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ABSTRACT

To build highway bridges in cold regions like Alaska, cast-in-place concrete has been 

found to be difficult and expensive, especially in winter seasons. Decked Bulb-Tee 

bridge members can be heavy and the deck cannot be replaced. On the other hand, fiber- 

reinforced plastic (FRP) composite materials offer a great opportunity in this area. The 

primary technical barrier to the use of composite materials in infrastructure applications 

is lack of data on environmental durability. The present study presents experimental load 

and strain results of a FRP composite panel that was subjected to cold temperatures. The 

FRP panel consists of an upper and a bottom laminate tied by a honeycomb core, which 

was produced by sequentially bonding a flat sheet to a corrugated sheet. Specifically, the 

objective of this research was to understand the effects of low temperature and low- 

temperature thermal cycling on the performance of FRP composite bridge deck panels in 

cold regions. This was achieved by analyzing static tests and results for a FRP deck 

panel. The research results reported herein showed an increase in stiffness as temperature 

was lowered up to a certain point, and a reverse trend at a further lower temperature.
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW

1.1 Motivation for Research

In the past, highway bridges were usually built with two types of construction 

materials, namely steel-reinforced concrete and structural steel. The deterioration of these 

materials has lead to expensive maintenance costs. A recently released study (Report 

FHWA-RD-01-156) funded by the FHWA, entitled “Corrosion Costs and Preventative 

Strategies in the United States,” estimates the annual direct cost of corrosion for highway 

bridges to be $6.43 billion to $10.15 billion. This includes $3.79 billion to replace 

structurally deficient bridges over the next 10 years and $1.07 billion to $2.93 billion for 

maintenance and cost of capital for concrete bridge decks (www.mdacomposites.org. 

July 2005). In addition to these direct costs, the study’s life-cycle analysis estimates 

indirect costs to the user due to traffic delays and lost productivity at more than 10 times 

the direct cost of corrosion. This is resulting in pressures on the state and federal 

transportation agencies to find new materials and designs that would substantially reduce 

the overall life costs of bridges and also increase their service life.

Therefore, many alternative materials are being developed for bridges and bridge 

components. High performance concrete, high performance steel, aluminum, fiber- 

reinforced polymer (FRP) composites, and FRP-reinforced timber are some of the new 

construction materials being used for bridge and bridge components. These materials 

usually have some type of qualitative performance advantage over conventional 

materials. For example, high performance concrete has higher strength and is more 

impervious to road salt intrusions than conventional concrete. FRP composites require 

designers to create unique structural shapes to meet strength and deflection requirements. 

Light structures also contribute to the ease of installation, in that they may be installed by 

hand instead of by cranes. Aluminum bridge elements are light and can be easily

http://www.mdacomposites.org
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recycled. FRP timber components are light, aesthetically pleasing, can be portable, and 

are generally low cost, but they do not have high strength and durability (Tang and 

Poldony, 1998). It is important that the new construction materials for bridge decks be 

selected with utmost care and foresight over the conventional materials.

Through this pursuit and among many other emerging new materials, the fiber 

reinforced polymer (FRP) composite technology has demonstrated great success for 

bridge applications. The development of the advanced FRP composite technology from 

the aerospace stealth aircraft and commercial industries is an engineer’s dream for 

innovative structural design and application. Over the past three decades advanced 

polymer composites have emerged as an attractive construction material for new 

structures and the strengthening/rehabilitation of existing buildings and bridges. The 

techniques associated with the technology, analysis and design of polymer composites in 

construction are continually being researched and the progress made with this exciting 

material will continue at an ever- increasing rate to meet the demands of the construction 

industry. Reinforcing composed of a low modulus matrix and a high strength fiber 

utilizes the visco-elastic displacement of the low-modulus matrix under the stress to 

transfer the load to the fiber, resulting in a high-strength, high modulus composite. The 

transfer of loads and improved toughness provided by the matrix and the interface are 

necessary prerequisites for the properties of the composites, but it is the reinforcement 

that is primarily responsible for these properties. The greatest advantage of composite 

materials is strength combined with lightness. Further, it has been found that the 

characteristics of a composites element or system can be tailored and designed to meet 

any desired specifications. The highly corrosion and fatigue resistant composites 

materials are making inroads into the civil infrastructure industry. These outstanding 

composites are among the leading materials in structural engineering applications today.

Fiber-reinforced polymeric (FRP) composites are being considered for structural 

members in civil infrastructure applications as lighter, more durable alternatives to steel 

and concrete. Fiber-reinforced polymers or FRP's are robust materials that are highly 

resistant to corrosive action, have a high strength to weight ratio, and are well suited for
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assembly line production into modular components that can be rapidly erected. When 

additional strength is needed, many types of plastics can be reinforced (usually with 

reinforcing fibers). This combination of plastic and reinforcement can produce some of 

the most versatile and the strongest materials for their weight that technology has ever 

developed. The constituent materials of these structural components tend to be E-glass 

and low cost resin systems (polyester, vinyl ester etc.). This versatile material provides 

practical solutions to the civil engineer faced with the challenges of restoring structural 

integrity, increasing load bearing capabilities, and/or enhancing the strength and stiffness 

of aging structures. The interest in these materials can be attributed to the ability of FRP 

to better meet the performance and durability needs of current construction. FRP deck 

systems offer the benefit of a lightweight decking system that can be rapidly erected and 

provides excellent long-term durability. FRP deck systems are available today as a viable 

alternative to traditional decks. Nonetheless, further research, development and validation 

of FRP deck systems is necessary in order to further optimize and standardize these deck 

systems so that they gain widespread acceptance in our industry.

FRP composite bridge decks deliver a viable solution to meet the critical needs 

for rehabilitation of the existing bridges and in the construction of new bridges. 

Compared with cast-in-place concrete decks, FRP bridge decks typically weigh 80% less, 

can be erected twice as fast, and have service lives that can be two to three times 

greater. Compared to steel grating, FRP bridge decks are comparable or lighter in 

weight, while providing a solid surface deck (protects support structure from corrosion 

and environment from pollutants), higher skid resistance (safer), reduced noise, 

significantly lower maintenance and a service life that can be two to three times 

greater. The advantages of a FRP composite deck are light weight, high strength and 

high performance, chemical and corrosion resistance, easy construction and handling, 

rapid project delivery, and in most cases, high quality shop fabrication. Its light weight 

(88-171 kg/meter2 without a wearing surface overlay) reduces the overall superstructure 

weight and foundation requirement (Zureick et al., 1995). Another important feature of 

FRP deck panel systems is their ability to be rapidly deployed and installed at the job site,
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which in turn results in the reduction of congestion in the work zone and hence improves 

safety.

Normally, in places like Alaska, where the temperature during the winter season 

may go below -40°F, the typical bridge system used is the Decked Bulb-Tee system. The 

main disadvantage with the Decked Bulb-Tee is it is heavy and cannot be easily replaced. 

