Virginia weigh
station on I-81 in order to conduct a durability demonstration of this deck panel concept.
Harik et al. (1999) carried out static tests of pultruded FRP deck panels
manufactured by Creative Pultrusions. The panels comprised double trapezoid and
hexagonal pultruded components bonded and interlocked (Figure 1.13). Under a threepoint bending test, a rectangular patch load representing an AASHTO standard HS25
truck wheel load was applied to the center of each deck. The depth and width of all
panels were 8 inches and 36 inches, respectively. The span lengths of the deck panels
were 86 inches, 120 inches, and 144 inches. This comprised CPD1, CPD2, and CPD3,
respectively.
In testing, the load was transmitted through a rectangular plate of size 22 in x 9 in
x 2 in at the center of the deck panel in order to represent the AASHTO H25 wheel load.
In order to minimize abrasions between the steel plate and the FRP panel surface, a
rubber pad of .5 inch thickness was placed beneath the steel. Electrical resistance strain
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gauges were placed on the top and bottom surfaces in order to measure the tensile and
compressive strains.
The test method consisted of four steps. First, the specimen was loaded from zero
to 26 kips and back to zero to establish a baseline curve. This 26 kip load represented the
factored load (20 kip + 30% for impact) for the AASHTO HS25 truck wheel load.
Second, the specimen was loaded from zero to 12 kips and back to zero, and this was
repeated for a cycle of five times. The 12 kip load represented the service load for an
HS25 truck (4 kips/ft width). Third, the specimen was loaded from zero to 26 kips back
to zero. This was repeated five times. Fourth, the specimen was loaded from zero until
failure. The details of the deflections and failure loads for the FRP deck panels can be
seen in table 1.2.
The measured deflections were compared with the allowable deflection limits. It
was found that all of the FRP deck panels produced by Creative Pultrusions satisfied
deflection criteria. The factor of safety against collapse was greater than 5 for each
panel. It is important to note that at failure of the deck, delamination of the panel at the
end of the section was observed for specimens CPD2 and CPD3, and this is displayed in
figure 1.14. Since there is no continuity of axial fiber along the top or bottom surfaces of
the deck, this Creative Pultrusion FRP deck exhibits its major weakness of delamination
between the pultruded components. One strong suit of the proposed 3TEX bridge deck is
the continuity of the warp or axial fiber within this primary region.

1.3.5 Innovative Fiber Architecture

1.3.5.1 Introduction
Composite preforms are made from woven, braided, or stitch-bonded textile
reinforcements such as carbon fiber, glass fiber, or Teflon filaments. Different from the
use of chopped random fiber for reinforcement, preforms have acquired much interest for
their many advantages including improved performance and low cost. These advantages
are capitalized by using continuous, automated machines to place the fibers in the
orientation needed.
There have been many publications on the use and design of “3D woven”
composite materials, yet much of the available commercial products are formed by a 2D
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weaving process that is used to build up a preform with fibers orientated in three
dimensions. Recent advances in textile engineering have lead to a multiple insertion 3D
weaving process, i.e. 3D fabric formation with each cycle, or multi-layers at one time,
known as 3WeavingTM (Mohamed et al 2000). The distinctions of the processes will be
detailed in this thesis in addition to the advantages of the 3Weave process in terms of
economics, manufacturing, and performance of 3D woven textile preforms for
composites.

1.3.5.2 2D and 3D Weaving
Weaving is the formation of fabric by the interlacing of two sets of yarns, the
warp yarn (x-direction) and the weft yarn (y-direction, or filler yarn). The structure of a
2D woven fabric is illustrated in figure 1.15. The 2D weaving process is known to be
relatively fast and economical. Yet the drawback is the inherent crimp, or waviness, of
fiber orientation. It is this out-of-plane fiber orientation that prohibits its utilization of
maximum fiber mechanical properties. Examples of 3D woven orientations are shown in
figure 1.16. Most preform weavers use traditional 2D weaving with single filling (ydirection)in their 3D woven products, thus these fabrics are built up one insertion (one
“layer”) at a time (Mohamed et al 2000). A multiple insertion 3D weaving process with
multiple filling insertions at one time has been developed at the North Carolina State
University College of Textiles and the Mars Mission Research Center (Mohamed 1996).
Inherently 3D orthogonal, this process does not involve the building up of multilayers. A
unit of arbitrarily thick multilayer fabric is the product of this innovative process. The
simultaneous filler insertion from one or both ends of the preform is the essence of the
patent/invention. 3TEX Inc. is commercializing this patented technology under the
trademarks 3WeavingTM or 3WeaveTM. The multi-weft insertion per weaving cycle
allows for a fiber architecture unachievable by conventional weaving, and it is this unique
process that will enable the open core structure of the 3TEX Bridge Deck.
The 2D and 3D weaving processes are illustrated in figures 1.17 and 1.18. In
ordinary 2D weaving cycles, warp yarn (the primary yarn) is let off supply packages,
potentially rollers on a creel, and is drawn through the weaving machine. The warp is
then split into two layers forming a v-shaped opening called a shed. Filling yarn is then
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inserted through/between this shed. This is done using rapiers, or long slender rods. This
filling yarn is then “beaten” or packed into the forming fabric by a comblike device
called a reed. The point where the fibers are formed into the fabric is called the “fell.”
The shed is then closed/crossed about the filling insertion locking the yarn into place.
The fiber is now interlaced. The small uniform unit of new fabric is then “taken up” or
shifted forward. This ends the weaving cycle, and the cycle is repeated. The use of
multiple cycles to insert one filling (or pick) at a time without taking-up can create a
multi-layer fabric from 2D weaving. With multiple filling insertions, the fabric is then
built up in thickness.
The innovation of the 3WeavingTM process involves a simultaneous multiple
filling insertion from one or both sides of the shed in one weaving cycle. Thus, an
increment or unit of fabric of arbitrary thickness is the result of a “three dimensional”
weaving technique utilizing a Z-directional yarn interlacing the warp and the weft. The
Z-yarn is orthogonal to both the filling and the warp. The inherently multiple layer
increment is the result of not one, but multiple layers of straight warp pulled from the
supply and interlaced with the multiple filling yarn. Thus, there are not one, but multiple
sheds of warp for the innovative insertion process. The resulting fabric structure is free
of crimp internally. Refer to figure 1.19 to perceive the 3WeaveTM process with the
multiple warp layers and sheds. It is important to note that it is this multi-weft insertion
that permits the formation of the innovative bridge deck.

1.3.5.3 Resulting Fiber Architecture
Unique from older 3D weaving processes architecture, the resulting architecture
of the new 3D weaving process 3WeaveTM is illustrated in figure 1.20. The warp, the
weft, and the Z-yarn are uniquely orthogonal to each other on the Cartesian coordinate
system. This differs from other 3D, or multi-axial, strand orientations in other literature.
The warp and the weft make up the x-y plane respectively, and the Z-yarn then integrates
the fabric by traveling essentially perpendicular to the mid-plane inside the fabric and
parallel to the warp on the surface. This through thickness reinforcement provides
advances in composite performance.
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1.3.5.4 Economics of Production: Cost
The productivity of a weaving machine withstanding a constant width is measured
in picks per minute (ppm). A pick is considered a single filler insertion of fiber strand.
Machine speed is measured by the number of filler insertion actions within a given
minute. Thus, if 3WeaveTM is capable of multiple insertions within a single cycle of the
process, a higher productivity is inherent. The productivity of 2D weaving machines
versus 3D weaving machines is illustrated in figure 1.21 with “ppm” as a function of the
numbers of layers (Mohamed et al 2000). Constant width, constant warp, and constant
filling density were assumed.
An inexpensive, automated process is the only way to break the cost barrier that
has limited the use of high strength composite materials for use in civil infrastructure.
Thus, for instance, for a 10 filling layer fabric, a 3WeavingTM machine running at 10
weaving cycles per minute will produce 100 filling insertions per minute. Whereas a 2D
weaving machine would need to run at 100 weaving cycles per minute to equals the 100
filling insertions per minute. And since the 3WeaveTM machine will run fewer cycles
than the traditional 2D weaving machine while maintaining a higher productivity, there
will be less “beat-up” actions of the comb-like reed facilitating less fiber damage and
better quality of product. This aids in maximizing the mechanical properties of the load
bearing member, the fiber. Overall, the innovative process reduces the complexity and
labor intensity of the expensive composite fabrication process and thus reduces the cost
of the product.
In addition to being more economical in the machining fabrication, the ease and
speed of wetting out these preforms has shown to be more viable in various resin infusion
processes. 3WeaveTM preforms will show to wet-out more easily than stack of 2D
preforms in Figure 1.22 (Bogdanovich et al 2001).

1.3.5.5 Advantages of 3WeaveTM Fabric Preforms
The 3WeaveTM process and resulting fiber architecture demonstrate superior inplane mechanical properties along with significantly improved impact damage tolerance
and ballistic performance over their laminated 2D fabric preform counterparts
(Bogdanovich et al 2001). The primary in-plane fiber reinforcement, the warp, is
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uncrimped due to the orientation of the weaving: the warp pulls straight through the
machine and does not feed through the eyelets of the heddles. Thus there is no crossing
of warp layers as utilized in 2D weaving. The Z-yarn provides through thickness
reinforcement and thus provides resistance to crack propagation and eliminates
delamination as a failure mode.
The weaving process also provides significant improvement in the resin infusion
and resin transfer molding techniques. It is thought that the Z-yarn act as channels which
accelerates the resin through the preform. This effect of higher permeability has been
demonstrated by several independent investigators and figure 1.22 illustrates this higher
processing speed (Bogdanovich et al 2001). In this VARTM wet out of E-glass preforms
(figure 1.22), there are 4 plies plain woven rovings, 3 plies BTI style 3205 0/90 biaxialreinforced warp knits, and one ply 3Weave™ woven rovings (left to right). All preforms
have equal areal weight and dimensions, and are fed and exhausted by common supply
lines. Left: flow fronts shortly after test start. Right: 3Weave™ fabric completely filled
before plain woven or warp knitted fabrics were half filled.
The most significant aspect of utilizing the high performance capabilities of
composites is high quality of product. This leads to the vital concern of fiber damage.
Several aspects of the 3WeaveTM process preclude fiber damage.
First, as the warp yarns are pulled straight through the weaving machine, the
multiple filler yarn insertion enables a formation of fabric without movement of the warp
yarn. Thus, the warp fibers do not cross and break each other as seen in 2D weaving.
Second, most 3D weaving machines utilize a stitching of the third direction, i.e., this
strand is jabbed through the mid-plane fabric perceptibly breaking already woven fibers.
3WeavingTM accomplishes Z-integration by a simple crossing of the Z-yarns about the
filler insertion. Third, since the 3WeaveTM weaving machine achieves a multi-layer
fabric fabricating pace above that of an equivalent design for a 2D weaving machine, it is
able to physically operate slower. This comprises less “beating up” or packing of the
fabric with the comb-like reed which gives way to less fiber damage. Operating slower,
the machine also entails softer yanking/pulling on the fibers through the machine.
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1.3.5.6 Designing with 3WeaveTM Preforms
In designing with 3WeaveTM preforms, there will always be a compromise
between ultimate fiber volume content in each of the 3 orthogonal directions. The design
volume content of in-plane and out-of-plane fiber reinforcement is directly contingent on
the use of the fabric. A basic understanding of this balance is crucial in understanding
the design utilized in the complex 3D bridge deck. Figure 1.23 illustrates the total fiber
volume fraction and the in-plane fiber volume fraction variation for a balanced (i.e.,
having equal warp and filling yarn content) orthogonal XYZ reinforcement with
changing Z-yarn content (Bogdanovich et al 2001). As Z-yarn content tends toward 0%,
a cross-ply composite with reinforcement in the x-y plane is produced. As Z-yarn
content tends toward 100%, a unidirectional composite with reinforcement in the Zdirection is produced. The goal is to use the minimal amount of through thickness
reinforcement necessary to prevent delamination and meet damage tolerance. This
allows maximum in-plane fiber content. Further analysis on through thickness fiber
reinforcement is found in Dickinson 1999.

1.3.5.7 In-Plane and Out-of-Plane Properties of 3WeaveTM Composites
Static strengths and directional moduli of elasticity for E-glass 3WeaveTM
composites are presented in comparison with 2D fabric composite materials in Singletary
et al 2001. Strengths of 3WeaveTM composites having around 2% Z-fiber content were
experimentally tested and were generally better than those from comparable 2D weaves.
The authors suggest the absence of in-plane crimp optimizes the mechanics of the
materials, and the transverse (out-of-plane) strength and damage tolerance of the
composites is dramatically improved by the through thickness reinforcement.

1.3.5.8 Application of Predictive Analysis to 3WeaveTM Composites
With 3D orthogonal fiber architecture in their preforms, 3WeaveTM composites
allow a rather confident prediction of the fiber architecture and elastic constants
(Bogdanovich et al 2001). The “Fabric Geometry Model” relates the principal processing
parameters (i.e., characteristics of yarns in the x, y, and z directions; number of ends and
picks per unit length, Z-yarn insertion parameters) with geometric hypotheses to
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determine that part of the space which is occupied by all yarns in the manufactured
fabric. Knowing the yarn locations and occupied space, one can then predict fiber
volume fraction in each of the principal reinforcement directions, as well as fabric
thickness and areal weight (Bogdanovich et al 2001). Examples of such models can be
found in references Pastore 1996 and Bogdanovich 1996.

1.3.6 Research at North Carolina State University
North Carolina State University has worked with Martin Marietta Composites
(Raleigh, N.C.) to develop an innovative 3D FRP sandwich panel for transportation and
infrastructure, a project of the Center for Repair of Buildings & Bridges with Composites
(RB2C). Martin Marietta Composites first developed “Duraspan,” a successful FRP
bridge deck currently commercially available, which is comprised of pultruded FRP
components ultimately laminated together. This new research introduces a new
generation of composite panels that utilize a through-panel-thickness stitching of fibers
(Z-tows). The panels consist of top and bottom GFRP pultruded skin layers attached by
vertical pins of fiber. The skins are 2D woven fabrics, and the pins are jabbed through
the 2 mid-plane fabrics consequently attaching them. A dense foam fills the volume
between layers. The main variables in this study include the thickness of the panel,
number of GFRP plies in the top and bottom skin layers, intensity of vertical pins, and
type of loading. The researchers at NCSU aim to examine the structural performance of
the innovative deck beneath various loadings; this is illustrated in figures 1.24-26. The
behavior of the panels during testing are monitored using a combination of electrical
strain gauges, string potentiometers, and PI gauges.