The use of the FRP composites to replace existing, deteriorated bridge deck systems 

offers both economic benefits and improved performance. The economic advantages are 

possible for a number of reasons. Since such composite systems are lighter, considerable 

savings are realized by reduced transportation costs; erection costs will be less, as 

relatively light cranes can be used to install the decks, and also the construction time is 

reduced. Due to the high resistance of the FRP deck systems to environmental effects and 

corrosion attack, the long term performance is estimated to be better, leading to lower 

maintenance and longer service life. In addition to economic advantages, the FRP deck 

systems have structural advantages also. The dead load of the FRP deck system is about 

one-fifth that of a conventional reinforced concrete deck with the supporting steel 

stringers. This means more resistance is available for live loads.

1.2 Description of FRP Decks

There are typically two types of FRP decks currently being used for bridge 

applications. These are pultruded decks and sandwich decks. The two primary 

manufacturers of the pultruded decks are the Creative Pultrusions, which manufactures 

the Superdeck, and Martin Marietta Composites, which manufactures Duraspan bridge 

decks. The pultruded decks consist of pultruded FRP sections that are then bonded 

together with adhesive to form the bridge deck. Superdeck is composed of two different 

shapes, a "truss" section and a "hexagonal" section as shown in Figure 1.2.1 

(vvww2.cemr.wvu.edu/ ~wwwcfc/acomp/wickwire.html. July 2005). These sections are 

manufactured using multi axial stitched fabrics, continuous roving and continuous fiber 

mats of E-glass, and vinyl ester resin. The Superdeck is created by bonding both the
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above mentioned sections in an alternate pattern.

Figure 1.2.1 Superdeck Pultruded Components (Creative Pultrusions)

Duraspan decks consist of two different trapezoidal shaped pultruded sections that 

are mirror images of one another. Figure 1.2.2 shows a typical Duraspan deck. The 

constituent materials of these sections are E-glass fibers stitched into multiple fabrics and 

isophthalic resin. Similar to the Superdeck, the Duraspan is formed by binding these 

sections together in an alternating pattern (www.m artinm arietta.com . July 2005).

http://www.martinmarietta.com
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Figure 1.2.2 Pultruded Components of Duraspan Bridge Decks (Martin Marietta)

The second type of FRP deck that is common in use is the Sandwich panels. 

Currently, the primary manufacturers of these types of bridge decks are Kansas Structural 

Composites, Inc (KSCI), 3TEX, Inc., and Hardcore Composites. These decks consist of 

exterior face sheets (or face skins) separated by a core. The face sheets provide the 

majority of the bending strength in these types of panels, while the core acts to increase 

the moment of inertia and to resist the shear forces.

A typical 3TEX, Inc. bridge deck panel is shown in Figure 1.2.3. The face sheets 

of these decks are made of a combination of knitted and woven fabrics and the core of the 

panels contains glass fiber roving forming a triangulated reinforcing structure. The voids 

within the core are filled with patented fiber reinforced foam, which is low-density foam 

that provides additional reinforcement in the vertical direction.
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Figure 1.2.3 Bridge Deck Panel Manufactured by 3TEX, Inc. (3 Tex Inc.)

The decks manufactured by Hardcore Composites, are manufactured from E-glass 

fabrics and vinyl ester resins using a vacuum assisted resin transfer molding. The core of 

these panels is a low density cellular type core. Figure 1.2.4 shows a bridge deck 

manufactured by Hardcore Composites.

Figure 1.2.4 Bridge Deck Manufactured by Hardcore Composites (Hardcore

Composites)

Figure 1.2.5 shows the geometry of the panels manufactured by the KSCI. The top 

and bottom face sheets are manufactured using hand lay-up and consist of E-glass fibers 

and polyester resin. The honeycomb core consists of flat and sinusoidal corrugations. 

These are also manufactured using hand lay-up, and the sinusoidal corrugations are 

created using molds (www.ksci.com, July 2005).

http://www.ksci.com
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Figure 1.2.5 FRP Bridge Deck Panel Manufactured by KSCI (KSCI Inc.)

1.3 Literature Review

The claim of FRP composites to have excellent long-term durability makes them 

well-suited for infrastructure applications. The problem is that there are few documented 

cases in the literature to validate these claims. Some data from short-term laboratory 

projects are available. However, it is difficult to make long-term generalizations since 

these studies typically involve specific materials and conditions (environmental, loading, 

etc.). Construction and civil infrastructure applications require the more cost competitive 

glass fibers and polyester or vinyl ester resins, materials with fewer existing data 

available on performance. The lack of long-term durability data has led to the slow 

acceptance of FRP composites in the civil infrastructure community. A survey of 

literature on the behavior of fiber reinforced polymer composites as a substitute for 

conventional construction materials was carried out. For clarity, each article is presented 

separately.

1.3.1 Compositely Acting FRP Deck and Girder System: Cassity, et al. 2002

This paper presents how the deck was developed and provides a description of the 

demonstration project for the FRP bridge deck system as part o f the Advanced
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Composites for Bridge infrastructure Renewal Program. The scope of this project 

included the development of design criteria, design and construction of a demonstrating 

bridge in Ohio, laboratory testing, and validation of the system (Muller, 2000).

The deck consisted of pultruded FRP tubes, bonded together with polyurethane 

adhesive to create appropriately sized panels for transportation and erection. The tubes 

were reinforced with E-glass fiber roving that was stitched into multi-ply structural 

fabrics with engineered orientations. The fabrics were combined with additional roving 

and mat and set in an isophthalic polyester resin matrix. Figure 1.3.1.1 and Figure 1.3.1.2 

shows the FRP deck system and the pultrusion process.

Figure 1.3.1.1 FRP Deck System (Cassity et al.2002)

MAT CREELS

ROVING
CREELS

SURFACING
CATERPILLAR-TYPE CUT-OFF 

SAW

SURFACING 
VEIL

CURING DIE PULL BLOCKS

Figure 1.3.1.2 Pultrusion Process (Cassity et al.2002)
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The state of stress in the deck represented the superpositioning of the localized 

flexure, general transverse flexure between the girders and global flexure of the 

composite girder and deck section. The deck was supported on a haunch or fillet between 

the beam and the deck to provide adequate tolerance to accommodate geometric 

imperfections introduced during fabrication or erection of the beams. Welded shear studs 

contained within grout-filled pockets were used for connecting the deck to the steel 

girders to achieve full composite action.

Full scale testing of the bridge superstructure system included the tension and 

compression testing of the laminate coupons; static, fatigue, and durability testing of the 

deck joints; static and fatigue testing of the connection between the deck and girder; 

durability testing of the overlay; and static and fatigue testing of the deck.

The results of this work can be summarized as follows:

• From the three point bending test, the FRP deck sections provided redundant load 

paths that satisfied the in-service stiffness requirements and exceeded the section 

strength requirements. Further, ultimate loads provided for safety factors in excess 

of five when compared to in-service conditions. Also, it was seen that the 

sections exhibited ductile structural response during failure and provided 

significant residual load capacity. The toughness of the adhesive enabled 

significant redistribution in bond line stress profiles adjacent to disbanded 

regions.

• The main objective of the deck fatigue testing was to determine the local fatigue 

resistance of the deck directly under the tire patch and also at the connection to 

the girder. It was seen that throughout the fatigue and strength test, the connection 

region remained well behaved and showed negligible variation in structural 

response, and also the connection survived the fatigue without failure. The haunch 

remained intact and securely bonded to both the bottom of the deck and top flange 

of the girder. Local bending of the top face sheet in the vicinity of the tire patch 

resulted in interlaminar shear cracking on the underside of the top sheet and at 

mid-depth of the top face sheet. While the specimen was tested for residual
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strength, it was observed that the deck retained its original global structural 

integrity and had additional capacity. Further, the localized fatigue cracking 

around the load patch did not significantly impact the overall strength and 

stiffness of the deck.

• The residual strength of the fatigued connections was nearly equivalent to the 

static strength of the connection. All the connections exhibited significant 

structural ductility with differential movement between the deck and the girder, 

prior to failure.

• It was also seen that the cracking and internal spalling of the overlay controlled 

over the strength of the adhesive bond.

1.3.2 Fatigue Studies of FRP Composite Decks at -30°C and 50°C: Dutta, et 2002

This paper describes the experimental fatigue characterization of FRP composite 

bridge decks at two extreme temperatures [-30°C (-22°F) and 50°C (122°F)]. Also, 

comparisons of responses were made between the different FRP composite deck 

configurations and materials.

In this study, fatigue testing was performed on five decks, which included three 

FRP composite bridge decks, one hybrid FRP-concrete deck and one reinforced-concrete 

conventional bridge deck.

Quasi-static tests were conducted at specific intervals during the fatigue cycling to 

evaluate the load-deflection and load-strain responses. Each test deck was instrumented 

with strain gages, thermocouples and linear voltage differential transducers.

The maximum deflection of the steel transverse beam was limited to less than 

0.25 mm (0.01 in). The fatigue evaluation procedure consisted of applying four million 

simulated wheel load cycles at -30°C (-22°F) and another four million cycles at 50°C 

(122°F). The fatigue performance of each deck was compared with the response of the 

conventional reinforced-concrete deck.

The broad conclusions drawn from the results of this study are:
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• FRP bridge deck systems demonstrated performance advantages in applications 

where extreme temperature conditions are expected.

• In the load-deflection curves, it is observed that the low-temperature stiffness was 

higher than that at high temperature, which implies that the panel stiffness is 

controlled mainly by temperature and not as much as by the number of applied 

load cycles.

• Progressive degradation in stiffness with cycling was noted for each deck under 

two extreme temperatures, -30°C (-22°F) and 50°C (122°F).

1.3.3 Static Testing on FRP Bridge Deck Panels: Harik, et 1999

This work was concerned with static testing on FRP composite deck panels. The 

measured deflections of the panels under service load were compared with allowable 

deflection limits. This paper is mainly concerned with the deflection prediction of the 

FRP deck panels to satisfy the allowable deflection criteria.

The specimen was made up of pultruded components that were placed 

transversely to the traffic direction and were supported by longitudinal beams. The CP- 

FRP deck panels were made of double trapezoid and hexagon pultruded components. The 

pultruded components were bonded and interlocked.

A total of three beams were tested and the dimensions of the FRP deck panels 

used for the experiment are given below in Table 1.3.3.1.
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Table 1.31.3.1 Dimensions of the FR Deck Panels (Harik et al. 1999)
Specimen

Identification

Length

(in)

Effective

Span

(in)

Width

(in)

Thickness

(in)

Remarks

CPD1 108 96 36 8 Each specimen 
possessed some 
minor
deformations 
along the top 
and bottom 
surfaces.

CPD2 132 120 36 8

CPD3 156 144 36 8

The details of the test set up along with the supports are shown in Figure 1.3.3.1 and 

Figure 1.3.3.2 shows the position of linear voltage differential transducers (LVDTs) and 

strain gages.

L = 8 % 1 0 % 1 2 ’

Figure 1.3.3.1 Test Setup (Harik et al. 1999)
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Three point bending test was performed on the FRP deck specimens. Strain gages 

and linear voltage differential transducers were used to measure the strains and the 

deflections respectively. Different load cases were imposed on the FRP deck specimen 

while performing the tests. From the test results, it was interpreted that the stiffness of the 

decks remained practically constant during the load cycling. Also, the factor of safety 

was greater than 5 for all panels. Further, the panels met the deflection and strength 

criteria. In summary, this paper provided a good idea of the results of the static three 

point bending test, throwing light on the deflection prediction and the factor of safety.

1.3.4 Design and Construction of Short-Span Bridges with Modular FRP Composite 

Deck: Lopez, et al. 1998

A short-span all-composite bridge, Laurel Lick Bridge in West Virginia, was 

constructed and this paper presents the design, manufacture, and development of the FRP 

bridge structure. A hexagonal deck cross-section was used during the testing program due 

to high load capacity, energy absorption, and fatigue resistance. FRP deck modules for
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the testing program were manufactured by a pultrusion process. The abutments were 

made of FRP column/piles and multi-cellular panels with a reinforced concrete cap beam. 

The all-composite superstructure was made up of the FRP deck modules supported by 

longitudinal FRP wide-flange beams. Since a design standard for FRP composite bridges 

was not available, the AASHTO LRFD Bridge Design Specifications were adopted in 

order to propose a design criterion. Figure 1.3.4.1 shows the completed Laurel Lick 

Bridge (www.saintgobainvetrotex.com, July 2005).

Figure 1.3.4.1 Laurel Lick Bridge (Saint-Gobain Vetrotex)

From this testing program, it was found that, compared to concrete decks, 

composite material decks can deliver a very high strength capacity but are more flexible; 

therefore, serviceability requirements typically control the design of FRP composite 

decks. Further, it was concluded that FRP composite deck exceeds the load capacity of a 

reinforced concrete deck with only 20% of the weight. Also, the deck stiffness in the 

direction perpendicular to traffic is approximately 50% of the stiffness of a reinforced 

concrete deck.

http://www.saintgobainvetrotex.com
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1.3.5 Fiber-Reinforced Polymeric Bridge Decks: Zureick, al. 1995

This paper presents the analytical and experimental works pertaining to the 

development of FRP bridge decks and addresses their analysis, design, and 

manufacturing considerations. Analytical methodologies developed for the polymer 

composite bridge deck structures generally consist of a multi-level approach, ranging 

from the micromechanical modeling and analysis level to the full structural analysis 

level. Also, it is advantageous to have the capability of studying local effects due to 

material and geometrical discontinuities such as joints, openings, free edges, etc.

The conclusions of this paper are summarized as follows:

• There is a need for the development of affordable manufacturing methods to 

produce large-scale high-performance polymer composite bridge decks of 

complex geometries.

• Every potential aspect of the deck behavior over the life of the bridge needs to be 

examined analytically and experimentally.

Overall, this paper was of great help to us as it focused on the different issues 

related to the development, analysis, and design and manufacturing process of an FRP 

bridge deck system.