1.4 Summary
In the past few years, various fiber reinforced polymeric bridge deck panels have
been designed and tested for use in civil infrastructure. The literature review has covered
the most recent and successful ventures involving top researchers from around the
country. And yet the innovative 3D woven bridge deck as the primary focus this thesis
remains unique in several ways. It was illustrated by Henry (1985) and Shih (1995) that
V-shaped cell orientation prevailed for FRP deck panels. Karbhari et al. (1997)
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researched truss core configuration consisted of triangular foam cores wrapped with
fabric and inserted between face sheets to form the structure. But gradual separation
between fabric layers at internal node was demonstrated. Lopez-Anido et al. presented
the H-deck, pultruded hexagonal tubes and double trapezoidal sections, in 1997. Harik
(1999) also tested this configuration for a product of Creative Pultrusions. The pultruded
sections were bonded and interlocked, thus they were ultimately laminated together.
Failure in these laminated points was illustrated in figure 1.14. Brown and Zureick in
1999 demonstrated triangular pultruded components between laminated skins. Here, there
was continuity of fiber in the top and bottom skins but ultimately lamination between the
skins and the triangular pultruded cells. And thus no reinforcing continuity existed
between the skins and the deck core.
Current weaving technology along with an illustration of 2D versus 3D weaving
was given. Most researched FRP decks consist of pultruded components laminated
between 2D woven fabrics or structured to interlock with the next.
It is the primary goal of this thesis research to demonstrate a fiber reinforced
polymeric bridge deck that utilizes an innovative textile engineering weaving technology
and creates an advanced composite bridge deck overcoming each of the weaknesses of its
predecessors. Thus it will encompasses continuity of reinforcing fiber in both the top and
bottom skins (x-direction), continuity of fiber between the outer skin and the inner core
(y-direction), and uncrimped in-plane fiber architecture (throughout). As a woven
preform, the deck skins are able to sustain continuous reinforcing fiber of arbitrary
length. The open cell of the preform is viable by the unique weaving manner of the Zyarn maneuvering/crossing above and below the filler yarn of adjacent mid-plane layers.
This directly eliminates delamination of the skin layers from the deck core. Also, the
orthogonal Z-reinforcement of each skin prohibits delamination of the skin from itself.
Lastly, all in-plane reinforcement remains uncrimped, and is thus able to exhibit
maximum mechanical properties, due to the innovative multiple filler insertion process of
3WeaveTM technology.
Much appreciation is noted for the engineers and resources associated with 3Tex
Inc. in Cary, N.C. and the Constructed Facilities Laboratory at North Carolina State
University in Raleigh, N.C. for devotion to the proof of concept of the new bridge deck.
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3Tex, Inc. is a world leader in 3D woven and braided composite reinforcement
materials that are increasing product performance, saving manufacturing costs and
reducing weight. 3Tex's 3D weaving technology was developed in the 1990's at NC State
University's College of Textiles. Under a NASA sponsored research program at the
University's Mars Mission Research Center, Dr. Mansour Mohamed, Founder and now
Chief Scientific Officer of 3Tex, and his colleagues invented a unique method of weaving
three-dimensional fiber architectures and studied their properties and applications.
3Tex, Inc. and North Carolina State University sustain a strong affiliation deeply
rooted in aiding students’ research of advanced composite materials.
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1.5 Tables and Figures
Table 1.1 Deflections of the five deck configurations analyzed by John Henry
Deck Type
1
2
3
4
5

Maximum Deflection (in)
0.144
0.144
0.199
0.204
0.214

Deflection Index
L/583
L/583
L/422
L/412
L/393

Table 1.2 Deflection and failure loads for the FRP deck panels tested by Harik et al
Specimen
Identification
CPD1
CPD2
CPD3

Centerline Deflection
12 kip Load (in)
Measured
0.090
1.160
0.239

Allowable
0.125
0.170
0.240

Centerline
Deflection
26 kip
Load (in)

Load
at
Failure
(kips)

Safety
Factor

Maximum
Deflection
at Failure
(in)

Mode of
Failure

0.208
0.362
0.573

148
147
145

5.70
5.65
5.59

1.540
2.408
3.882

Punching
Punching
Punching

Safety Factor = Load at Failure/ 26kips
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Figure 1.1: Wheel loads and geometry for H trucks

Figure 1.2: Wheel loads and geometry for HS trucks
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Figure 1.3 Equivalent lane loading for H and HS trucks

Figure 1.4 Sections of the FRP deck configurations analyzed by John Henry
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Figure 1.5 28 foot deck span analyzed by John Henry

Figure 1.6 FRP bridge deck configurations studied by Shih (1995)
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Figure 1.7 Matrix of specimens tested by Kabhari

Figure 1.8 Karbhari Load displacement profiles

24

Figure 1.9 Cross-section with dimensions illustrating hexagonal tubes and trapezoidal sections of FRP
bridge deck from West Virginia University (Lopez-Anido et al)

Figure 1.10 Cross-section illustrating elements of hexagonal tubes and trapezoidal sections of FRP bridge
deck from West Virginia University (Lopez Anido et al)

Figure 1.11 Sections of the four FRP deck panels analyzed by Zureick
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Figure 1.12 Section of FRP panel tested by Brown and Zureick

Figure 1.13 36 inch wide FRP deck panel tested by Harik et al produced by Creative Pultrusions

Figure 1.14 Delamination at the end section for specimen CPD2
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Figure 1.15 2D woven fabric structure

Figure 1.16 Examples of 3D orientations
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Figure 1.17 Conventional 2D weaving process

Figure 1.18 Innovative 3WeavingTM process
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Figure 1.19 Schematics of 3WeavingTM process and one of the possible resulting 3D preform structures

Figure 1.20 Resulting 3D orthogonal fiber architecture of 3WeaveTM process
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Figure 1.21 Productivity comparison between 2D weaving and 3WeavingTM

Figure 1.22 VARTM wet out of E-glass preforms. Left: flow fronts shortly after test start. Right:
3Weave™ fabric completely filled before plain woven or warp knitted fabrics were half filled
(Bogdanovich et al 2001).
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Figure 1.23 Total and in-plane fiber volume fractions as a function of Z-fiber volume fraction
(Bogdanovich et al 2001)

Figure 1.24 Test setup for FRP sandwich panels using a concentrated truck tire loading at mid-span

Figure 1.25 Test setup for FRP sandwich panels using two line loads
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Figure 1.26 Test setup for FRP sandwich panels using one line load at mid-span
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Chapter 2: Materials and Fabrication of Bridge Deck Panel Skin
2.1 Introduction
Weaving is defined as the process of “interlacing” two sets of yarns, the warp and
the weft (or filling). Before fabrication of the open cell 3D woven GFRP bridge deck, the
research comprises optimizing the fiber orientation and resulting fiber volume fraction of
the bridge deck panel skin. Thus, three preforms of various fiber weight fractions are
woven and tested for material properties. This chapter illustrates the components of the
3D orthogonally woven GFRP skins as well as the material structures of these
components. Fabrication of the skins and the difference in fiber weight fraction between
each skin are discussed. The chapter concludes with the resin infusion process.

2.2 Components and Material Properties
The principal components of the FRP deck panel are three yarns woven in a
unique weaving manner in an organized fashion in three-dimensional space. The yarns
are a continuous E-glass fiber, Product Type HYBON 2022R, produced by PPO
Industries, Inc. and available in various size rolls (Figure 2.1). The material properties of
this E-glass are given in table 2.1, and the PPG Industries product specification is posted
in appendix C. The three yarns, the warp, the weft, and the Z-yarn, are defined by their
weights 103 yards per pound, 218 yards per pound, and 675 yards per pound respectively
(Figure 2.2). The fibers are pulled through the machine and woven into a 12” wide panel
of continuous form. The paneling is cut into several arbitrary lengths and prepared for
vacuum resin infusion.
The epoxy system for infusion utilizes Jeffco 1401-12/4101-17. This is a
multifunctional epoxy and cycloaliphatic-amine blend hardener for high performance
composite parts. This system has excellent fatigue and inter-laminar shear strength with
rapid wetting of E-glass fiber reinforcements. The Jeffco Epoxy Resin is colored
transparent ruby red for visual indication of infusion progress. Jeffco 1401-12 Epoxy
Resin is formulated for highly increased E-glass fiber compatibility. Jeffco Products
asserts an E-glass matrix with increased physical properties including: fiber pull-out
strength, tensile strength and modulus, flexural strength and modulus, compressive
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strength, impact resistance, and inter-laminar strength. Additionaly, Jeffco Products
asserts this product asserts the retention of the above properties after exposure to heat,
cycle fatigue, water, and expected adverse environmental reagents such as salt spray and
acid rain.
The material properties of the E-glass fibers and the Jeffco Epoxy System are
listed in Tables 3.1 and 3.2. Technical information given for Jeffco Products on the
epoxy system is detailed in Appendix B.
The glass-fiber volume fraction of these skins is typically 50-60% of the total
volume. Utilizing a 3D Weave Hybrid Composite software at 3Tex Inc., directional
composite moduli of elasticity are predicted using a method of orientational averaging of
stiffnesses and compliances. The assumed modulus of elasticity of E-glass HYBON
2022 is 10,500 ksi (72.5 GPa), and the shear modulus 4044 ksi (27.885 GPa). The
assumed modulus of elasticity of JEFFCO Epoxy 1401-12/4101-17 is 660 ksi (4.5 GPa),
and the shear modulus 242 ksi (1.667 GPa). Assumed Poisson’s ratios were 0.300 and
0.350 for E-glass and resin, respectively. For each composite skin, x-directional, ydirectional, and Z-directional moduli of elasticity were twice predicted using an assumed
fiber volume fraction of 50% and of 60%. Illustrations of the orientational averaging and
the resulting directional moduli are displayed in figures 2.3-2.8 for each of the three skins
with different woven weight fractions. The preform product specification for each of the
skins is illustrated in appendix A.

2.3 Innovative Fiber Architecture
Weaving is defined as the formation of fabric by the interlacing of two sets of
yarns, the warp and the weft. The warp (x-direction) yarn is defined as the primary yarn
within the deck panel. This yarn is pulled straight through the machine, eliminating outof-plane fiber and fiber waviness. The weft (y-direction) yarn is orthogonal to the warp
and is of double insertion above and below the warp (Figure 2.9). This is the essence of
the patented 3WeaveTM process, that two or more filling yarns are simultaneously
inserted from one or both sides. In this 3WeaveTM preforming, a third set of yarns, called
Z-yarns (z-direction), then integrates all sets of yarns into the fabric. The Z-yarns take a
path essentially perpendicular to the fabric mid-plane inside the fabric and parallel to the
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warp direction on the fabric surfaces. An illustration of this process is given in Figure
2.10.
The resulting fiber architecture is demonstrated in Figure 2.11. Thus, the
schematics of the yarns proceed along the three Cartesian orthogonal coordinates, and the
idealized model can be assumed to have rectangular cross-sections of the yarns.

2.4 Woven Skin Preform Design
Woven composite cross-sections are defined in picks per inch (ppi). A pick is a
unit strand of fibers pulled through a weave. The fiber weight fraction differs from skin
#1 to #2 to #3. The design of skin #1 calls for a warp of 21 ppi and a weft insertion of 6
ppi. The reed is comprised of 7 dpi and thus 3 picks of warp feed through each dent. The
amount of warp fiber is reduced by 1/3 for the design of skin #2. Thus, the warp is 14
ppi. The filler design maintains 6 ppi. The design of skin #3 entitles a reduction of the
filler yarn by 1/3 and otherwise an equal design of skin #2. Thus, skin #3 comprises a
warp of 14 ppi and a filler yarn insertion of 4 ppi. In defining the E-glass fiber, the warp
is 108 yds/lb, the Z-yarn is 675 yds/lb, and the weft is 218 yds/lb.
Each skin comprises a Z shed of 7 ppi. Consequently, 1 Z pick feeds each reed
dent across the preform. In order to fully “close off” the preform near the sides (outer
four dents), the Z picks-per-dent were doubled and present 14 ppi.

2.4.1 Nominal Architectural Parameters
For skin preform #1, the width-in-reed is 12.00 inches (+/- 0.25 inches), the
overall width is 13.50 inches (+/- 0.25 inches), the linear weight is 64.67 oz/yd (+/4.0%), and the areal weight is 194.00 oz/yd (+/- 4.0%). The thickness is 0.21 inches.
The weight fractions of warp (00), filling (900), and Z (thickness) are 60.3%,
32.7% and 7.0%, respectively. The fiber volume fractions are 27.9%, 15.1% and 3.3%,
respectively.
For skin preform #2, the width-in-reed is 12.00 inches (+/- 0.25 inches), the
overall width is 13.50 inches (+/- 0.25 inches), the linear weight is 51.19 oz/yd (+/4.0%), and the areal weight is 153.57 oz/yd (+/- 4.0%). The thickness is 0.17 inches.
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The weight fractions of warp (00), filling (900), and Z (thickness) are 50.8%,
41.3% and 7.9%, respectively. The fiber volume fractions are 23.0%, 18.7% and 3.6%,
respectively.
For skin preform #3, the width-in-reed is 12.00 inches (+/- 0.25 inches), the
overall width is 13.50 inches (+/- 0.25 inches), the linear weight is 43.27 oz/yd (+/4.0%), and the areal weight is 129.80 oz/yd (+/- 4.0%). The thickness is 0.15 inches.
The weight fractions of warp (00), filling (900), and Z (thickness) are 60.1%,
32.6% and 7.3%, respectively. The fiber volume fractions are 26.7%, 14.5% and 3.3%,
respectively.
The skin preform specifications can be found in appendix A.

2.5 Fabrication Process / Setup of Ordinary 3D Loom
Each of the yarns was purchased from PPO Industries, Inc. by 3TEX, Inc. in the
form displayed in Figure2.8. This yarn would then be “rewound” onto individual rollers
(Figure 2.12), each accounting for one particular yarn within the panel. The warp yarn
was rewound to 60 yards on each roller, and the Z-yarn was rewound to 80 yards on each
roller.
The width of the bridge deck panel was 12” and constituted 252 warp yarns
uniformly distributed across the section. Thus, 252 individual rollers were rewound with
60 yards of 103 yd/lb yarn each. The Z-yarn constituted 100 yarns across the section and
100 rollers of 675 yd/lb yarn were rewound accordingly. These rollers were then placed
on a creel as shown in Figure 2.13.
Each yarn is then drawn through the small eye-let boards at the end of the creel
nearest the weaving machine. The yarns are then pulled from the creel through a
structure containing three large eye-let boards (Figure 2.14 and 2.15). The yarns must be
pulled through in a manner conducive to the designed “draw-in” of the machine. It is
important to note that there must be no or minimum fiber contact between yarns as it will
significantly reduce the course of production and the quality accordingly.
Of the three eye-let boards, the top eye-let board consisted of the Z-yarn. The Zyarn was pulled through at two layers each spreading 50 holes across the board. The
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middle and lower eye-let boards consisted of the warp yarn. Each of these two boards
held yarn of three layers each spreading 42 holes across.

2.6 Fiber Draw-In
The design of the draw-in was created by Dr. Salama of 3Tex, Inc. and performed
by the author. There are two steel harnesses on this weaving machine (Figure 2.16). A
harness is a rectangular component consisting of wire heddles with eye-let holes through
which individual Z-yarn will pass. Harness 1 and harness 2 will commence to shift
upwards and downwards opposite each other creating a crossing scheme with the Z-yarn.
In between each of the arms of the heddles will pull three warp yarns.
The design draw-in is as follows. A set of 3 warp picks will be drawn through
each dent of the reed. With the reed at 7 dents-per-inch, the design of 21 ppi is achieved.
Between each set of warp picks is a steel heddle from either of harness #1 or #2 in
alternation. The outer four dents of each side of the reed have a slight difference in
design. Between each set of warp picks are two heddles, one from each of the harnesses.
This process leads to a cross-section depiction of 2 Z-yarn rotating opposite each other,
then 3 warp yarns, then 2 Z-yarn rotating opposite each other, and so forth.

2.7 3WeavingTM Manner
The 3WeavingTM process involves three key aspects. A flat layer of warp fiber is
pulled straight through the loom and meets the Z-yarn at the fell. The Z-yarn sheds-out
above and below the warp layer. And filler yarn is inserted perpendicularly above and
below the warp layer, from one side of the shed, in one weaving cycle. Between each
weft insertion, the harnesses cross and the reed beats the new interlacing into newly
formed fabric. Thus, an increment of fabric of .2 inch thickness is the result of a “three
dimensional” weaving technique utilizing a Z-directional yarn interlacing the warp and
the weft.