1.3.6 Field Performance Evaluation of Multiple Fiber-Reinforced Polymer Bridge 

Deck Systems over Existing Girders-Phase I: Lopez et al. 2001

This work was concerned with the experimental evaluation of FRP deck systems, 

which have been used on two side-by-side bridges namely, First Salem Bridge and the 

Great Miami River. The bridges consisted of built-up steel stringers with five different 

spans. The long spans of the bridges allowed evaluation of FRP deck systems from four 

FRP deck manufacturers under similar loading and environmental conditions. This paper 

is mainly focused on the performance criteria and extensive laboratory testing.
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The objectives of the testing included the following:

• Assess the performance criteria developed by Ohio DOT for FRP deck systems;

• Evaluate the mechanical properties of the FRP deck materials;

• Evaluate the bending and shear stiffness of the FRP deck panels;

• Evaluate the ultimate strength response of the FRP deck panels;

• Evaluate the fatigue response of the FRP deck panels on the steel girders at high

and low temperature; and

• Evaluate the environmental durability of the FRP deck materials.

In order to achieve the objectives, the following tasks were performed:

• Environmental exposures characterization of FRP materials

• Static and failure tests of FRP deck panels

• Fatigue evaluation of FRP bridge decks at extreme temperature conditions.

The results of the experimental investigations of the FRP decks are summarized as 

follows:

• The coupon level materials testing of each deck material type have shown that the

materials are consistent in their properties and the coefficients of variation are

relatively small.

• The environmental exposure and durability study served to discriminate the FRP

materials that satisfied the durability requirements.

• The static and failure test of panels served to characterize stiffness coefficients

and establish a safety factor.

This paper was of a lot of help to us in understanding the mechanical properties, 

static and failure tests, environmental durability and fatigue at extreme temperatures.

1.3.7 Load Testing of an FRP Bridge Deck on a Truss Bridge: Alampalli et 2002

This paper summarized the performance of the first FRP deck installed on a steel 

superstructure in New York State. The goal of this project was to improve the load rating 

of a 50-year old truss bridge located in Wellsburg, New York. The installed FRP deck
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weighed approximately 80-percent less than the deteriorated concrete bridge deck it 

replaced. Reducing the dead load increased the allowable live load capacity of the bridge 

without any significant repair work to the existing superstructure, thus lengthening its 

service life. For the purpose of the experimental program, it was assumed that there was 

no composite action between the deck and the superstructure. The FRP composite panels 

were manufactured by Hardcore Composites and the deck consisted of top and bottom 

face skins and a core. The manufacturing process of the FRP deck was vacuum assisted 

resin infusion. The face skins were comprised of two piles of QM6408 and six piles of 

Q9100 E-glass stitched fiber fabric for a total thickness of 15 mm. Furthermore, the core 

structure was made up of two piles of QM6408 E-glass fiber fabric. Table 1.3.7.1 

summarizes the material properies of composite laminates for QM6408 and Q9100.

Table 1.3.7.1 Material Properties of Composite Laminates (Alampalli et al.2002)

Material Properties QM6408 Q9100

Modulus of elasticity 18,479 MPa 29,724 MPa

Shear Modulus 5,861 MPa 6,206 MPa

Density of material 1,826 Kg/m3 1,826 Kg/m3

Ultimate tensile strength 310 MPa 621 MPa

Ultimate Compressive strength 221 MPa 476 MPa

Ultimate Shear Strength 114 MPa 121 MPa

Coefficient of thermal expansion 14.4 * 10'6/°C 14.4 * 10‘6/°C

Thermal Conductivity 0.0335 W/m/K 0.0335 W/m/K

Load testing was conducted after the installation of the FRP deck in order to study 

the conservativeness of the design, ascertain the assumptions made on the composite 

action between the deck and the superstructure and also to examine the effectiveness of 

the joints in load transfer.

Since this was the first FRP deck installed on a steel superstructure in New York 

State and also since there were no a proven analysis procedures or available design
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standards, several assumptions made during the design of the FRP deck system were 

conservative. Although the design was conservative, the assumption that no composite 

action between the deck and the superstructure existed was proven to be correct 

experimentally. The study also showed that the joints were only partially effective in load 

transfer between the panels.

1.3.8 Structural Performance of Fiber-Reinforced Polymer Honeycomb Sandwich 

Panels: Kalny, et al.2005

This paper presents the findings from an investigation of depth-to-width ratio 

effects on stiffness, stiffness determination by simplified calculations, and identification 

of failure criteria of a fiber-reinforced polymer (FRP) structural honeycomb bridge 

system. To accomplish this, a total of eleven full-scale panels manufactured by a wet lay

up process, with different cross-section depths were tested.

Objectives of this study were as follows:

• The first objective was to evaluate the effect of width-to-depth ratio on the

flexural properties.

• The second objective was to determine a simple analytical expression to estimate

the flexural and shear stiffness of the composite honeycomb specimens.

• The final objective was to analytically and experimentally evaluate the repair and

strengthening techniques for composite honeycomb panels with external FRP 

wraps.

The honeycomb system manufactured by the Kansas Structural Composites, Inc. 

(KSCI) was fabricated manually by a wet lay-up process using the sandwich panels with 

a honeycomb core. A total o f five specimens, namely A6, A12, A18, A24 and A30 were 

tested. All the specimens had the same length and depth but varied in widths. Table

1.3.8.1 shows the dimensions and important sectional properties of all specimens.
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Table 1.3.8.1 Properties of test specimens (Kalny et al. 2005)

Specimen
Moment of inertia

(in 4)
Acore (in )

Depth

(in)

Width

(in)

Length

(ft-in)

A6 132.3 3.43 5.9 7.1 8’-4”

A12 257.4 6.79 5.9 13.2 8’-4”

A18 388.5 10.08 5.9 19.8 8’-4”

A24 490.3 13.53 5.9 25.5 8’-4”

A30 661.3 15.20 5.9 32.1 8’-4”

The test specimens were subjected to three-point bending and the specimens 

demonstrated typical behavior for fiberglass materials (near to linear deflection and strain 

response up to failure load). The test results are shown in Table 1.3.8.2

Table 1.3.8.2 Test Results (Kalny et al. 2005)

Specimen
Ultimate 

total load (lb)

Ultimate midspan 

deflection (in)

Ultimate bottom midspan 

strain (uE)

A6 20,950 2.48 9,072

A12 44,310 30.3 10,221

A18 48,880 2.49 NA

A24 36,190 1.21 4,142

A30 100,810 2.61 8,500
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Upon conducting tests, the following material properties were obtained and are shown in 

Table 1.3.8.3.

Table 1.3.8.3 Constituent Material Properties (Kalny et al. 2005)

Property

Chop

Strand

Mat

Face Laminate 0° 

(Longitudinal 

direction)

Face Laminate 0° 

(Transverse direction)

Modulus of elasticity 8.11 GPa 19.28 GPa 15.03 GPa

Poisson’s ratio 0.312 0.278 0.196

Ultimate interlaminar 

shear stress
112 MPa 202 MPa 113 MPa

Ultimate strain 14,860 uE 9,700 uE 11,000 uE

Based on the experimental and analytical work presented in this paper, the 

following conclusions were drawn:

• The effect of the width-to-depth ratio of the panels on unit stiffness was 

insignificant for the panels tested.

• The effect of the width-to-depth ratio of the panels on the ultimate behavior was 

inconclusive.

• The use of wraps was an effective way to repair the damaged panels and to 

increase the horizontal shear capacity of undamaged members.

• A simple procedure for stiffness determination, based on material properties from 

coupon tests and geometrical properties of an idealized transformed section, was 

found to predict deflections within 15% accuracy.

This paper was of great help to us in the theoretical analytical predictions for our 

testing specimen. This paper was used as a base for comparison of testing procedures for 

our testing beam.
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1.3.9 Modeling of Fiber-Reinforced Polymer Honeycomb Sandwich Panels: Lopez, et 

al. 2005

The focus of this paper was the verification of experimental tests of honeycomb 

sandwich panels using finite element modeling and theoretical analysis. Even though 

analytical studies are an important factor in understanding the behavior of honeycomb 

structures, experimental data are also required to validate the analytical results. In this 

study, numerical and experimental models were used. The theoretical analysis was based 

on the classical beam theory, whereas during the numerical modeling, interfacial 

elements were used to predict crack propagation between the honeycomb core and the 

face sheets.

The test specimens were manufactured by KSCI, Inc. They were sandwich type 

construction with a vertical corrugated core and were manufactured using the wet lay-up 

method. The core was comprised of thin plates and these thin plates were composed of 

short glass fibers (chopped strand mat) and vinyl ester resin.

In their study, they tested two beams; one in three-point bending and the other in 

four-point bending. Figures 1.3.9.1 and Figure 1.3.9.2 show the test setup for four-point 

bending and the three-point bending, respectively.

Figure 1.3.9.1 Test Setup and Instrumentation Layout for Four-point Bending Test

(Lopez et al. 2005)
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Figure 1.3.9.2 Test Setup and Instrumentation Layout for Three-point Bending Test

(Lopez et al. 2005)

The properties of the interfacial elements (in numerical modeling) were obtained 

using contoured double cantilever beam (CDCB) specimens. This approach was based on 

the assumption that the principle mechanism driving the delamination process is Mode-I 

crack propagation.

The results obtained from this study show that the results from the FE modeling 

and the theoretical analysis are 1.3% and 8.4% smaller than the experimental tests. The 

emphasis of this study was to evaluate the experimental program using three-dimensional 

finite element modeling and theoretical analysis. The theoretical predictions of the 

stiffness characteristics of the beams correlate well with the FE modeling and the 

experimental results.

1.4 Scope of Work

Based on the above literature review, it is evident that there was not much work done on 

FRP at lower temperatures. Most of the studies focused on the feasibility of structures 

built from FRP, at extreme high temperatures. There has not been much research 

conducted to study the feasibility of FRP bridge deck panels at cold temperatures. Our 

research focused mainly on the study of the behavior of the FRP deck panel at low 

temperatures.
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The scope of this work encompasses the following:

Performance prediction of FRP panels: In this part, simple analyses were performed to 

predict the performance of FRP deck panels at room temperature.

Experimental Testing Procedures: This part consists of collecting the test specimen and 

performing laboratory controlled three-point bending tests over the extreme temperatures. 

Comparison: In this part, a comparison between the simplified analyses and the 

experimental data will be presented in order to understand the behavior of the honeycomb 

structures. Also, it is important and required to validate the analytical results, comparing 

the same with the experimental data.

1.5 Organization of Thesis

The remainder of the thesis is organized as follows. Chapter 2 presents the 

performance prediction and behavior of the test specimen. In Chapter 3, the laboratory 

setup for the experimental program is presented. Chapter 4 provides a detailed analysis 

and discussion of the results obtained from the experiment. The conclusions and 

recommended future research are presented in the last chapter.
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CHAPTER 2

PERFORMANCE PREDICTION AT ROOM TEMPERATURE

2.1 Analytical Methods

The performance prediction at the room temperature was based on the Classical 

Beam Theory (CBT), considering the hollow section in the core as well the Simplified 

Method. Both the methods, namely, Classical Beam Theory as well as the Simplified 

Method are explained below in detail.

2.1.1 Classical Beam Theory

The dimensions of a typical honeycomb sandwich beam are shown in Figure 2.1.1.

Figure 2.1.1 Dimensions of Sandwich Beam with Sinusoidal Curve

Typically, a honeycomb sandwich beam consists of two thin skins or faces each 

of thickness fi, separated by a thick layer or core of lower density material of thickness c. 

The overall depth of the beam is h, and the width is b. The number of corrugated cores
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(including the sinusoidal and vertical flat sheets) is n and the thickness of the core sheets 

is ti (Lopez, 2005).

In the analytical prediction, it was assumed that the flexure rigidity for all the core 

sheets was the same. It was also assumed that all three layers were firmly bonded 

together. Based on the assumption that the cross-sections which are plane and 

perpendicular to the longitudinal axis of the unloaded beam remain so when bending 

takes place, the flexure rigidity, D, of the beam can be denoted as:

where Ef and Ec are modulus of elasticity of faces and core respectively. The other 

variables are defined in the previous paragraph.

The shear stress distribution of the cross section of a beam can be expressed as:

t = ^ ~  (2.2)
lb

where x = Shear stress 

Q = Shear force 

S = First moment of area 

b = Width

I = Moment of inertia

The sandwich beam was assumed to be an I-beam. From equation (2.2), the shear stress, 

x, o f the core for the sandwich beam is given as

—  T { S - E )  
Db ’

(2.3)
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(2.4)

Where E is the total modulus of elasticity and the definition of other variables remains 

the same as for Equation (2.1) and Equation (2.2).

The average shear stress, r , of the core can be expressed as

(2.5)

The shear deformation of the faces is neglected here. The shear deformation was 

obtained by

(2.6)

where C is a constant and is equal to zero for a simple supported beam under three-point 

loading and four-point loading. M is the moment and G is the shear modulus. The other 

parameters remain the same, as defined in equation (2.1) and equation (2.2).

Combining the flexure deformation and shear deformation of the beam under the 

overall deformation of a sandwich beam yields

S  = Sf,a +S,hm (2.7)

Where 5fiex is the deflection from the contribution of the flexure deformation at L/2.5 

inches from the left edge and

Sshear is the deflection from the contribution of the shear deformation at L/2.5 

inches from the left edge.

From the bending theory, the overall deformation, 84, for four-point loading was 

obtained as the following equation
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The overall deformation, 53, for a three-point loading was obtained by the 

following equation.

where P is the concentrated load being applied at the center. The other variables remain

the same as defined in previous equations.

2.1.2 Simplified Method

Unlike the CBT Method, the Simplified Method accounts for deflection only due to the 

contribution from flexure. Based on the Simplified Method, the deflection for a beam 

subjected to three-point loading, 63, derived from the Moment area method, is given as

p i}
£3 = —  (2.10)

3 48 D

Similarly, the deflection for a beam subjected to a four-point loading, 84. is given by

(2„ )
4 768

The definition of the parameters in Equations (2.10) and (2.11) remain same as in the 

previous equations.
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2.2 Verification of Analytical Methods

Analytical methods were verified using the testing data from the following cases:

• Case I: Penn State Study

In Case I, two beams have been analyzed, namely, beam I and beam II.