2.8 Resin Infusion Process
Three different skin preforms were 13 inches in width and cut to 36 inches in
length. The infusion system comprised vacuum bag infusion above a flat high density
polyethylene table (HDPE). See figure 2.17 for illustration. This is a process whereby
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resin is pulled through the fiber materials by vacuum. Resin is inserted into the system
through a tube under a vacuum. This tube then leads to three coiled tubes which release
the resin. In order for the resin to bleed uniformly through the preforms, coiled tubes run
the length of each of the skins. At the opposite end of the coiled tubes, bleeder cloth is
placed to slow down the resin, prevent race-tracking of the resin through the vacuum
system, and provide time for the rest of the fabric to wet-out. There is one resin exit tube
at the end of each skin. The vacuum will be pulled by a pump connected to these exit
tubes. The skins are being infused in Figure 2.18.
A Jeffco 1401-12/4101-17 epoxy system is a 100:30 resin to hardener mix. It is
formulated for highly increased E-glass fiber compatibility and has a very long pot life.
The resin has a cure time of 12 to 14 hours. A heating blanket was placed above the
panels to generate a better cure. The epoxy resin is colored transparent ruby red for
visual indication of infusion progress. The panels infused in 8 minutes.
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2.9 Figures and Tables
Table 2.1 Material properties of E-glass Product Type HYBON 2022R, produced by PPO Industries Inc.
E-glass, generic
Tensile Strength
500 ksi
Elongation at Break
4.80%
Modulus of
10,500
Elasticity
ksi
Shear Modulus
4350 ksi
Components
Al2O3
BaO
CaO
MgO
NaO2
SiO2

Wt. %
15.2
8
17.2
4.7
0.6
54.3

See also Appendix C Figure C
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Figure 2.1 Glass Fiber Product Type HYBON 2022R manufactured by PPO Industries Inc. (218yd/lb.)

Figure 2.2 Z, Y, and X-yarns used at 3Tex for fabrication of bridge deck
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v3.3
02/20/03

Yarns Vf
Warp yarns
Fill yarns
Bias yarns + ϕ
Bias yarns – ϕ
Z / Radial yarns along Z
Z / Radial yarns along X
Z / Radial yarns incline
For Z ± θ; Bias ± ϕ

54.7356
50.00%
0.6030 0.0000
0.3270 0.0000
0.0000 0.0000
0.0000 0.0000
0.0700 0.0000
0.0000 0.0000
0.0000 0.0000
0.00
0.00

hod

5000
portion
portion
portion
portion
portion
portion
portion
deg.

Composite
Unidirectional
Woven
Type 1
Type 2
Voigt Reuss

Method of orientational averaging of stiffnesses and compliances hybrid composite
Yarns type 1

Yarns type 2

Matrices

E Glass HYBON 2022

E Glass HYBON 2022

Epoxy Resin

Ef1

10.5

Msi

Ef1

10.5

Msi

Ef2

10.5

Msi

Ef2

10.5

Msi

Gf23 4.044

Msi

Gf23 4.044

Msi

Msi

Gf12 4.044

Msi

Fraction & Orientation
Type 1

E1

5.488

5.488

3.858

2.271

Msi

E2

1.202

1.202

2.672

1.614

Msi

Type 2

n 8
v1 0.603 v1 0.000 ϕ1
v2 0.327 v2 0.000 ϕ2
v3 0.070 v3 0.000 ϕ3
v4 0.000 v4 0.000 ϕ4

E3

1.202

1.202

1.638

1.271

Msi

G23

0.412

0.412

0.431

0.430

Msi

G13

0.460

0.460

0.444

0.443

Msi

G12

0.460

0.460

0.457

0.456

Msi

ν12

0.322

0.322

0.168

0.184

ν13

0.322

0.322

0.338

0.372

ν21

0.070

0.070

0.116

0.131

v5 0.000 v5 0.000 ϕ5
v6 0.000 v6 0.000 ϕ6
v7 0.000 v7 0.000 ϕ7
v8 0.000 v8 0.000 ϕ8

ν31
ν23
ν32

0.070

0.070

0.143

0.208

Σ 1.000

0.457

0.457

0.362

0.407

0.457

0.457

0.222

0.321

0

θ1 0

90

θ2 90

0

θ3 90

0

θ4 0

0

θ5 90

Gf12 4.044

0

θ6 90

νf12 0.300

νf12 0.300

0

θ7 0

0

θ8 0

νf21 0.300

νf21 0.300

νf23 0.300

νf23 0.300

ρf

ρc 0.068

0.092

lb/cin

ρf

0.092

Em 0.460

Msi

Gm 0.170

Msi

νm 0.350

lb/cin

ρm 0.043

lb/cin

Figure 2.3 Method of orientational averaging of stiffnesses and compliances of skin #1 with assumed
volume fraction of 50.0%
v3.3
02/20/03

Yarns Vf
Warp yarns
Fill yarns
Bias yarns + ϕ
Bias yarns – ϕ
Z / Radial yarns along Z
Z / Radial yarns along X
Z / Radial yarns incline
For Z ± θ; Bias ± ϕ

54.7356
60.00%
0.6030 0.0000
0.3270 0.0000
0.0000 0.0000
0.0000 0.0000
0.0700 0.0000
0.0000 0.0000
0.0000 0.0000
0.00
0.00

hod

6000
portion
portion
portion
portion
portion
portion
portion
deg.

Composite
Unidirectional
Woven
Type 1
Type 2
Voigt Reuss

Method of orientational averaging of stiffnesses and compliances hybrid composite
Yarns type 1

Yarns type 2

Matrices

E Glass HYBON 2022

E Glass HYBON 2022

Epoxy Resin

Ef1

10.5

Msi

Ef1

10.5

Msi

Ef2

10.5

Msi

Ef2

10.5

Msi

Gf23 4.044

Msi

Gf23 4.044

Msi

Msi

Gf12 4.044

Msi

Fraction & Orientation
Type 1

E1

6.493

6.493

4.598

2.814

Msi

E2

1.512

1.512

3.220

2.019

Msi

Type 2

n 8
v1 0.603 v1 0.000 ϕ1
v2 0.327 v2 0.000 ϕ2
v3 0.070 v3 0.000 ϕ3
v4 0.000 v4 0.000 ϕ4

E3

1.512

1.512

2.017

1.598

Msi

G23

0.522

0.522

0.549

0.547

Msi

G13

0.589

0.589

0.567

0.566

Msi

G12

0.589

0.589

0.584

0.584

Msi

ν12

0.317

0.317

0.171

0.186

ν13

0.317

0.317

0.334

0.365

ν21

0.074

0.074

0.120

0.133

v5 0.000 v5 0.000 ϕ5
v6 0.000 v6 0.000 ϕ6
v7 0.000 v7 0.000 ϕ7
v8 0.000 v8 0.000 ϕ8

ν31
ν23
ν32

0.074

0.074

0.146

0.207

Σ 1.000

0.447

0.447

0.358

0.399

0.447

0.447

0.224

0.316

0

θ1 0

90

θ2 90

0

θ3 90

0

θ4 0

0

θ5 90

Gf12 4.044

0

θ6 90

νf12 0.300

νf12 0.300

0

θ7 0

0

θ8 0

νf21 0.300

νf21 0.300

νf23 0.300

νf23 0.300

ρf

ρc 0.072

0.092

lb/cin

ρf

0.092

Em 0.460

Msi

Gm 0.170

Msi

νm 0.350

lb/cin

ρm 0.043

lb/cin

Figure 2.4 Method of orientational averaging of stiffnesses and compliances of skin #1 with assumed
volume fraction of 60.0%
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02/20/03

Yarns Vf
Warp yarns
Fill yarns
Bias yarns + ϕ
Bias yarns – ϕ
Z / Radial yarns along Z
Z / Radial yarns along X
Z / Radial yarns incline
For Z ± θ; Bias ± ϕ

54.7356
50.00%
0.5080 0.0000
0.4130 0.0000
0.0000 0.0000
0.0000 0.0000
0.0790 0.0000
0.0000 0.0000
0.0000 0.0000
0.00
0.00

hod

5000
portion
portion
portion
portion
portion
portion
portion
deg.

Composite
Unidirectional
Woven
Type 1
Type 2
Voigt Reuss

Method of orientational averaging of stiffnesses and compliances hybrid composite
Yarns type 1

Yarns type 2

Matrices

E Glass HYBON 2022

E Glass HYBON 2022

Epoxy Resin

Ef1

10.5

Msi

Ef1

10.5

Msi

Ef2

10.5

Msi

Ef2

10.5

Msi

Gf23 4.044

Msi

Gf23 4.044

Msi

Msi

Gf12 4.044

Msi

Fraction & Orientation
Type 1

E1

5.488

5.488

3.456

1.992

Msi

E2

1.202

1.202

3.048

1.774

Msi

Type 2

n 8
v1 0.508 v1 0.000 ϕ1
v2 0.413 v2 0.000 ϕ2
v3 0.079 v3 0.000 ϕ3
v4 0.000 v4 0.000 ϕ4

E3

1.202

1.202

1.684

1.281

Msi

G23

0.412

0.412

0.436

0.434

Msi

G13

0.460

0.460

0.440

0.439

Msi

G12

0.460

0.460

0.456

0.456

Msi

ν12

0.322

0.322

0.149

0.167

ν13

0.322

0.322

0.339

0.381

ν21

0.070

0.070

0.132

0.149

v5 0.000 v5 0.000 ϕ5
v6 0.000 v6 0.000 ϕ6
v7 0.000 v7 0.000 ϕ7
v8 0.000 v8 0.000 ϕ8

ν31
ν23
ν32

0.070

0.070

0.165

0.245

Σ 1.000

0.457

0.457

0.347

0.394

0.457

0.457

0.192

0.284

0

θ1 0

90

θ2 90

0

θ3 90

0

θ4 0

0

θ5 90

Gf12 4.044

0

θ6 90

νf12 0.300

νf12 0.300

0

θ7 0

0

θ8 0

νf21 0.300

νf21 0.300

νf23 0.300

νf23 0.300

ρf

ρc 0.068

0.092

lb/cin

ρf

0.092

Em 0.460

Msi

Gm 0.170

Msi

νm 0.350

lb/cin

ρm 0.043

lb/cin

Figure 2.5 Method of orientational averaging of stiffnesses and compliances of skin #2 with assumed
volume fraction of 50.0%
v3.3
02/20/03

Yarns Vf
Warp yarns
Fill yarns
Bias yarns + ϕ
Bias yarns – ϕ
Z / Radial yarns along Z
Z / Radial yarns along X
Z / Radial yarns incline
For Z ± θ; Bias ± ϕ

54.7356
60.00%
0.5080 0.0000
0.4130 0.0000
0.0000 0.0000
0.0000 0.0000
0.0790 0.0000
0.0000 0.0000
0.0000 0.0000
0.00
0.00

hod

6000
portion
portion
portion
portion
portion
portion
portion
deg.

Composite
Unidirectional
Woven
Type 1
Type 2
Voigt Reuss

Method of orientational averaging of stiffnesses and compliances hybrid composite
Yarns type 1

Yarns type 2

Matrices

E Glass HYBON 2022

E Glass HYBON 2022

Epoxy Resin

Ef1

10.5

Msi

Ef1

10.5

Msi

Ef2

10.5

Msi

Ef2

10.5

Msi

Gf23 4.044

Msi

Gf23 4.044

Msi

Msi

Gf12 4.044

Msi

Fraction & Orientation
Type 1

E1

6.493

6.493

4.130

2.478

Msi

E2

1.512

1.512

3.656

2.214

Msi

Type 2

n 8
v1 0.508 v1 0.000 ϕ1
v2 0.413 v2 0.000 ϕ2
v3 0.079 v3 0.000 ϕ3
v4 0.000 v4 0.000 ϕ4

E3

1.512

1.512

2.070

1.610

Msi

G23

0.522

0.522

0.555

0.553

Msi

G13

0.589

0.589

0.562

0.560

Msi

G12

0.589

0.589

0.584

0.583

Msi

ν12

0.317

0.317

0.153

0.169

ν13

0.317

0.317

0.336

0.374

ν21

0.074

0.074

0.135

0.151

v5 0.000 v5 0.000 ϕ5
v6 0.000 v6 0.000 ϕ6
v7 0.000 v7 0.000 ϕ7
v8 0.000 v8 0.000 ϕ8

ν31
ν23
ν32

0.074

0.074

0.168

0.243

Σ 1.000

0.447

0.447

0.344

0.386

0.447

0.447

0.195

0.281

0

θ1 0

90

θ2 90

0

θ3 90

0

θ4 0

0

θ5 90

Gf12 4.044

0

θ6 90

νf12 0.300

νf12 0.300

0

θ7 0

0

θ8 0

νf21 0.300

νf21 0.300

νf23 0.300

νf23 0.300

ρf

ρc 0.072

0.092

lb/cin

ρf

0.092

Em 0.460

Msi

Gm 0.170

Msi

νm 0.350

lb/cin

ρm 0.043

lb/cin

Figure 2.6 Method of orientational averaging of stiffnesses and compliances of skin #2 with assumed
volume fraction of 60.0%
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v3.3
02/20/03

Yarns Vf
Warp yarns
Fill yarns
Bias yarns + ϕ
Bias yarns – ϕ
Z / Radial yarns along Z
Z / Radial yarns along X
Z / Radial yarns incline
For Z ± θ; Bias ± ϕ

54.7356
50.00%
0.6010 0.0000
0.3260 0.0000
0.0000 0.0000
0.0000 0.0000
0.0730 0.0000
0.0000 0.0000
0.0000 0.0000
0.00
0.00

hod

5000
portion
portion
portion
portion
portion
portion
portion
deg.

Composite
Unidirectional
Woven
Type 1
Type 2
Voigt Reuss

Method of orientational averaging of stiffnesses and compliances hybrid composite
Yarns type 1

Yarns type 2

Matrices

E Glass HYBON 2022

E Glass HYBON 2022

Epoxy Resin

Ef1

10.5

Msi

Ef1

10.5

Msi

Ef2

10.5

Msi

Ef2

10.5

Msi

Gf23 4.044

Msi

Gf23 4.044

Msi

Msi

Gf12 4.044

Msi

Fraction & Orientation
Type 1

E1

5.488

5.488

3.851

2.265

Msi

E2

1.202

1.202

2.670

1.612

Msi

Type 2

n 8
v1 0.601 v1 0.000 ϕ1
v2 0.326 v2 0.000 ϕ2
v3 0.073 v3 0.000 ϕ3
v4 0.000 v4 0.000 ϕ4

E3

1.202

1.202

1.651

1.274

Msi

G23

0.412

0.412

0.431

0.430

Msi

G13

0.460

0.460

0.444

0.443

Msi

G12

0.460

0.460

0.456

0.456

Msi

ν12

0.322

0.322

0.169

0.186

ν13

0.322

0.322

0.335

0.370

ν21

0.070

0.070

0.117

0.132

v5 0.000 v5 0.000 ϕ5
v6 0.000 v6 0.000 ϕ6
v7 0.000 v7 0.000 ϕ7
v8 0.000 v8 0.000 ϕ8
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ν32

0.070
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0.144

0.208

Σ 1.000

0.457

0.457

0.359

0.406

0.457

0.457
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0.321

0
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0
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0
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0
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0
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0
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νf21 0.300

νf23 0.300

νf23 0.300

ρf

ρc 0.068

0.092

lb/cin

ρf
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Em 0.460

Msi

Gm 0.170

Msi

νm 0.350

lb/cin

ρm 0.043

lb/cin

Figure 2.7 Method of orientational averaging of stiffnesses and compliances of skin #3 with assumed
volume fraction of 50.0%
v3.3
02/20/03

Yarns Vf
Warp yarns
Fill yarns
Bias yarns + ϕ
Bias yarns – ϕ
Z / Radial yarns along Z
Z / Radial yarns along X
Z / Radial yarns incline
For Z ± θ; Bias ± ϕ

54.7356
60.00%
0.6010 0.0000
0.3260 0.0000
0.0000 0.0000
0.0000 0.0000
0.0730 0.0000
0.0000 0.0000
0.0000 0.0000
0.00
0.00

hod
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deg.