• Case II: Kansas State University Study

In Case II, five beams have been analyzed, namely, A6, A 12, A 18, A24, and 

A30.

Both cases have been analyzed using both the methods, namely, Classical Beam 

Theory and the Simplified Method, and are presented below:

2.2.1 Case I: Penn State University Study

Case I is a verification of the experimental work, performed by (Lopez and 

Zheng, 2005). In their experimental work, two beams namely, beam I and beam II were 

tested by a three-point and a four-point bending test, respectively. All the dimensions and 

detailing have been obtained from the paper “Modeling of Fiber-Reinforced Polymer 

Honeycomb Sandwich Panels” (Lopez and Zheng, 2005). A detailed analysis has been 

performed for both the beams, but a detailed calculation is shown only for one beam.

2.2.1.1 Analysis of Beam II

2.2.1.1.1 Classical Beam Theory

Beam II was subjected to a three-point loading.

Dimensions for Beam II are as follows: 

ti = 0.5 in 

t2= 0.156 in 

c = 6 in
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h = 31 in 

b = 12 in 

d = 30.5 in 

Ec= 1102281 Psi 

Ef= 3190836 Psi 

L = 71.6 in 

y = 15.5 in 

G = 423954.31 Psi

where G is the shear modulus and y is the centroidal distance.

Based on the above dimensions, moment of inertia (I) = 29791 in 4, and the 

flexure rigidity (D) was calculated to be 11227149866 lb-in2.

When the beam was subjected to a load (P) of 10000 lb, the respective Moment 

(M) was determined to be 89500 lb-in, and the total deformation was obtained to be 

0.021 in. The load was gradually increased and the respective deformation at different 

loads is given below.
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Table 2.2.1.1.1.1 Load- Deflection Data based on CBT Method

Load (lb) Total Deflection (in)

0 0

10000 0.0214

20000 0.043

30000 0.064

40000 0.085

50000 0.107

60000 0.128

70000 0.149

80000 0.171

90000 0.192

100000 0.214

110000 0.235

118300 0.2466

2.2.1.1.2 Simplified Method

When the beam was subjected to a load of 10000 lb, the deflection obtained based on the 

Simplified Method was 0.0186 in. The load was gradually increased and the respective 

deflections were determined.
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Table 2.2.1.1.2.1 Load- Deflection Data Based on Simplified Method

Load (lb) Total Deflection (in)

0 0

10000 0.018

20000 0.037

30000 0.055

40000 0.074

50000 0.093

60000 0.112

70000 0.130

80000 0.149

90000 0.167

100000 0.186

110000 0.213

118000 0.230

Based on the above two methods, a graph was plotted relating the load (lb) and the total 

displacement (in).
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Displacement (in)

Figure 2.2.1.1.1 Load-Displacement Curve at the Mid-span 

2.2.1.2 Analysis of Beam I

In this section, the equation based on the CBT Method is verified. The following 

are the dimensions as well as the material properties of Beam I.

Dimensions and Material Properties: 

ti = 0.5 in 

t2 = 0.156 in 

c = 30 in 

h = 31 in 

b = 12 in 

d = 30.5 in 

Ec= 1102281 Psi 

Ef= 3190836 Psi
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L = 380.64 in 

y = 15.5 in 

G = 423954.31 Psi

Based on the above dimensions, for a load 74184 lb, the beam deflected by 3.9 in.

2.2.2 Case II- Kansas State University Study

Case II is also a verification of the experimental work performed by Kalny et al 2005. In 

their experiment they conducted a three-point bending test on five beams, namely, A6, 

A12, A18, A24, and A30. All the information regarding the dimensions and detailing has 

been obtained from the paper “Structural Performance of Fiber-Reinforced Polymer 

Honeycomb Sandwich Panels” (Kalny et al. 2005).

2.2.2.1 Analysis of A6

2.2.2.1.1 Classical Beam Theory

Dimensions of test sample A6 are as follows:

ti = 0.5 in

t2 = 0.115 in

c = 4.9 in

n = 3

h = 5.9 in

b = 7.1 in

d = 5.4 in

Ec= 1176258 Psi

Ef= 2796337 Psi

L =  100 in

G = 452406.99 Psi
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Based on the above dimensions, 1=121.5159 in4 and the flexure rigidity (D) was 

calculated to be 149110379.8 lb-in2.

When the beam was subjected to a load (P) of 5000 lbf, the respective Moment 

(M) was obtained to be 125000 lb-in, and the total deformation was obtained to be 

0.75877 in. The load was gradually increased and the respective deformation at different 

loads is given below.

Table 2.2.2.1.1.1 Load- Deflection Data Obtained by CBT Method

Load (lb) Total Deflection (in)

0 0

5000 0.834

10000 1.668

15000 2.503

20950 3.496

2.2.2.1.1.2 Simplified Method

When the beam was subjected to a load of 5000 lb, the deflection obtained based 

on the Simplified Method was 0.833 in. The load was gradually increased and the 

respective deflections were measured.

Table 2.2.2.1.1.2 Load- Deflection Data Obtained by Simplified Method

Load (lb) Total Deflection (in)

0 0

5000 0.833

10000 1.668

15000 2.501

20950 3.76
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Based on the above two methods, a graph was plotted relating the load (lb) and the total 

displacement (in).

25000  -

Displacem ent (in)

Figure 2.2.2.1 Load-Displacement Curve at the Mid-span 

2.2.2.2 Verification of CBT Method for A12, A18, A24, and A30

In this section of the chapter, Table 2.2.2.2.1 shows the material properties as well 

as the dimensions of the test samples. Also the ultimate load and deflection are included 

in the table.
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Table 2.2.2.2.1 Dimensions and Material Properties

Dimensions and Properties A12 A18 A24 A30

ti (in) 0.5 0.5 0.5 0.5

t2 (in) 0.115 0.115 0.115 0.115

n 6 9 12 15

c (in) 4.9 4.9 4.9 4.9

h (in) 5.9 5.9 5.9 5.9

d (in) 5.4 5.4 5.4 5.4

b (in) 13.2 19.8 25.1 32.1

L (in) 100 100 100 100

Ec (psi) 1176274.4 1176274.4 1176274.4 1176274.4

Ef(psi) 2796000 2796000 2796000 2796000

Ultimate Load (lb) 44,310 48,880 36,190 100,810

Deflection (in) 3.925 2.886 1.671 3.654
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CHAPTER 3 

EXPERIMENTAL TESTING PROCEDURES 

3.1 Introduction

The previous two chapters presented background information pertaining to the 

introduction and behavior of fiber reinforced polymer composites. This chapter describes 

the laboratory conditions as well as the test procedure used in this study.