Composite
Unidirectional
Woven
Type 1
Type 2
Voigt Reuss

Method of orientational averaging of stiffnesses and compliances hybrid composite
Yarns type 1

Yarns type 2
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E Glass HYBON 2022

Epoxy Resin

Ef1

10.5

Msi

Ef1

10.5

Msi

Ef2

10.5

Msi

Ef2

10.5

Msi
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Msi
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Msi

Msi
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Msi

Fraction & Orientation
Type 1

E1

5.488

5.488

3.851

2.265

Msi

E2

1.202

1.202

2.670

1.612

Msi

Type 2

n 8
v1 0.601 v1 0.000 ϕ1
v2 0.326 v2 0.000 ϕ2
v3 0.073 v3 0.000 ϕ3
v4 0.000 v4 0.000 ϕ4

E3

1.202
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1.651

1.274

Msi
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0.412

0.431
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Msi
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0.460

0.460

0.444
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Figure 2.8 Method of orientational averaging of stiffnesses and compliances of skin #3 with assumed
volume fraction of 60.0%
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Figure 2.9 Straight fiber double insertion process above and below warp

Figure 2.10 Illustration of 3WeaveTM multiple insertion process
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Figure 2.11 Resulting fiber architecture obtained through 3Weave process

Figure 2.12 Rewinding yarn on individual rollers
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Figure 2.13 Yarn rollers aligned on creel in front large eye-let board structure

Figure 2.14 Yarn pulled through large eye-let boards
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Figure 2.15 Close-up yarns through eye-let boards

Figure 2.16 Steel harness 1 in front of steel harness 2
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Figure 2.17 Infusion system: three dry fiber skin preforms setup for vacuum bag infusion

Figure 2.18 Skin 1, Skin 2, and Skin 3 preforms undergoing vacuum bag infusion
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Chapter 3: Materials and Fabrication of Bridge Deck
3.1 Introduction
In this chapter, the author depicts the components of the three bridge deck panels
as well as the material framework of these components. The author also illustrates the
fabrication of the machine system theoretically capable of producing a 3D integrated
woven structure expected to overcome the skin/delamination problems associated with
2D GFRP decks. The author then illustrates the complex fiber draw-in of the system and
continues with the unique weaving manner thought to produce the appropriate preform.
This chapter concludes with the resin infusion process and the placement of the concrete.
Deck 1 utilizes the textile engineered open-cell truss design. Deck 2 was
produced as a control for Deck 1; it maintains the same thickness but sustains no woven
mechanical reinforcement through its core. Deck 3 is a second generation open-cell truss
preform utilizing an optimization of the fabricated 3D weaving machine system.

3.2 Components and Material Properties
The primary components of the FRP deck are woven textile reinforcements,
specifically E-glass fiber, embedded in a Jeffco Products epoxy resin matrix. The yarns
are a continuous glass fiber, Product Type HYBON 2022R, produced by PPO Industries,
Inc. and available in various size rolls (Figure 2.1). The fiber strands are oriented in the
3 orthogonal Cartesian coordinates and utilize the advanced 3WeaveTM process in
producing three separate skin preforms. The glass-fiber fraction of these prefrom skins is
typically 50-60% of the total volume.
The three yarns, the warp, the weft, and the Z-yarn, are defined by their weights
103 yards per pound, 218 yards per pound, and 675 yards per pound respectively (Figure
2.2). The 3 preform skins are connected at specified points to produce the open-cell
preform structure envisioned. The preform skin product specification is in Appendix A.
This E-glass fiber is known for maximum wet-out consistency with good abrasion
resistance and processing characteristics. RRG Industries boasts excellent package
transfer efficiency through the use of an outer adhesive film. The product is
manufactured in conformance to ISO 9002 requirements.
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The epoxy system for infusion utilizes Jeffco 1401-12/4101-17 (figure 3.1). This
is a multifunctional epoxy and cycloaliphatic-amine blend hardener for high performance
composite parts. This system has excellent fatigue and inter-laminar shear strength with
rapid wetting of E-glass fiber reinforcements. The Jeffco Epoxy Resin is colored
transparent ruby red for visual indication of infusion progress. Jeffco 1401-12 Epoxy
Resin is formulated for highly increased E-glass fiber compatibility. Jeffco Products
asserts the production of an E-glass matrix with increased physical properties including:
fiber pull-out strength, tensile strength and modulus, flexural strength and modulus,
compressive strength, impact resistance, and inter-laminar strength. Additionaly, Jeffco
Products asserts this product retains the above properties after exposure to heat, cycle
fatigue, water, and expected adverse environmental reagents such as salt spray and acid
rain.
The material properties of Jeffco Epoxy System are listed in Tables 3.1 and 3.2.
Technical information given for Jeffco Products on the epoxy system is detailed in
Appendix B. Product Description for the E-glass fibers, HYBON 2022, is given in
Appendix C.
Each deck will comprise a concrete layer above the cured composite deck. The
specifications for the material properties of concrete are given in Appendices D and E.
Actual material properties of the concretes are obtained experimentally and illustrated in
section 5.3.1.

3.3 Innovative Fiber Architecture
3.3.1 Introduction
Deck 1 and Deck 3 utilize the advanced fiber architecture of the completely
woven open-cell design.

3.3.2 Innovation
As illustrated in latter figures, three 3WeaveTM fabrics are woven simultaneously
on one weaving machine due to the 3WeaveTM multiple filler insertion technique. This
3D orthogonal fiber architecture was demonstrated in figure 2.11 of chapter 2. The
innovative architecture of this preform is that the core fabric/skin attaches to the outer
skin by the Z-yarn shed of the core wrapping around the filler insertion of the outer layer
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at specified points. This introduces a fiber reinforcement through the connection point of
the core to the skin. In addition, this core Z shed interlacing in alternation with the top
and bottom skins is the mechanism that provides an open cell preform, a preform that can
“puff out” into a three dimensional structure.
The core skin will attach to the outer skin for two weaving cycles thus producing
two crossings about the filler strand. At 116 Z-strands per layer, two layers of Z-yarn
shed provides 464 strands (2 crossings * 2 layers * 116 Z-strands per layer) of 675 yd/lb
E-glass fiber reinforcement. Since crossing about the filler axis entails strands leading up
to and hence coming from, the number of actual reinforcing strands in the connection is
2*464=928. More detail of the weaving method is covered in 3.6.
The continuous reinforcing fiber through the components connection provides
direct elimination of the outer skin layers delaminating from the core. Additionally, the
3WeavingTM of the individual skins provides direct reinforcement against skin
delaminating from itself.
The 3WeavingTM of the 3 individual skins allows non-crimped in-plane warp
reinforcement which asserts higher static strengths and moduli of elasticity according to
Singletary et al 2001. The Z-yarn may act as resin channels within the three skins and
particularly to the center of the core of the “puffed out” preform during the resin infusion
process.

3.3.3 Woven Preform Design
Woven composite cross-sections are defined in picks per inch (ppi). A pick is a
unit strand of fibers pulled through a weave. The design of each skin calls for a warp of
21 ppi, a Z shed of 7 ppi, and a weft insertion of 7 ppi. The reed is comprised of 7 dpi
and thus 3 picks of warp feed through each dent. Consequently, 1 Z pick feeds each reed
dent across the preform. In order to fully “close off” the preform near the sides (outer
four dents), the Z picks-per-dent were doubled and present 14 ppi.
The width of the preform comprises 108 dents of the reed. At 7 dpi, the preform
width is approximately 15.4 inches. The warp of each skin is 3 picks-per-dent (ppd) and
consequently 324 picks overall. Thus, for 3 skins there are 972 total picks. The Z of
each skin is 1 ppd for 108 dents plus an additional 1 ppd for the outer four dents. Thus,
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for 3 skins there are 348 total picks. Overall, 972 picks of warp yarn have to be backwound on individual rollers for the supply along with 348 picks of Z-yarn.
Each of E-glass fiber, the warp is 108 yds/lb, the Z-yarn is 675 yds/lb, and the
weft is 218 yds/lb.

3.4 Fabrication of Machine System
3.4.1 Introduction
The objective is to engineer a machine capable of producing a 3D integrated
woven preform structure by utilizing the unique manner of the 3WeaveTM process.
Photographs will assist in illustrating the system.

3.4.2 Fiber Feed System
Spools are “backwound” with E-glass fiber and placed on three aligning creels at
the rear of the fabrication system. As illustrated in figure 3.2, the warp fibers are fed
from the outer two creels while the Z-yarn is fed from one inner creel. Individual Ushaped compensation weights are hung at the creel to provide tension in the warp layers
as they are pulled through the system.

3.4.3 Warp/ Z-Yarn Compensation System
This system will compensate the slack fibers produced when the machine
necessitates reverse. The optimum compensator location was determined to stand
between the fiber supply creels and the fiber partition. The designed and built system
consisted of an “S” mechanism frame and a compensator mechanism frame within a
welded steel rectangular support frame showed in figure 3.3. The “S Mechanism Frame,”
as labeled in figure 3.3, applies an “S” wrap to each of the 3 layers of warp and to each of
the 3 layers of Z-yarn by utilizing a crossing movement of 1 steel rod upward between 2
permanent rods. This structure is illustrated in figure 3.4. The “action rod” is bolted to
the S mechanism frame and is fired through the permanent rods upon exertion of four 4
inch air cylinders above the frame. In front the S mechanism frame is the “Compensator
Mechanism Frame,” also illustrated in figure 3.4. The fiber layers pass through this
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compensator mechanism frame above each of the “Compensator Rods” bolted to this
frame (Figure 3.5). The rods fire upward with the frame upon exertion of the 4 twelve
inch air cylinders, illustrated in figure 3.6, to take up the slack of the fiber layers during
the reverse portion of the weaving cycle. Overall, the S mechanism is fired to clench the
fibers, and the compensator mechanism absorbs the slack induced by the machine
reverse. This S mechanism prevents the compensator from pulling additional fiber from
the supply creels. An image of the entire compensation system is displayed in figure 3.7.
Air throttles were used to control the thrust of the air cylinders on the
compensation system frames. ¼ inch air tubing was used to fire the cylinders upon signal
from the input/output of the computer.

3.4.4 Partition System
In front of the compensation system is the partition system that provides
resistance to take-up of the fiber layers and positions these layers into an appropriate
shed. “S” wraps of fiber layers are used to provide resistance to maintain tension in the
warp and Z-yarn during the weaving process (Figure 3.8). After the major S wrap of
figure 3.8, the top Z-yarn layer is divided into two by an alternation of two S wraps atop
the partition system (Figures 3.9 and 3.10). Every other fiber strand utilizes the first S
wrap, and the fiber strands between these utilize the second S wrap. U-shaped weight
placement on individual fiber strands then follows this alternation accordingly. The
weight placement is a means of small compensation of the Z-yarn during the crossing of
the steel heddles, i.e., the weights attempt to provide constant tension of this Z-yarn
(Figures 3.9 and 3.10). This weighted division setup exists for each of the three layers of
Z-yarn. The front of the partition system then guides each of the warp and Z layers into
the appropriate shed position as seen in figure 3.11.

3.4.5 Harness System
Six harnesses were installed with vertical sliding capability. Each of these
harnesses is equipped with 108 plus steel heddles, 33 inches in length. A heddle is one
of a set of parallel cords or wires in a loom used to separate and guide the warp threads
and to provide an eyelet hole through which an individual Z-yarn passes. The vertical
sliding of a pair of harnesses provides the crossing of the Z-yarn about the inserted filler
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yarn. Since the filler insertion is perpendicularly above and below the warp plane, the
crossing Z-yarn interlaces this mid-plane into a fabric. From the partition system, the
warp fiber sheds are drawn between these steel heddles, through the reed, and into the
clamp of the take-up system. The Z-yarn is drawn through eyelets of the steel heddles
and then follows the same path (Figure 3.12). The detailed design of the fiber draw-in is
covered in section 4.5. From back to front, the harnesses are numbered 6, 5, 4, 3, 2, and
1 (Figure 3.13). Harnesses 6 and 5, 4 and 3, and 2 and 1 operate the Z-yarn of the bottom
skin, top skin, and middle skin (core), respectively.
The harnesses are activated to cross by compressed air operating on the two steel
rods attached beneath the harnesses. The harness limiting system was designed to confer
the optimum shed orientation of the Z-yarn with respect to the warp shed. This was
accomplished by placing “stops” on the two rods pultruding above and below each
harness. Optimal shed orientation and stops are illustrated in figures 3.14 and 3.15.
Additional harness limits are provided for the core harnesses. These stops must be
removable as the course of the cycle proceeds in order for the middle skin harnesses to
raise the Z-yarn shed above/below the filler insertion of the adjacent skin (Figure 3.16).
This action attaches the core skin to the outer skins.
Directly in front of the harnesses is the reed, a comb-like device used to pack the
interlacing weft strands into the fabric. A reed is a frame having parallel flat strips of
metal, between which the warp threads pass. The reed used was 20 inches wide and 12.5
inches tall with 7 dents per inch, i.e., there were 7 openings between strips every 1 inch.
The size of the preform is limited by the size of the reed. The reed must withstand proper
spacing of the sheds of the warp and the Z-yarn. This spacing is illustrated in previous
figures 3.13 and 3.14. The density of the preform is determined by the dents-per-inch
(dpi) of the reed. For instance, 7 dpi will pack in more warp fiber then 5 dpi.

3.4.6 Take-up System
The take-up system consists of a 20 inch wide fabric clamp cantilevered above a 1
¼ inch diameter threaded bar attached to a rotary motor. With signal from the
input/output, the rotary motor rotates the threaded bar in turn moving the fiber clamp
forward. This action pulls the fibers from the supply creels and through the machine for
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the weaving process. The motor must be capable of reverse as it is necessary for the
design of the weaving process.

3.4.7 Rapier System
A rapier is a light cylinder with a small ring fixed on the end used for thrusting
filler insertion yarn between the sheds of the warp and the Z-yarn. Adherent to the weave
design, 2 rapiers encompass the filling insertion for each of the 3 layers of warp. Thus, 3
sets of rapiers were mounted on the left side of the 3 sheds of warp. This is rapier system
#1. It is important to note that each of these sets of 2 rapiers must align only slightly
above and below the corresponding shed to warrant a tight weave with the crossing Zyarn. This and maintaining a tight shed affirm the rapiers not catching a Z-yarn during
insertion of the weft. This multiple filler insertion is the essence of the patented
3WeaveTM process (Figures 3.17-3.18). The right side of the shed maintains a single
rapier set aligned with the center of the shed. This is rapier system #2. This set provides
the filler insertion to the middle skin layer during the portion of the weaving cycle that
necessitates weaving additional length of the core skin. This additional length allows the
preform to “puff out” into a truss form. See section 3.6 for weaving details.
Images of the mounted rapiers threaded with 218 yd/lb E-glass fiber are in figures
3.17 and 3.18. All rapiers are mounted on linear motor carriages, horizontally sliding
brackets, which are shifted by compressed air. Selvedge holds are mounted near each
side of the fell of the fabric. This actuated rod holds one end of the weft yarn as the
rapiers insert the filler through the sheds.

3.4.8 Entire Machine
The necessary modifications were made to ensure the required number of outputs
(control channels) were available through combining actions/motions. The program was
written in Basic and contains functionality for all required motions: rapier cycles, take-up
cycles, harness cycles, beat-up cycles, and compensator cycles. Careful planning and
timing are noted to ensure sensitive management of the fiber strands. The basic weaving
program is displayed in appendix D.
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3.5 Intricate Fiber Draw-In of System
According to the design of section 3.3.3, 972 picks of warp yarn have to be backwound on individual rollers along with 348 picks of Z-yarn. These rollers are then placed
on the supply creel as illustrated in previous figure 3.2, and the individual picks must
then be drawn to the front of the creels and through the creel eye-let boards. Prevention
of pick intertwining will allow for less fiber damage and a cleaner weave. The potential
skin layers are then formed by the designed division of the warp supply into 3 separated
eye-lit plates on the eye-let board frame as demonstrated in figure 3.19. The Z supply is
also divided up into three layers; each layer corresponds with one layer of warp.
Each of the layers is then drawn through the compensation system, which consists
of the S wrap mechanism and the compensator mechanism. This is displayed in figure
3.7. As illustrated in figure 3.11, layers are then drawn through the partition system and
into the assembled weaving machine. The rods separating and organizing the layers in
the partition system were placed after the fibers had been drawn completely through the
machine into the clamp of the take-up system.
The weaving system consists of six harnesses and a reed through which all fiber
layers pass. The design draw-in of the weaving system is as follows. For one layer, 324
picks of warp must be drawn in sets of 3 picks-per-dent of the reed. Between each set of
3 warp picks exist 3 steel heddles, one from each of the 3 sets of harnesses (the six
harnesses are devised in 3 sets of 2). This is consistent for each of the other layers of
warp yarn.
More complicated, the Z-yarn is drawn through the eye-let holes of these steel
heddles, one pick per eye-let hole (Figure 3.12). 2 Z sheds (upper and lower) correspond
with 1 layer of warp as demonstrated in figure 3.14. The back 2 harnesses (6 and 5)
weave the mid-plane of the bottom warp layer. The middle two harnesses (4 and 3)
weave the mid-plane of the top warp layer. The front two harnesses (2 and 1) weave the
mid-plane of the core layer and the attachment of the core layer to the outer layers. For
one dent of the reed: for the bottom skin, 1 upper Z pick is drawn through the heddle
eye-let of back harness 6; for the top skin, 1 upper Z pick is drawn through the heddle
eye-let of middle harness 4; and for the core skin, 1 upper Z pick is drawn through the
heddle eye-let of front harness 2. Each of these 3 Z picks feed through this same dent on
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the reed. For the adjacent dent of the reed: for the bottom skin,1 lower Z-pick is drawn
through the heddle eye-let of back harness 5; for the top skin,1 lower Z-pick is drawn
through the heddle eye-let of middle harness 3; and for the core skin, 1 lower Z-pick is
drawn through the heddle eye-let of front harness 1. Each of these 3 Z picks feed through
this same adjacent dent on the reed.
The outer four dents of each side of the reed have a slight difference in design.
For each one of these four dents: for the bottom skin, 1 upper Z pick and one lower pick
are drawn through the heddle eye-lets of back harnesses 6 and 5, respectively; for the top
skin, 1 upper Z pick and 1 lower Z pick are drawn through the heddle eye-lets of middle
harnesses 4 and 3, respectively; and for the core skin, 1 upper Z pick and 1 lower Z pick
are drawn through the heddle eye-lets of front harnesses 2 and 1, respectively.
All 9 sheds meet at the fell just before the fabric guide. As a preform, it feeds into
the fabric/cloth clamp which is part of the take-up system.

3.6 Unique Weaving Manner
An innovative weaving manner was designed and utilized to fabricate a
completely woven open cell preform with diagonal core members opposite each other, a
truss-like orientation. The complete weaving cycle involves a total of four steps.
Step 1: The first step in this weaving process is to weave the two skins and core
separately. For a 3” thick structure with 45 degree triangular core, the core length is 4.4”.
One half of that is 2.28” or equivalent of approximately 16 filler insertions (at 7
insertions/in. or 7 ppi).
As shown in figure 3.20, the two skins and the core are being woven at the same
time for the first half (16 insertions) of this step. All 6 rapiers insert and all 3 pair of
harnesses cross during this period. After this period, the process will weave the second
half of the core only. For this section, only core rapiers # 3 and 4 (rapier system #2) and
harnesses # 1 and 2 are in action. After weaving 16 insertions for the second half, the
take-up will need to reverse a distance equivalent 16 insertions to move the fell of the
fabric back. The process is then ready for the next step – connecting the core to one of
the skins.

57

Step 2: As shown in figure 3.21, the core will be connected to the upper skin
(skin#2) during this step. During this period, harnesses # 1 and 2 will have an
asymmetric opening which will enclose rapiers # 3, 4, 5, and 6. All 6 rapiers and all 6
harnesses will be in action in this step. There are only two insertions in this step.
Step 3: Repeat step 1.
Step 4: As shown in Figure 3.22, the core will be connected to the lower skin
(skin# 1) during this step. During this period, harnesses # 1 and 2 will have an
asymmetric opening which will enclose rapiers # 3, 4, 1, and 2. All 6 rapiers and all 6
harnesses will be in action in this step. There are only two insertions in this step.
Completion of cycle.

3.6.1 Weaving of Deck 1
As illustrated in figure 3.23, all 9 sheds meet at the fell just before the fabric guide
and feed into the fabric/cloth clamp which is part of the take-up system. This deck
utilizes the unique weaving manner presented in section 3.6. Thus, three skins are woven
simultaneously for 16 picks; then, the core is woven an additional 16 picks; the take-up
system is reversed 2.3 inches (16 picks equivalent); and the core skin is connected to the
top skin for two picks. The next 50 picks follow with the connection of core to the
bottom skin. This 100 pick cycle/process is repeated with an end result of an open cell
truss orientation.
The weaving design sanctions the core skin to buckle amidst the reversing of the
take-up system and the connection of this core to the outer skin. This is a temporary
fabric buckling as the preform is designed to “puff-out” into an open cell structure with
straight diagonal core members. After a 5’ section was woven and released from the
fabric clamp, the preform puffed-out to 1 ½ inches in thickness. Observations proposed
an explanation of this first generation truss deck.
First, the core fabric maintained to great of a stiffness of to buckle with the
reverse of the take-up system and the connection of the skins. Second, a three skin
preform comprising a buckled core fabric was too thick to pass through the opening of
the fabric guide illustrated in figure 3.24. Third, the fabric clamp of the take-up system
compressed all three skins together, and the tension induced by the take-up system
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prevented the height levels of the outer skins to adjust to the buckling of a center core. In
sum, since the core fabric was unable to buckle appropriately, the puffed-out height of the
preform was limited to 1 ½ inches and did not meet the 3” design.

3.6.2 Weaving of Deck 2
The skins of deck 2 were woven on the ordinary 3D loom illustrated in chapter 2.
Utilizing the 3WeavingTM manner, one layer of warp yarn (including 2 corresponding Z
sheds) is pulled straight through the machine to the fabric clamp of the take-up system.
Thus, the two skins were woven individually and are ultimately laminated to the Balsa
wood core. There are no fiber mechanical connections between these skins.

3.6.3 Weaving of Deck 3
This is a second generation truss bridge deck utilizing the unique weaving manner
presented in section 3.6. As illustrated in figure 3.25, the fabric clamp and guide have
been modified to obtain the designed 3 inch puffed-out preform. The fabric skins have
been spaced open within the fabric clamp, and the fabric guide has been opened
respectively. This facilitates a better weave by: 1) enabling a better shed-out of the fiber
layers and thus less hairiness and 2) eliminating the need to buckle the core skin when
connecting it to an outer skin. In addition, the triangular cut Balsa wood cores are
inserted as the weaving cycles take place. This not only prevents buckling of the core
skin but also assures a rigid fit of the core with the fabric. This tightness aids in
maintaining the straight diagonal composite members desired in a truss. See figure 3.26
for the opened fabric guide and the insertion of Balsa triangular shafts. In sum, this
composite preform is woven off the machine in open cell form.

3.7 Resin Infusion Process
Each of the composite decks was infused with a process whereby resin is pulled
through the fiber materials by vacuum beneath a plastic bag. The system utilized a Jeffco
1401-12/4101-17 epoxy system with a 100:30 resin to hardener mix. It is formulated for
highly increased E-glass fiber compatibility and has a long pot life of 120 minutes. The
resin has a cure time of 12 to 14 hours. A heating blanket was placed above the deck to
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generate a better cure. The epoxy resin is colored transparent ruby red for visual
indication of infusion progress.

3.7.1 Infusion of Deck 1
The infusion system comprised vacuum bag infusion above a flat steel table.
Metal truss connector plates, punched from hot-dipped galvanized sheet steel, are bent
and devised as metal shear connectors for the composite bridge deck (figure 3.27). The
teeth of these plates provide mechanical connection with the composite skin (figure 3.28).
The truss plates are hammered into the dry preform and infused with the deck.
Triangular cut Balsa wood shafts 1 inch in height and 6 ½ inches in length are inserted
between the preform skins essentially puffing-out the preform to its 1 ½ inch height as
illustrated in figure 3.27.
A blue sheet of peel ply was set atop the deck to produce a prepared surface ready
for bonding with the concrete, eliminating the need for mechanical abrasion on composite
top. It was assumed race-tracking would occur beneath the metal shear connectors, so
red flow media was added between each connector to assist these areas in wetting out
before the race-tracking would induce a channel out for the resin. Small strips of white
bleeder cloth were taped above the ends of each metal shear connector to prevent
puncturing of the vacuum bag. A 5’ spiral tube ran the length of the deck to immediately
transfer resin along the entire side of the deck aiming to provide a uniform flow of resin
across the deck. And a 5’long rectangle of Balsa wood covered in white bleeder cloth ran
the opposite side of the deck to act as a dam. This wall provided time for the entire
composite to wet out before the resin could channel out of the system. This setup is
illustrated in figure 3.29. The vacuum bag is set atop the composite deck and is bonded
to the steel table with tacky tape (figure 3.30). Figure 3.31 shows the uniform flow of
resin across the deck; figure 3.32 shows the infusion complete.

3.7.2 Infusion of Deck 2
The infusion system comprised vacuum bag infusion above a flat high density
polyethylene table (HDPE). Metal truss connector plates, punched from hot-dipped
galvanized sheet steel, are bent and devised as metal shear connectors for the composite
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bridge deck (figure 3.33). The teeth of these plates provide mechanical connection with
the composite skin (figure 3.34). The truss plates are hammered into the dry top skin and
infused with the deck. A solid rectangle of Balsa wood is placed between the upper and
lower skins. There is no mechanical connection between the outer skins and this Balsa
core.
Figure 3.35 illustrates the setup for infusion. This infusion system is analogous
with that of Deck 1. A blue sheet of peel ply was set atop the deck. Red flow media
assists resin flow between each connector. Small strips of white bleeder cloth were taped
above the ends of each metal shear connector. A 30” spiral tube ran the length of the
deck to provide a uniform flow of resin across the deck. And a rectangle of Balsa wood
covered in white bleeder cloth ran the opposite side of the deck to act as a dam.
Illustrated in figure 3.36, the vacuum bag is bonded to the table with tacky tape, and the
resin flowed uniformly across the system during the infusion. The completely infused
deck is displayed in figure 3.37. Figure 3.38 points out the deck is ultimately laminated
together with no mechanical connection between the outer skins and core.

3.7.3 Infusion of Deck 3
The infusion system comprised vacuum bag infusion above a flat steel table as
illustrated in figure 3.39. 3D orthogonal woven 270 ounce dry fiber fabric (3/4 inch
thickness) was cut into strips and nailed atop the truss preform with 1 inch Brad nails.
These strips are added as shear connectors and are infused with the deck preform.
Figure 3.40 shows these shear connectors.
A 5’ spiral tube ran the length of the deck to immediately transfer resin along the
entire side of the deck aiming to distribute a uniform flow of resin along the deck.
Beneath this tube was red flow media, and beneath this media was black flow media.
Each of these flow media aim to transfer the resin from the spiral tube up the side of the
deck preform so that resin can flow uniformly across the top of the deck (figure 3.41 and
3.42). A 5’long white bleeder cloth dam ran the opposite side of the deck to provide
time for the entire composite to wet out before the resin could channel out of the system.
This setup is illustrated in figure 3.43. The vacuum bag is set atop the composite deck
and is bonded to the steel table with tacky tape. The infusion system was given 3 resin
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exit tubes by which the system could pull a vacuum. This cautious measure was taken in
case the resin flowed across the mid-section of the preform and through the bleeder cloth
dam before both ends of the preform wetted out. The two additional exit tubes were
placed at opposite ends of the deck to potentially pull resin that direction.
Figure 3.44 illustrates Deck 3 completely cured with the bag removed. It is
important to note that the same epoxy resin system is used for each of the three decks;
Jeffco Products did not dye this batch of resin red.

3.8 Placement of Concrete
3.8.1 Deck 1
QUIKRETE® 5000 High Early Strength Concrete Mix is a commercial grade
blend of stone or gravel, sand and cement specially designed for higher early strength. It
achieves 3500 psi after 7 days and 5000 psi after 28 days.
After infusion and curing, the sides of Deck 1 were trimmed clean and prepared
for formwork as shown is figure 3.45. The composite deck thickness was 1 ½ - 1 ¾
thickness. Thus, 2 x 4 wood formwork encapsulated the deck. 2 inch thickness of
QUIKRETE® 5000 concrete was cast atop Deck 1 (total deck thickness - 3 ½ inches)
(figure 3.46). The concrete was spread to fill the form, rodded, vibrated and then floated
immediately. Deck 1 and Deck 2 were cast from the same batch of concrete.

3.8.2 Deck 2
The composite deck thickness was 1 ½ inches. 2 x 4 wood formwork
encapsulated the deck, and 2 inch thickness of QUIKRETE® 5000 concrete was cast atop
Deck 2. The concrete was spread to fill the form, rodded, vibrated and then floated
immediately. Figure 3.47 displays the composite deck after infusion and curing, and
figure 3.48 shows the casting of concrete. The total deck thickness was 3 ½ inches. Four
4” x 8” cylinders were cast from this batch of concrete to determine the compressive
strength of the concrete atop each deck the day of testing. More information on concrete
compressive strengths is located in section 5.3.1. QUIKRETE® 5000 High Early
Strength Concrete Mix specification data is located in Appendix D.
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3.8.3 Deck 3
SikaTop® 122 Plus is a two-component, polymer-modified, cementitious, trowelgrade mortar plus FerroGard 901 penetrating corrosion inhibitor and aggregate. This
polymer concrete boasts high compressive and flexural strengths and high early strengths.
Component “A” is 1 gallon plastic jug of activator, and component “B” is one 61.5 lb.
bag of cementitious material. All of component “A” was poured into the mixing
container. Then all of component “B” was added while mixing. Then 3/8 inch coarse
aggregate (pea gravel) was added up to 42 lbs. This aggregate was in accordance to
ASTMC1260.
Figure 4.49 displays Deck 3 completely cured with the sides trimmed clean. 2 x 6
wood formwork encapsulated the deck and lightweight reinforcement was set atop the
composite deck. Figure 3.50 illustrates the formwork enabling a 1 inch layer of concrete
to be set. The polymer concrete was worked into the formwork, vibrated, and then screed
(figure 3.51). The concrete was moist cured with burlap as per Sika® recommendations.
See Appendix E for technical information and recommendations. Two 4” x 8” cylinders
were cast from this batch of concrete to determine the compressive strength of the
concrete the day of testing the deck. SikaTop® 122 Plus Concrete Mix specification data
is located in Appendix E.