3.2 Description of the Experimental Deck Panel

The sample which acted as the bridge deck was obtained from Kansas Structural 

Composites Inc., Kansas. The bridge system consists of glass fiber reinforced polymer 

(FRP) composite deck, made up of epoxy resin and polyester. The sample obtained had 

an overall geometry of 7’ (84.0”) length, 13.4” width, and 7.0” thickness. Further, the 

internal panel geometry can be described as the structural surfaces having standard fiber 

architecture, otherwise known as the face, of thickness 0.5.” The core of the panels was 

6.0” high and consisted of corrugated cells of thickness 0.1”, in the form of honeycomb 

structure having a standard geometry of 2.0” amplitude and 4.0” wave length. Also, the 

edge lengths were covered with two layers of 3.0 oz of chopped strand mat. Figure 3.2.1 

shows the photograph of the testing deck panel as obtained from the manufacturer.
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Figure 3.2.1 Photograph of the Experimental Deck Panel

The sample came from the manufacturer with the edges sealed with the 

manufacturer’s choice of resin system. The resin matrix used was polyester. The base 

materials for a polyester matrix are unsaturated polyesters such as maleic anhydride, 

which contains multiple carbon-carbon double bonds. A step polymerization process of 

the unsaturated polyester with a glycol forms the polyester resin. In a polyester resin 

molecule, the unsaturated double bonds occur within the molecule. The cross-linking of 

the molecules occurs via the step polymerization process. Consequently, the properties of 

the polyester resins are highly dependent on the density of the cross-linking. As the cross

link density of the polyester resin increases, the modulus of elasticity, glass transition 

temperature, and thermal stability of the system are improved. (Bentley and Warson, 

2001).
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3.3 Materials/Equipment Used

3.3.1 Acoustic Emission Equipment

Apart from the bridge system consisting of the fiber reinforced polymer 

composites, there were many other materials and pieces of equipment used during the 

research work and testing procedures. New equipment called the “Acoustic Emission 

(AE)” was used during the testing program. The AE equipment, having the part number 

6320-1001, was from the Physical Acoustics Corporation. The equipment used for the 

testing is basically a single PCI card with four complete high speed channels of Digital 

Signal Processing (DSP) based AE data acquisition, up to eight parametric input channels 

and an optional waveform module. Through the high performance PCI bus, significant 

AE data transfer speeds (up to 132 Megabytes/second) can be attained. In other words, 

this assures a wide bandwidth bus for multichannel AE data acquisition and waveform 

processing.
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Figure 3.3.1.1 Block Diagram of the AE System (Carlos, 2003)

Acoustic Emission is defined as the class of phenomenon whereby transient elastic waves 

are generated by the rapid release of energy from localized sources within a material. The 

actual cracking process emits acoustic waves that emanate in an omni-directional manner 

from the source. An AE sensor (usually piezo-electric based), in contact with the material 

being monitored, detects the mechanical shock wave and converts the very low 

displacement, high frequency mechanical wave into an electronic signal that is amplified 

by a preamplifier and processed by the AE instrument (Carlos, 2003). Figure 3.3.1.2 

shows the above described process.
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Figure 3.3.1.2 Working Principle of AE Instrument (Carlos, 2003)

Acoustic Emission is generally transient in nature, occurring in discrete bursts. 

AE systems process these bursts as “hits” by analyzing various aspects of the waveforms 

associated with each hit, one at a time. One of the key advantages of AE is the fact that it 

detects signals in real-time that are emanating from the materials themselves. An AE 

stress wave travels from the source through the structure and can be detected by an AE 

sensor placed on the structure. The sensor may be located at some distance from the 

source and still detect the signal.

The first application of AE testing on a real bridge dates back to 1972 (Pollock 

and Smith, 1972), during the proof test of a military steel bridge. The work showed a 

relationship between the AE results obtained from the laboratory findings and the AE 

signals recorded on the bridge. The promising findings obtained from this work opened 

the way to further studies and applications that initially focused mainly on steel bridges. 

Efforts were particularly directed to eliminate the background noise, develop filters and 

locate and identify the AE sources relative to different types of damage (Sison et al., 

1996). Since these early attempts, several applications of AE testing to steel bridges can 

be found. Each addressed varied problems: the presence of cracking in girders and web
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components; the feasibility of bridge monitoring, and the requirements and factors 

involved in the process. (Prine and Hopwood, 1985).

The successful results achieved on steel bridges suggested the possibility of 

exploring a further application to concrete bridge structures and this was carried to FRP 

structures. Acoustic Emission testing of FRP structures, such as FRP bridge decks, is a 

challenging application because the FRP bridge deck itself is a complex design, and FRP 

materials are, by nature, emissive when subjected to loading. During loading of the FRP 

deck, different damage mechanisms, which produce AE, might be initiated or cease at 

different load levels and at different sections of the deck, or may even coexist.

The AE testing is a non-destructive technique to find the defects during structural 

proof tests and plant operation and is a powerful method for examining the behavior of 

materials deforming under stress. With AE equipment, the sounds of cracks growing, 

fibers breaking and many other modes of active damage could be heard in the stressed 

material. Also the small-scale damage could be detectable long before the failure.

The license code for the equipment could be used only in the computer in which 

the PCI bus is installed.

The PCI-DSP Board Specifications 

AE Inputs:

Input Impedance:

Sensor Testing:

Frequency Response:

Noise: Minimum Threshold:

4 channels 

50 D.

AST

10.0 KHz-2.0 MHz (at 3 dB points)

22 dB AE 

ASL 9 dB AE 

100 dB AE 

ASL 99 dB

This equipment allows the user to have the flexibility to select the parameters (up 

to 8 in DiSP) and 4 AE channel Data features, recorded on a time basis, and referred to as 

the time driven rate (TDD). The time driven data rate is selected, as this is the rate at

Maximum Signal Amplitude:



44

which the time driven parameters were recorded and processed by the AE system. Figure

3.3.2.4 shows the instrumentation of the AE sensors on the testing deck panel.

Figure 3.3.3.4 Instrumentation of AE Sensors on the Testing Deck Panel

The AE channel data features include RMS, ASL, Threshold, and Absolute 

Energy. These are useful in monitoring continuous AE activity. One value is recorded 

and processed for each active channel during the AE test. The time driven data are 

important as they give the user an idea of how the background or the continuous AE 

activity is changing during time, providing a trend type of result.

3.3.2 Data Acquisition System
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For the data acquisition, MEGADAC 5414 was used, which was designed and 

manufactured by Optim electronics Corporation. The MEGADAC is a self-contained and 

fully programmable digital acquisition and signal conditioning systems. The MEGADAC 

has many features that accurately capture the dynamic analog and digital data from a 

wide range of active and passive sensors. It has a maximum sampling rate of 250,000 

samples per second. The user has the flexibility to choose the sampling rate. The external 

synchronization function lets multiple MEGADACs operate in parallel to increase the 

channel capacity and throughput. Figure 3.3.2.1 shows a photograph of a typical data 

acquisition system.