3.9 Summary
Each of the three decks were woven and infused at 3TEX, Inc. in Cary, N.C.
Deck 1 demonstrated that the machine built to produce the theoretical completely woven
open-cell truss preform was successful. Deck 2 served as a non-truss control composite
bridge deck. Deck 3 demonstrated the success in reaching the 3” open-cell truss design
after optimizing the fabricated 3D weaving machine. The concrete surface cast atop each
of the decks was performed at the Constructed Facilities Laboratory at North Carolina
State University. It was this laboratory that demonstrated the testing of these bridge
decks in three-point bending up to and beyond an AASHTO HS20 wheel load. The
experimental program is illustrated in Chapter 5.
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3.10 Tables and Figures
Table 3.1 JEFFCO PRODUCTS Epoxy System for Infusion liquid properties
JEFFCO PRODUCTS Epoxy System for Infusion
Properties of 1401-12/4101-17 System Liquid Properties:
Minimum Maximum
Resin Viscosity (Part "A") (cps) @77degree F
900
1000
Hardener Viscosity (Part "B") (cps)
10
10
Mixed Viscosity (cps)
140
140
Mix Ratio, Resin to Hardener (by weight)
100:30
100:30
Gel Time, minutes @ 77degree F
70
75
Weight Per Gallon, Resin (lbs.)
9.4
9.5
Weight Per Gallon, Hardener (lbs.)
7.9
8
Transparency Ruby
Color, Resin
Red
Color, Hardener
Clear - Amber

Table 3.2 JEFFCO PRODUCTS Epoxy System for Infusion cured physical properties of neat resin
JEFFCO PRODUCTS Epoxy System for Infusion
Neat Resin Cured Properties of 1401-12/4101-17 System:
Minimum Maximum
Shore D Hardness
87D
87D
Tensile Strength, psi
83,000
83,000
Flexural Strength, psi
86,000
86,000
Compressive Strength, psi
14,500
14,500
HDT, Degree F
188
188
Elongation
7.5
8.5
*Jeffco 1401-1 Epoxy Resin, 100 Parts, Jeffco 4101-17 Epoxy Hardener, 30 Parts
*Cured 2 hours at 35 Degrees C + 14 hours at 50 Degrees C
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Figure 3.1 The epoxy system for infusion utilizes Jeffco 1401-12/4101-17.

Figure 3.2 Image displays 3 supply creels holding 972 rollers of warp fiber and 358 rollers of Z-yarn.
Picks are drawn through the front of the creel eye-lit boards to the eye-lit plate frame.
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Figure 3.3 Frames of compensation system

Figure 3.4 S wrap induced by upward crossing movement of “action rod” (beneath fiber layer) between
two “permanent rods” (left: demonstrates 1 layer; right: 2 layers close up)
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Figure 3.5 Compensator mechanism rods

Figure 3.6 4 twelve inch stroke air cylinders used to activate compensation frame
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Figure 3.7 Image of the supply fiber divided into layers at the eye-lit board frame and drawn through the
compensation system.

Figure 3.8 Illustration of major S wrap imposed on Z-yarn of top skin
(fiber layers travel from right to left in this figure)
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Figure 3.9 First and second S wraps divide the Z-yarn into 2 layers atop the partition system. U weights
hang from fiber strands to provide tension.
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Figure 3.10 Top view of first and second S wraps dividing the Z-yarn into 2 layers atop the partition
system

Figure 3.11 3 warp sheds and 6 Z-yarn sheds are guided from the partition system into the heddles and
reed of the weaving machine

70

Figure 3.12 Individual Z-yarn are drawn through the eyelets of the steel heddles.

Figure 3.13 6 vertical sliding harnesses each with 108 steel heddles.
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Figure 3.14 Optimum Z shed orientation with respect to warp shed

Figure 3.15 Harness limiting stops for the exterior skin harnesses
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Figure 3.16 Removable harness stops which enable the core harnesses to shift the Z shed above the filler
insertion of the adjacent skin layer

Figure 3.17 3 sets of rapiers mounted in alignment with its corresponding shed
(top set of rapiers are labeled in picture)
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Figure 3.18 Single rapier set used for additional length of core skin
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Figure 3.19 Division of fiber supply by draw-in of eye-lit boards on frame.
(Top and middle warp layers are 50% complete)

Figure 3.20 Schematic of weaving process of the 3D integrated sandwich structure for bridge deck.
Process step #1: weaving of individual skins and core.
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Figure 3.21 Schematic of weaving process of the 3D integrated sandwich structure for bridge deck.
Process step #2: connecting the core with the upper skin (skin #2).

Figure 3.22 Schematic of weaving process of the 3D integrated sandwich structure for bridge deck.
Process step #3: connecting the core with the lower skin (skin #1).
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Figure 3.23 All 9 sheds meet at the fell just before the fabric guide and feed into the fabric/cloth clamp
which is part of the take-up system.

Figure 3.24 Close up of fabric guide illustrating the opening size
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Figure 3.25 Second generation 3 inch truss deck. Note the 3 inch wood spacer between the skins layers of
the fabric clamp.

Figure 3.26 Close up of fabric guide modified for second generation truss deck. Note the insertion of the
Balsa wood cores during the weaving process.

78

Figure 3.27 Puffed out dry fiber preform with metal shear connectors.

Figure 3.28 Teeth of metal shear connectors act as mechanical connection.
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Figure 3.29 Deck 1 infusion setup prior to vacuum bag.

Figure 3.30 This figure illustrates the deck beneath a vacuum bag.
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Figure 3.31 The resin flows uniformly across the system during the infusion. The vacuum is pulled by the
resin exit tube on the left of the deck.

Figure 3.32 Deck 1 completely infused.
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Figure 3.33 Deck 2 comprises a bottom skin, a rectangular Balsa core, an upper skin, and metal shear
connectors.

Figure 3.34 Teeth of metal shear connectors act as mechanical connection to top skin.
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Figure 3.35 Deck 2 infusion setup prior to vacuum bag.

Figure 3.36 The resin flow uniformly across the system during the infusion.
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Figure 3.37 Deck 2 completely infused. The vacuum was pulled by the resin exit tube.

Figure 3.38 The composite deck is ultimately laminated together. There is no mechanical connection
between outer skins and core.
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Figure 3.39 Deck 3 dry fiber preform atop a steel table for infusion.

Figure 3.40 Dry fiber fabric (270 ounce / ¾ inch thickness) was cut to 1 ¼ inch strips and nailed atop the
truss preform with 1 inch Brad nails. These strips are added as shear connectors. (Deck 3)
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Figure 3.41 This figure illustrates the resin source tube entering the spiral tube at mid-section of the
preform. Beneath the spiral tube is red flow media; beneath this is black flow media; beneath this is blue
Peel Ply.

Figure 3.42 Close up view of end of deck beneath vacuum bag. Note: the pieces of tacky tape atop the
shear connectors aim prevent air leaks above 1 inch Brad nails.
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Figure 3.43 The entire infusion system beneath a vacuum bag.

Figure 3.44 Deck 3 completely cured with the bag removed. Note: the same epoxy resin system is used for
each of the three decks; Jeffco Products did not dye this batch of resin red.
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Figure 3.45 This figure illustrates Deck 1, first generation truss bridge deck, after having sides trimmed
clean.

Figure 3.46 2 inch thickness of high/early concrete was cast atop Deck 1.

88

Figure 3.47 This figure illustrates 30 inch Deck 2 completely infused and cured. No sides needed to be
trimmed.

Figure 3.48 2 inch thickness of concrete was cast atop 30 inch Deck 2.
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Figure 3.49 This figure illustrates Deck 3 completely cured. Sides have been trimmed clean.

Figure 3.50 Lightweight reinforcement was set atop Deck 3 before casting concrete.
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Figure 3.51 SikaTopR 122 Plus concrete, a polymer concrete, was cast atop Deck 3.
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Chapter 4: Characterization of Bridge Deck Panel Skins
4.1 Introduction
Three FRP deck skins were tested – P3W-062-12, P3W-063-12, P3W-064-12
(3TEX, Inc. Part Number). For Specimen 1 and Specimen 2, each skin was cut into six
coupons of predetermined length, whereas Specimen 3 was cut into five coupons. The
strength tests consisted of individually loading each coupon in uniaxial tension. The
coupons were loaded until failure. The objective of experimentally characterizing the
three fiber designs was to optimize the choice of fiber content to be used in the bridge
deck.

4.2 Laboratory Test Setup
Identical test setups existed for each of the laboratory tests. Each fabricated deck
skin was cut into five or six coupons 1.5” in width by 16” in length. The length of each
coupon was consistent in direction with the warp (x-direction) of the composite skin.
The dimensions of each coupon, including thickness, had minor variance and are
presented in Table 4.1. A caliper was used for measurements. And an average of three
measurements at distinct locations was used for width and thickness.
Metal end tabs were bonded to each end of the coupons using Epoxy MSEE2130.
Though the ends of the coupon would be compressed within the hydraulic wedge grips of
the Hydraulic Wedge Grip Machine, the epoxy was used for surety of grip (Figure 4.2).
Each end of the coupons was compressed between hydraulic grips at 1000 psi,
and a tensile load was applied to the specimen. The load rate applied was .1 in/min.

4.3 Instrumentation
4.3.1 Introduction
Load was governed by the machine and recorded by TCS software on the data
acquisition. The displacement was measured by the actuator and recorded as well. Strain
gauges were not used. An extensiometer was unsuccessfully used as the rupture of the
glass fibers would jolt the mechanism from feasible location. The strain of the coupons
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would be calculated using Microsoft Excel by dividing the displacement of the coupon by
its respective original length between metal end tabs ( ε =

∆L
).
L

4.3.2 Skin 1 / P3W-062-12
P3W-062-12 consisted of 21 ppi of 103 yd/lb glass fiber in the warp (x-direction).
These fibers spread across the 15” width panel. The Z-yarns were 7 ppi across the
section and were of 618 yd/lb. The weft yarn (y-direction) was 208 yd/lb. and was 6
insertions each inch. Each filler insertion consisted of double yarn above and below the
warp, giving a total of 4 strands each insertion.

4.3.3 Skin 2 / P3W-063-12
Skin 2 consisted of 14 ppi of 103 yd/lb, a reduction in warp from Skin 1 by 1/3.
The Z-yarn and filler yarn remain the same in count as Skin 2, 7 ppi and 6 ppi
respectively.

4.3.4 Skin 3 / P3W-064-12
Skin 3 consisted of the same reduced warp as Skin 2, 14 ppi across the 15”
section. This third composite skin consisted of a reduced filler (y-direction) yarn by 1/3.
Thus, this panel maintained 4 insertions per inch of fabrication. Each filler insertion was
still a double insertion of yarn above and below the warp. This sustains a count of 16
strands of 218 yd/lb. each inch.

4.4 Laboratory Test Program
4.4.1 Introduction
Three batches of specimens were tested for strength. The first batch of coupons
was from bridge deck Skin 1 (P3W-062-12). There were six coupons tested. The second
batch of coupons was from bridge deck Skin 2 (P3W-063-12). There were six coupons
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tested. The third batch of coupons tested was from bridge deck Skin 3 (P3W-064-12).
There were five coupons tested. Each of the coupons was tested until failure.

4.4.2 Strength Tests
Each of the coupons was compressed between the hydraulic wedge grips at 1000
psi and loaded uniaxially in tension at a rate of .1 in/min. The coupons were only tested
in the warp direction, or x-direction. The specimens were consistently placed within the
grips such that the entire surface of the metal end tabs was in contact distributing a
uniform load to the coupon. The rupture strength and modulus could then be calculated
using the data recorded by the TCS and Excel software.

4.5 Results and Discussion
4.5.1 Introduction
It was with great effort that the fabrication and experimental characterization was
conducted in order to confidently select the most efficient glass fiber-reinforced bridge
deck skin for the development of the innovative 3” GFRP truss-like bridge deck. The
strength of each of the three different bridge skins was investigated to keep safety and
economics at the front of this research. These tests fully illustrate the effects of a reduced
warp and filler, respectively, with regard to strength.

4.5.2 Skin 1

4.5.2.1 Strength Tests
Results of the Skin 1 coupon tests are shown in Table 4.2. The strength of each of
the coupons was determined by dividing the ultimate rupture load by the area of the
cross-section. This gives the strength in psi.
The average strength of Skin 1 is 86.2 ksi. The standard deviation of the six
coupons is 3.78 ksi which is 4% of the strength.
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The Modulus of Elasticity (E) of each specimen is determined from the stressstrain diagram. Given the following the equation E = σ / ε . The Modulus can be
determined from the slope of the graph. The average Modulus of Elasticity is 1270 ksi.

4.5.3 Skin 2

4.5.3.1 Strength Tests
Results of the Skin 2 coupon tests are shown in Table 4.3.
The average strength of P3W-063-12 is 68.0 ksi. The standard deviation of the
six coupons is 2.55 ksi which is 4% of the strength.
The Modulus of Elasticity (E) of each specimen is determined from the stressstrain diagram. The average modulus of elasticity is 1190 ksi.

4.5.4 Skin 3

4.5.4.1 Strength Tests
Results of the Skin 3 coupon tests are shown in Table 4.4.
The average strength of P3W-064-12 is 86.2 ksi. The standard deviation of the
five coupons is 5.31 ksi which is 6% of the strength.
The modulus of elasticity of each specimen is determined from the stress-strain
diagrams. The average modulus of elasticity is 1950 ksi.

4.5.5 Summary of Results
Skin 1 maintained the highest rupture load. The reduction of warp by 1/3 from
Skin 1 to Skin 2 and Skin 3 stands to explain the reduction in ultimate load by
approximately 1/3. The reduction in filler yarn by 1/3 from Skin 2 to Skin 3 has no
apparent effect on the ultimate rupture load. From the strengths gathered in Table 4.2
and Table 4.3, one can see that the most efficient bridge deck panel is Skin 1, the first
panel specimen, followed by the third skin.
Economically, the second skin, P3W-063-12, contains 1/3 more filler than the
third panel, P3W-064-12, yet demonstrates no more ultimate load capacity than the latter.
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Thus, it is not a feasible solution. Its apparent less strength is derived from maintaining a
same ultimate rupture load as the third skin while sustaining a larger cross-sectional area.
The third panel, P3W-064-12, though indicative of a panel with strength
properties near the first panel, P3W-062-12, still maintains approximately 1/3 less
ultimate load carrying capacity. Thus, with safety having precedence, it is with good
conscience that the FRP composite Skin 1 is chosen for fabrication of the 3TEX GFRP
Bridge Decks.
The experimental and predicted average modulus of elasticity for each of the three
skins is illustrated in Table 4.5. The predicted modulus is higher for each of the three
skins.
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4.6 Tables and Figures
Table 4.1 Measured dimensions of GFRP coupons
Specimen
1.1
1.2
1.3
1.4
1.5
1.6

Coupon Dimensions
width (in.) thickness(in.)
1.480
0.183
1.484
0.187
1.484
0.192
1.484
0.191
1.490
0.192
1.490
0.192

length (in.)
5.410
4.884
4.827
4.902
5.000
5.000

2.1
2.2
2.3
2.4
2.5
2.6

1.489
1.489
1.486
1.486
1.490
1.486

0.158
0.155
0.162
0.161
0.162
0.162

4.858
4.717
4.813
4.916
4.973
4.720

3.1
3.2
3.3
3.4
3.5

1.476
1.486
1.485
1.485
1.486

0.122
0.127
0.120
0.121
0.131

4.938
4.745
4.800
4.765
4.984

Table 4.2 Results of coupon strength tests of panel skin P3W-062-12
Specimen
1.1
1.2
1.3
1.4
1.5
1.6

Rupture Load (kips)
24.5
24.7
25.5
23.2
24.4
23.6
Average
Standard Deviation
% Deviation
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Strength (ksi)
90.2
89.1
89.2
81.4
85.1
82.4
86.2
3.78
0.04

Table 4.3 Results of coupon strength tests of panel skin P3W-063-12
Specimen
2.1
2.2
2.3
2.4
2.5
2.6

Rupture Load (kips)
15.8
16.7
16.5
15.7
15.9
16.7
Average
Standard Deviation
% Deviation

Strength (ksi)
67.0
72.2
68.3
65.5
65.7
69.4
68.0
2.55
0.04

Table 4.4 Results of coupon strength tests of panel skin P3W-064-12
Specimen
3.1
3.2
3.3
3.4
3.5

Rupture Load (kips)
16.9
15.6
14.4
16.2
16.6
Average
Standard Deviation
% Deviation

Strength (ksi)
93.4
82.3
80.6
89.8
84.8
86.2
5.31
0.06

Table 4-5 Results of experimental and predicative moduli of elasticity for each of the three skins

Skin
1
2
3

Moduli of Elasticity - Warp Direction
Voight (ksi)
Reuss (ksi)
Experimental (ksi)
50% Vf
60% Vf
50% Vf
60% Vf
1270
3858
4598
2271
2814
1190
3456
4130
1992
2478
1950
3851
3851
2265
2265
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Figure 4.1 Coupons were tested until failure

Figure 4.2 Ends of the coupon compressed within the hydraulic wedge grips of the machine
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Chapter 5: Experimental Characterization of Bridge Decks
5.1 Introduction
The main objective of this experimental program is to investigate the structural
behavior of a completely woven 3WeaveTM GFRP bridge deck panel beneath an
AASHTO HS20 wheel load.
Four FRP decks with Balsa core were tested: Deck 1 is the 3WeaveTM truss-like
bridge deck comprising a top and bottom skin with a core skin woven diagonally between
them; Deck 2 is the control 3WeaveTM deck consisting of a top and bottom skin without
diagonal reinforcement through the core; Deck 3 is the second generation 3WeaveTM
truss-like bridge deck with twice the thickness of Deck 1; and Deck 4 comprised the
undamaged half of Deck 3 after testing.
Each of the FRP deck specimens was tested under three-point loading. First test
was for stiffness beneath a 20,800 lb (HS20 + 30% impact) point load. The second test
was to load the specimen to ultimate strength.

5.2 Test Specimens
5.2.1 Introduction
Two styles of GFRP deck panels were manufactured by the author at 3TEX, Inc.
in Cary N.C. Each of the specimens utilizes 3WeavingTM technology in the fabrication of
its skins. The design fiber weight fraction and resulting fiber architecture are identical
for each of the decks skins.

5.2.2 Design of Specimens

5.2.2.1 Deck 1
Three dry glass fiber skins are woven and interconnected in a truss-like manner.
Metal L-shaped plates with protruding pins are hammered into the top of this dry preform
(used as shear connectors), and the system is resin infused beneath a vacuum bag. A 2
inch layer of concrete was cast atop the deck to aid in the stiffness characteristic of the
composite deck panel.
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The length of the full composite deck is 58 inches and the breadth and depth of
the deck are 14.25 inches and 3.5 inches, respectively. The depth of the infused
composite panel before concrete is 1.5 inches (2 in. of concrete). Triangular cut Balsa
wood cores fill the open-cell truss of the dry-fiber preform (placed before infusion). The
ultimate height of each of these triangular shafts is 1 inch. The tested span of the deck is
40.5 inches.

5.2.2.2 Deck 2
Two dry glass fiber skins are woven separately with no interconnection. Metal Lshaped plates are used as shear connectors analogous to Deck 1. One skin is laid on the
infusion table. A 1 inch thick rectangular Balsa wood core is placed atop the dry fiber
preform skin. Then the top skin (including shear connectors) is laid atop the Balsa core,
and the composite is resin infused beneath a vacuum bag. The skins and wood core are
ultimately laminated together. A 2 inch layer of concrete was cast atop the deck to aid in
the stiffness characteristic of the composite deck panel.
The length of the full composite deck is 28 inches and the breadth and depth of
the deck are 12.5 inches and 3.5 inches, respectively. The depth of the infused composite
panel before concrete is 1.5 inches (2 in. of concrete). The rectangular cut Balsa wood
core is 1 inch thick and cut to the length and width of the dry fiber skins (placed before
infusion). The tested span of the deck is 20 inches.

5.2.2.3 Deck 3
Deck 3 is a second generation truss deck that meets the 3” design specifications.
Three dry glass fiber skins are woven and interconnected in a truss-like manner. Strips of
3D woven ¾ inch thick dry fiber fabric are nailed into the top of this dry preform (used as
shear connectors), and the system is resin infused beneath a vacuum bag. A 2 inch layer
of concrete was cast atop the deck to aid in the stiffness characteristic of the composite
deck panel.
The length of the full composite deck is 58 inches and the breadth and depth of
the deck are 15 inches and 4 inches, respectively. The depth of the infused composite
panel before concrete is 3 inches (1 in. of concrete). Triangular cut Balsa wood cores fill
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the open-cell truss of the dry-fiber preform (placed during weaving process). The
ultimate height of each of these triangular shafts is 2.25 inch. The tested span of the deck
is 41.5 inches.

5.2.2.4 Deck 4
As illustrated in Chapter 6, one half of Deck 3 was visually undamaged after
testing. This half of the deck was tested at a 22 inch span beneath the same loading
conditions and is herein referred to as Deck 4.

5.3 Material Properties
In this section, concrete and composite skin mechanical properties are reported
based on experimental test results in accordance with American Society of Testing and
Materials (ASTM) standards.

5.3.1 Concrete

5.3.1.1 Deck 1 and Deck 2
One batch of Quikcrete 5000 High-Early was used in this program to cast Deck 1
and Deck 2. Quick Crete Products Corporation (QCPC) assures this concrete to have a
compressive strength of 3500 psi in 7 days and a nominal strength of 5000 psi in 28 days.
The exact mixture proportions and additives are a trade secret, but QCPC maintains this
product is a 5 bag mix and recommends a minimum 2 inch thickness when casting this
concrete. Quikcrete 5000 High-Early is a concrete ready mix with a Portland cement
base (Appendix D).
The target concrete compressive strength for the testing of the bridge decks is
4000 psi. The actual properties of the concrete are determined by compressive tests of
four 4” x 8” concrete cylinders (ASTM C 39-03) prepared from the same batch of
concrete as the top of the bridge decks. The hydraulic compressive machine continually
exhibits a compressive load on the concrete cylinder until failure. The loading was
applied at a constant rate of 0.05 inches per minute. The maximum load sustained by
each specimen was obtained from the screen and recorded. The maximum compressive
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strength was calculated by dividing the maximum recorded load by the area beneath the
load.
Deck 1 was tested 12 days after concrete casting, and Deck 2 was tested 13 days
after concrete casting. Figures 5.1-5.4 display the compressive failure associated with
each cylinder. The compressive strength of each of the cylinders is listed in table 5.1.
The average compressive strength of the concrete on Deck 1 is assumed to be 3600 psi;
the average compressive strength of the concrete on Deck 2 is assumed to be 3900 psi.

5.3.1.2 Deck 3 and Deck 4
One batch of SikaTop® 122 Plus, a polymer-modified concrete with 3/8 inch
aggregate, was used to cast the top of Deck 3. The aggregate is in accordance with
ASTMC1260 per Sika® recommendations. Sika® assures this concrete to have a
compressive strength of 5,500 psi in 7 days, and 7,000 psi in 28 days (see Appendix E).
Two 4” x 8” cylinders were cast in conjunction with Deck 3 in order to approximate the
value of the compressive strength at the time of deck testing (ASTM C 39-03). The
maximum compressive strength was calculated by dividing the maximum recorded load
by the area beneath the load. Figures 5.5-5.6 display the compressive failure associated
with each cylinder. The compressive strength of each of the cylinders is listed in table
5.2. The cylinders and Decks 3 and 4 were tested 7 days after concrete casting. The
estimated compressive strength of the concrete is 4800 psi.

5.3.2 Bridge Deck FRP Skins
Although the actual skins of the bridge decks were not tested for mechanical
properties, replicas of these skins, i.e., the exact same fiber weight fraction and resin
epoxy system, were experimentally characterized and were noted in chapter 4.

5.4 Instrumentation
5.4.1 Introduction
All three decks were completely instrumented to measure the applied loads on the
decks, deflections associated with each loading, and strains in composite and concrete.
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Strains were measured using 10 mm and 60 mm gauge length, uniaxial electrical
strain gauges, model number PL-60-11-3L by Texas Measurements, Inc. Deflections
recorded during the laboratory tests were measured using cable-extension position
transducers also referred to as string-pots. Vertical displacements of the end of each
deck, at the support, were measured using linear variable deflection transducers (LVDT)
to account for the displacement in the neoprene pad.
A total of two strain gauges (SG) were placed on the bottom FRP composite skin
of each deck (10 mm). SGB1 was placed at mid-span, and SGB2 was placed 1 ½ inches
to the left of mid-span. The mid-span is the proposed location of maximum strain
beneath a three point bend. One 60 mm strain gauge was placed at the interface of the
concrete and composite skin (top skin). This gauge was placed at mid-span, on the
concrete, and on the side of the bridge deck. This gauge is used to determine whether
this portion of the concrete surface is in tension or compression.
String-pots measured vertical deflections at critical locations, quarter-points,
along the deck span as well as out-of-plane deflections at three points along the midsection. These measuring devices connect to eyebolts glued to the bottom of each deck.
The center string-pot at mid-span measures the maximum deflection of the deck. The
quarter-point deflections aid in interpolating a deflection curve for the composite bridge
deck. One LVDT was placed on top of the deck at each support (LV1 and LV2) of the
test span to determine the net recorded deflections by subtracting the deflection induced
by the neoprene pads beneath the deck.
The strain gauges, cable-extension position transducers, linear variable deflection
transducers, and load cell were connected to a data acquisition system and the data was
recorded and stored on a computer at an interval of 1 second during loading.

5.5 Testing Procedure
5.5.1 Test Setup
The FRP decks 1, 2, 3, and 4 were tested under three-point loading with effective
span lengths of 40 ½ inches, 20 inches, 41 ½ inches, and 22 inches respectively. Figure
5.8 illustrates a schematic of the test setup. The load was applied using a hydraulic MTS
actuator of 440,000 lb capacity. The load is transmitted to the deck through a 3 inch steel
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hollow box section atop a rectangular neoprene pad of size 15 inches x 3 inches x 1 ½
inches in order to represent an AASHTO HS20 standard truck wheel load. The rate of
loading for each test was .1 in./min.
Each deck was positioned to span from one concrete block (support) to another.
The size of each concrete block was 22 in. x 22 in. x 32 in. in width, length, and height.
A ¾ inch neoprene pad was placed at the support between the deck and the concrete
block. In addition to the weight of the blocks, 2 inch x 4 inch boards were bolted to the
concrete blocks to prevent lateral movement.

5.5.2 Illustration of Test Setup
Figure 5.7 displays Deck 1 within the test setup, and figure 5.8 displays the stringpots (SP) oriented at quarter points and out-of-plane points beneath the deck. Figure 5.9
displays Deck 2 within the test setup, and Figure 5.10 displays the string-pots (SP)
oriented at quarter points. Figure 5.11 displays Deck 3 within the test setup, and figure
5.12 displays the string-pots (SP) oriented at quarter points and out-of-plane points
beneath the deck. Figure 5.13 displays Deck 4 within the test setup, and there is only
one the string-pot (SP) oriented mid-span beneath the deck.

5.5.3 Preparation for Testing
With the deck specimen properly positioned, wires from strain gauges, stringpots, and LVDTs were connected to the data acquisition system. String-pots and LVDTs
were manually checked to be functioning properly. With each of the measuring devices
checked and plugged in, the data acquisition had to be calibrated.

5.6 Testing
5.6.1 Stiffness Tests
The stiffness tests for each deck were performed in a similar manner. In threepoint bend, each deck was loaded gradually up to 2,000 lbs after which the load was
removed. This operation was repeated before each test to ensure: 1) the loading edges
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remained in proper contact with the specimen, 2) the sensors (strain gauges, string pots,
LVDTs, and load actuator) were working properly, and 3) there were no loose
connections. Observation of the deck’s behavior under loading was also achieved.
The load steps were of the following order:
Step1: Load from zero to 2000 lb and release the load back to zero in order to establish a
baseline curve.
Step2: Load from zero to prior load + 2,000 lbs and back to zero, and repeat this cycle up
to 22,000 lbs. (20,800 lb load represents an AASHTO HS20 truck wheel load of 16,000
lb + 30% impact of 4,800 lb.)
Step3: Load from zero to failure (strength test).

5.6.2 Strength Tests
The deck is loaded for the strength test in the same manner as in the stiffness test.
The only step in the load cycle is to continuously load the deck until failure. Pictures
were taken to assess damage and to assess the failure mode. Both the stiffness tests and
the strength tests were also filmed for documentation and analysis.
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5.7 Figures and Tables
Table 5.1 Maximum loads and resulting compressive strengths of the concrete cylinders

Deck
1
Deck
2

Cylinder
1
2
3
4

QUIKRETE 5000 High Early Strength Concrete Cylinders
Maximum Load
Area
Compressive Strength
(lbs.)
(in^2)
(psi)
41,800
12.62
3310
48,800
12.72
3840
47,000
12.66
3710
50,800
12.65
4020

Average
(psi)
3580
3870

Table 5.2 Maximum loads and resulting compressive strengths of the polymer-modified concrete cylinders

SikaTop® 122 PLUS Concrete
Deck
3

Cylinder
1
2

Maximum Load
(lbs.)
61,400
61,300

Area
(in^2)
12.67
12.75

Compressive Strength
(psi)
4850
4810

Note: Deck 4 maintained the same concrete surface as Deck 3.
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Average
(psi)
4830

Figure 5.1 Cylinder 1 failing in compression.

Figure 5.2 Cylinder 2 failing in compression.

108

Figure 5.3 Cylinder 3 failing in compression.

Figure 5.4 Cylinder 4 failing in compression.
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Figure 5.5 Polymer concrete cylinder 1 failing in compression.

Figure 5.6 Polymer concrete cylinder 2 failing in compression.
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Figure 5.7 Deck 1 test setup for three-point bend.

Figure 5.8 This figure illustrates the string-pots at quarter points and out-of-plane points for Deck 1. Note
the strain gauge at the interface of concrete and top composite skin.
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Figure 5.9 Deck 2 test setup for three-point bend.

Figure 5.10 This figure illustrates the string-pots at quarter points for Deck 2. Note the strain gauge at the
interface of concrete and top composite skin.
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Figure 5.11 Deck 3 test setup for three-point bend.

Figure 5.12 This figure illustrates the string-pots at quarter points and out-of-plane points for Deck 3. Note
the strain gauge at the interface of concrete and top composite skin.
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Figure 5.13 Deck 4 test setup for three-point bend.
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Chapter 6: Results and Discussion
6.1 Deck 1
6.1.1 Stiffness Test
Deck 1 sustained 10 cycles of loading at 2 kip increments before failure. Load vs.
net-deflection graphs were plotted for each cycle, and linear regression analysis revealed
the stiffness of the deck in each cycle. Figure 6.1 displays the load vs. net deflection at
mid-span. Table 6.1 illustrates these stiffnesses. There was no apparent degradation in
stiffness illustrated in the results. The average stiffness of Deck 1 was 63.5 kips/in.
The maximum deflection and strain in the deck at the peak of each cycle in
loading steps are presented in Table 6.2. The deflection of Deck 1 beneath a 16.0 kip
load (AASHTO HS20 Wheel Load) was .254 inches and beneath a 20.8 kip load
(AASHTO HS20 Wheel Load plus Impact) was .439 inches. The strain gauge at the
interface of the concrete and the top skin layer indicates this area is in tension. This
defines the neutral axis of the deck to be above the interface. The indication that the top
composite skin of the deck is below the neutral axis illustrates that this skin is tension.
Thus, the laminate composite is not acting as a truss but as reinforcement for the concrete
topping. This strain gauge data is graphed in figure 6.2.

6.1.2 Strength Test
The load vs. deflection curve for the failure load indicates that the specimen
behaves linearly up to the failure load of 20.8 kips. The mode of failure was crushing of
concrete. Figure 6.3 demonstrates the failure of Deck 1 beneath a 20.5 kip point load.
Shortly after the release of the concrete, buckling of top skin was observed. Deck 1 did
return to its original shape minus the crushed concrete.

6.2 Deck 2
6.2.1 Stiffness Tests
Deck 2 sustained 12 cycles of loading at 2 kip increments before failure. Load vs.
net-deflection graphs were plotted for each cycle (figure 6.4), and Table 6.1 illustrates the
stiffnesses obtained from linear regression analysis. There appears to be a slight increase
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in stiffness of the deck, monotonically, through the cyclic loading and unloading. The
average stiffness of Deck 2 is 151.9 kips/in.
The maximum deflection and strain in the deck at the peak of each cycle in
loading steps are presented in Table 6.2. The deflection of Deck 2 beneath a 16.0 kip,
20.8 kip, and 21.8 kip load was .102 in., .130 in., and .138in., respectively. The strain
gauge at the interface of the concrete and the top skin layer indicates this area was in
tension (Figure 6.5). This was done as a comparison to the truss-like Deck 1 with the
same thickness. Both decks maintain a neutral axis above the interface.

6.2.2 Strength Test
The load vs. deflection curve for the failure load indicates that the specimen
behaves linearly up to the failure load of 21.8 kips. The mode of failure was concrete
shearing. Figure 6.6 demonstrates the failure of Deck 2. At failure, the top composite
skin preceded to delaminate from the Balsa core. The concrete pulled from the core with
this skin (figure 6.7). The deck did not regain its original form after the load was
released.

6.3 Deck 3
6.3.1 Stiffness Tests
Deck 3 sustained 9 cycles of loading at 2 kip increments before failure. Load vs.
net-deflection graphs were plotted for each cycle (figure 6.8), and linear regression
analysis revealed the stiffness of the deck in each cycle. Table 6.1 illustrates these
stiffnesses. There appears to be no degradation in stiffness of the deck through the cyclic
loading and unloading. The average stiffness of Deck 3 is 69.0 kips/in.
The maximum deflection and strain in the deck at the peak of each cycle in
loading steps are presented in Table 6.2. The deflection of Deck 3 beneath a 16.0 kip
(AASHTO HS20 Wheel Load) was .239 inches and at failure of 17.5 kips was .274
inches. The strain gauge at the interface of the concrete and the top skin layer indicates
this area is in compression (figure 6.9). This supports the theory of truss analysis as
opposed to a concrete slab with reinforcement.
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6.3.2 Strength Test
The strength test for Deck 3 was in effect the 9th cycle of the stiffness test. The
load vs. deflection curve for the failure load indicates that the specimen behaves linearly
up to the failure load of 17.5 kips. There was no observed delamination of the truss
composite before or shortly thereafter the first/primary failure.
At 17.5 kips, the south half of the concrete surface of Deck 3 debonded from the
composite. Observation sustained the shear connectors were not adequate to maintain
full composite action of the truss with the polymer concrete. This is illustrated in figure
6.10. The deck then accepted loading up to 15.0 kips and failed with the break of a
core/skin connection thought due to shear stresses (Figure 6.11).
The deck was oriented on the supports in a truss-like manner such that the first
diagonal member toward the loading was in compression. The adjacent diagonal
supporting member (slanting downward) was in tension. Thus, this section of the deck
was oriented to sustain high levels of shear stress. However, the next diagonal member is
in compression and is thus oriented tangent to the principal shear stresses. Therefore, this
section of the deck maintains a low level of shear stress resistance. As a result, the
damage illustrated in figure 10 assents this mode of shear failure.

6.4 Deck 4
6.4.1 Strength Test
The load vs. deflection curve for the failure load indicates that the specimen
behaves linearly up to the failure load of 40.5 kips (Figure 6.12). The mode of failure
was delamination of concrete from composite surface and shear cracking of concrete.
Figure 6.13 demonstrates the failure of Deck 4 beneath a 40.5 kip point load (.275 in.
deflection at mid-span). Shortly after the release of the concrete, slight buckling of top
skin was observed. The shear cracking is illustrated in figure 6.14. Deck 4 did return to
its original shape. There was no delamination of the core from the outer skins.

6.5 Summary
The results of testing of the composite bridge decks provided positive feedback as
to the potential of this new completely woven design. Future slight modifications can
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prove exceptionally useful as they did from the design of Deck 1 to Deck 3. These future
modifications and recommendations are stated in Chapter 7.
First, slight modification in the fabricated 3-D loom increased the 1 ½ inch
composite thickness of Deck 1 to the 3 inch composite thickness of Deck 3 (see section
3.6.3). The results of this testing proved the increase in composite thickness (and
subsequent decrease in concrete topping) not only resulted in an increased deck stiffness
but also in a reduction of weight by 25%; with a 41 ½ inch span, Deck 3 maintained a
69.0 kips/in. stiffness, whereas with a 40 ½ inch span, Deck 1 maintained a 63 ½ kips/in.
stiffness (8% less). In addition, Deck 3 exhibited a mid-span deflection of .274 inches at
17.5 kip loading while Deck 1 demonstrated a deflection of .307 inches beneath the same
load. Additionally, the top skin of Deck 3 appeared to be above the neutral axis resulting
in a truss-like action of the overall deck. This is realized by observing the compressive
strain illustrated at the concrete/composite interface of Deck 3 under loading.
Second, light reinforcement in an enhanced concrete surface directly contributed
to the compressive strength (above neutral axis) of Deck 3. Though, Deck 3 did not
attain the ultimate load carrying capacity of Deck 1. This was due to a decrease in
surface bond with the concrete. The shear connectors engaged in Deck 3 were ½ inch
high and not nearly as efficient as the metal shear connectors of Deck 1 with 1 ¼ inch
height. The composite truss of Deck 3 showed no signs of damage under the cyclic
loading until the concrete debonded from the surface due to shear stresses. Thus, the load
carrying capacity could be directly increased by means of better designed shear
connection. After the loss of concrete surface, Deck 3 exhibited a break in core/outerskin connection. This was unexpected but can be easily improved by simple
manipulation of the weaving cycle.
Deck 4 was tested to illustrate the repeatability of the failure mode of Deck 3.
The composite truss displayed no signs of delamination throughout the cyclic loading. At
40.5 kips, the concrete similarly debonded from the surface of the composite truss.
Shortly after the loss of concrete surface, there was localized buckling atop the composite
section directly beneath the debonded concrete. No core connections were lost. Deck 4
also performed like a truss with compressive forces in the upper skin; this was again
realized from the strain gauge at concrete/skin interface. Observation of Deck 4
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maintained the break in core connection of Deck 3 to be potentially a weak link, and not
an overall illustration of the connections.
Deck 2 demonstrated the presumed delamination often displayed in composite
bridge decks. Without direct reinforcement of the outer skin to the inner core, the upper
skin delaminated from the Balsa core in a shearing manner.
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6.6 Tables and Figures
Table 6.1 Cyclic stiffness provided by linear regression analysis of load vs. net displacement profiles
Cycle
1
2
3
4
5
6
7
8
9
10
11
12
average

Deck 1
59.575
63.186
65.928
68.189
69.995
69.146
66.591
62.858
58.319
51.416

63.520

Stiffness (kips/in.)
Deck 2
Deck 3 Deck 4
33.479 77.678 164.533
125.704 61.034
115.945 66.395
127.310 70.939
140.650 71.462
145.988 70.525
151.254 68.987
161.402 67.736
169.589 66.243
173.424
181.805
178.901
151.997 69.000 164.533

Table 6.2 Mid-span deflection and corresponding strain of Decks 1-4 at significant loads
Deck

1

2

3

4

Load
A/B/C
(kips)

Deflection at
Mid-Span
(in.)

Deflection
Index

16
20.8
20.8
16
20.8
21.8
16
20.8
17.5
16
20.8
40.5

0.254
0.439
0.439
0.102
0.130
0.138
0.239
n/a
0.274
0.070
0.091
0.276

L/160
L/92
L/92
L/196
L/154
L/145
L/174
n/a
L/151
L/314
L/242
L/80

FRP
Strain at
Mid-Span
(%)
0.2608
0.4522
0.4522
0.1851
0.2436
0.2739
0.315
n/a
0.3567
n/a
n/a
n/a

Concrete
Strain at
Interface
(%)
0.0655
0.0134
0.0134
0.1361
0.179
0.1983
-0.0409
n/a
-0.0482
n/a
n/a
n/a

Load A = AASHTO HS20 Wheel Load
Load B = AASHTO HS20 Wheel Load plus Impact (30%)
Load C = Ultimate Load
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Concrete
Strain at Top
(near midspan) (%)
n/a
n/a
n/a
-0.1119
-0.1469
-0.1674
-0.1553
n/a
-0.1754
n/a
n/a
n/a

FRP Strain
at Bottom
(near midspan) (%)
0.1596
0.2292
0.2292
0.1615
0.2163
0.2519
0.3158
n/a
0.3497
n/a
n/a
n/a

Table 6.3 Average deck stiffness for deck orientation including mode of failure

Deck 1
Deck 2
Deck 3
Deck 4

Span
(in.)
40.5
20
41.5
22

Average Stiffness
(kips/in.)
63.520
151.997
69.000
164.533

Total Thickness
(in.)
3.75
3.5
3.75
3.75

Angle of Truss
(degrees)
25
n/a
43
43
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Ultimate Load
(kips)
21.850
21.845
17.565
40.320

Mode of Failure
Conc. Crushing/Shearing
Conc. Shearing
Conc. Delamination
Conc. Delam./Shearing

45000
40000
35000

Load (lbs)

30000
25000
20000
15000
10000
5000
0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Net Deflection at midspan (in)

Figure 6.1 Load vs. Net-Deflection graph for Deck 1.
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5000

At the concrete-GFRP
interface
0
0
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0.15

0.2

0.25

0.3

0.35

Strain (%)

Figure 6.2 Load vs. Strain graph for Deck 1.
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0.4

0.45
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Figure 6.2

Figure 6.3 Failure of Deck 1 beneath 20.5 kip point load.
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Figure 6.4 Load vs. Net-Deflection graph for Deck 2.
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Figure 6.6 Failure of Deck 2. Concrete shearing.
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Figure 6.7 Delamination of top skin from core (Deck 2).
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Figure 6.8 Load vs. Net-Deflection graph for Deck 3.
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Figure 6.9 Load vs. Strain graph for Deck 3.

Figure 6.10 Concrete bond with composite truss is lost at 17.5 kips (Deck 3).
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Figure 6.11 Shear failure in composite after bond lost with concrete (Deck 3).
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Figure 6.12 Load vs. Net-Deflection graph for Deck 4.
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Figure 6.13 This figure illustrates the delamination of the concrete topping (Deck 4).

Figure 6.14 Cracking in concrete topping due to shear stress (Deck 4).
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Chapter 7: Conclusions and Recommendations and Future Research
The ability to make simple and/or major modifications to the fabrication process
due to the unique setup of the 3-D weaving machine, the observation of the failure modes
within the structural components of the bridge deck, and the knowledge of the unique
weaving process that creates these structural components are three significant tools that
lead to the optimization of a sound future series of completely woven bridge decks.
•

The break in the structural attachment of the core skin to the bottom skin
in Deck 3 exemplifies the importance of a rigorous reinforcement through
these connection points. And within Step 2 of the innovative weaving
sequence, the core skin can attach to the outer skin for double or triple (4
or 6) the pick cycles by simple alteration of the weaving code. Even
further attachment of the two skins could result in trapezoidal figures
comprising the deck. If the intention is to maintain a sharp point of
attachment for the triangular truss-like orientation, then the loom can
simply not beat-up during these additional pick cycles.

•

The shear connectors also deem an important aspect of the composite
bridge deck. Observation revealed the bond of the concrete topping to the
composite surface the limiting factor in ultimate load carrying capacity.
The metal shear connectors posed useful but were difficult in the infusion
process beneath a vacuum bag. The composite shear connectors were
simple to infuse and maintained their bond with the composite deck but
failed to prevent concrete debonding. Potentially, shear bolts could be
drilled into the top surface of the composite deck after infusion to create
better bonding with the concrete. 3TEX, Inc. promotes excellent pull-out
values for bolts connected to their infused fabrics.

•

The thickness of the woven composite appeared to directly affect the
performance of the bridge deck. The potential of the unique 3-D loom is
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to weave a 6-7 inch open cell thickness. Adjusting the weaving cycle to a
32 pick count as opposed to a 16 pick count for each step could produce a
6 ½ inch preform. The 15 inch reed is the limiting factor to maintaining
appropriate shed orientation.
•

Although Deck 2 displayed skin delamination near ultimate loading, the
rapidity and cost effective manner in which is can be produced provides
interest in pursuing thicker Balsa core composite decks with 3WeaveTM
fabrics ultimately laminated together. 3TEX, Inc. continuously weaves
economical hybrid fabrics as well as all carbon fabrics that could replace
the bottom skin which maintains pure tension.
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Appendix A
3 TEX, Inc. Proprietary Preform Product Specification
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Figure A1 Preform product specification of bridge deck panel skin 1
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FigureA2 Preform product specification of bridge deck panel skin 2
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Figure A3 Preform product specification of bridge deck panel skin 3
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Appendix B
JEFFCO 1401-12/4101-17 Epoxy System for Infusion
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Figure B1 JEFFCO PRODUCTS technical information and recommendations
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Appendix C
PPG Industries Product Description of HYBON 2022 ROVING
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Figure C HYBON 2022 Product Description
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Appendix D
Reed Construction Data for QUIKRETE® 5000 High Early Strength
Concrete Mix Specification Data
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Figure D1 QUIKRETE® 5000 High Early Strength Concrete Mix Specification Data
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D2 QUIKRETE® 5000 High Early Strength Concrete Mix
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Appendix E
Sika® Construction Products Catalog Technical Information and
Recommendations
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Figure E1 SikaTop®122 Plus Technical Information and Recommendations
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Figure E2 Spec Component
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Figure E3 Material Safety Data Sheet for SikaTop122® Plus Part A
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Figure E4 Material Safety Data Sheet for SikaTop122® Plus Part B
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