Figure 3.3.2.1 Data Acquisition System

TCS is the software used in combination with the MEGADAC hardware. TCS is 

used to describe how, what, and where the MEGADAC should record and convert data
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into information. Each MEGADAC card (input card) contains channel-addressing 

selections. Channel is the generic term used here to describe the address on an input card 

to which a sensor or transducer will be physically connected. Sensor is used to describe 

which type of sensor/transducer is being connected, and how it converts the 

digital/analog voltage signal into engineering unit terminology. TCS automatically 

confirms the test setup configurations, denoting any errors generated during the definition 

and installation phase.

Analog output is available for on-line monitoring or control of any selected input 

parameter. A battery-powered real-time calendar/clock eliminates the need for repeated 

date and time entry. The data can be either “passed through” to a host CPU or stored on 

an optional mass storage device. The general MEGADAC physical specifications are 

given in Table 3.3.2.1.

Table 3.3.2.1 MEGADAC Physical Specifications

Power consumption 5414 series 40 to 80 Watts

Voltage (Auto Switching) 110/220 VAC 

5/2.5 Amps 

60/50 Hz

AC Operating range 105-132 VAC or 210-264 VAC

Operating temperature 4 to 50 degrees C

Relative humidity 10 % to 80 %
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3.3.3 Strain Gages

The initial step in preparing for any strain gage installation is the selection of the 

appropriate gage for the task. It might at first appear that gage selection is a simple 

exercise, of no great consequence to the stress analyst, but quite the opposite is true. 

Careful rational selection of gage characteristics and parameters can be very important in: 

(1) optimizing the gage performance for specified environmental and operating 

conditions, (2) obtaining accurate and reliable strain measurements, (3) contributing to 

the ease of installation, and (4) minimizing the total cost of the gage installation.

Basically, the gage selection process consists of determining the particular 

available combination of parameters which is most compatible with the environment and 

other operating conditions, and at the same time best satisfying the installation and 

operating constraints.

The gage length of a strain gage is the active or strain-sensitive length of the grid. 

The end loops and solder tabs are considered insensitive to strain because of their 

relatively large cross-sectional area and low electrical resistance. Figure 3.3.3.1 shows a 

strain gage indicating the gage length.
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Figure 3.3.3.1 Strain Gage Showing the Gage Length

Gage length is often a very important factor in determining gage performance 

under a given set of circumstances. For example, strain measurements are usually made 

at the most critical points on a machine part or structure-that is, at the most highly 

stressed points. And, very commonly, the highly stressed points are associated with stress 

concentrations, where the strain gradient is quite steep and the area of maximum strain is 

restricted to a very small region. The strain gage tends to integrate, or average, the strain 

over the area covered by the grid. Since the average of any non-uniform strain 

distribution is always less than the maximum, a strain gage which is noticeably larger 

than the maximum strain region will indicate a strain magnitude which is too low. The 

sketch illustrates a representative strain distribution in the vicinity of a stress 

concentration, and demonstrates the error in strain indicated by a gage which is too long 

with respect to the zone of peak strain.
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Axial Distance  *

Figure 3.3.3.2 A Representative Strain Distribution in the Vicinity of a Stress

Concentration

Based on the above discussion, the strain gages that were used for the experiment 

were L2A-06-250LW-120, where the 250 represents the gage length in mm, LW 

represents the gage pattern, L2A denotes the gage series, 120 ohms indicates the 

resistance, and 06 is the self temperature compensating number. The overall length was 

0.363 mm and the grid width and the overall width were 0.100 mm. Figure 3.3.3.3 shows 

the instrumentation of strain gages on the testing deck panel.
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Figure 3.3.3.3 Instrumentation of Strain Gages on the Testing Deck Panel

Strain gages can be satisfactorily bonded to almost any solid material if the 

material surface is properly prepared. Less thorough, or even casual, approaches to 

surface preparation may sometimes yield satisfactory gage installations, but for consistent 

success in achieving high-quality bonds, the following steps were followed while 

preparing the material surface.

• Solvent Degreasing: Degreasing was performed to remove oils, greases, organic 

contaminants, and soluble chemical residues. Degreasing was the first operation 

performed. This was done to avoid subsequent abrading operations driving the surface 

contaminants into the surface material. Degreasing was accomplished by wiping with 

GC-6 Isopropyl Alcohol. An area covering 6 inches on all sides of the gage area was 

cleaned. This was done to minimize the chance of recontamination in subsequent
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operations, and to provide an area adequately large for applying protective coatings in the 

final stage of installation.

• Surface Abrading: In preparation for gage installation, the surface was abraded to 

remove any loosely bonded adherents and to develop a surface texture suitable for 

bonding. Abrading was performed using the 400-Grit Abrasive Paper. To reduce the 

possibility of errors, the grit paper was not re-used for subsequent abrasions.

• Gage-Location Layout Lines: To accurately locate and orient a strain gage on the test 

surface, a pair of cross reference lines was marked at the point where the strain 

measurement was to be made. The lines were made perpendicular to one another, with 

one line oriented in the direction of strain measurement. The reference, or layout, lines 

should be made with a tool that burnishes, rather than scores or scribes the surface. 

Burnished alignment lines were made with a ball point pen. All residues from the 

burnishing operation were removed by scrubbing with conditioner.

• Surface Conditioning: After the layout lines were marked, Conditioner A was applied 

repeatedly, and the surface was scrubbed with cotton-tipped applicators until a clean tip 

was no longer discolored by scrubbing. During the process, the surface was constantly 

kept wet with Conditioner A until the cleaning was completed. When clean, the surface 

was dried by wiping through the cleaned area with a single slow stroke of gauze sponge. 

The stroke began inside the cleaned area to avoid dragging contaminants in from the 

boundary of the area. Then, with a fresh sponge, a single stroke was made in the opposite 

direction.

• Neutralizing: The final step in surface preparation was to bring the surface condition 

back to optimum alkalinity of 7.0 to 7.5 pH, which is suitable for all Micro- 

Measurements strain gage adhesive systems. This was done by liberally applying M-prep 

Neutralizer 5A to the cleaner surface, and scrubbing the surface with a clean cotton- 

tipped applicator. The cleaned surface was kept completely wet with Neutralizer 5A 

throughout the operation. When neutralized, the surface was dried by wiping through the 

cleaned area with a single stroke of a clean gauze sponge. With a fresh sponge, a single
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stroke was made in the opposite direction, beginning with the cleaned area to avoid 

recontamination from the unclean boundary.

The type of adhesive used for attaching the strain gages firmly to the material 

surface was the M-Bond AE-10 adhesive. The AE-10 adhesive is 100%-solids epoxy 

systems for use with strain gages. AE-10 cures at +70°F in 6 hours, with approximately 

6% elongation capability and essentially creep free performance. To mix, one of the 

calibrated droppers was filled with the Curing Agent 10 exactly to the number 10 and the 

contents were dispensed into the center of the jar of Resin AE. The bottle of Curing 

Agent 10 was capped immediately to avoid moisture absorption. The resin and curing 

agent were then mixed thoroughly for about 5 minutes, using one of the plastic stirring 

rods. It was important to remember that the pot life or the working time after mixing was 

about 15-20 minutes. The dropper was discarded after use.

3.3.4 Linear Motion Transducer

The linear motion transducer was used to measure the deformation in the beam 

when it was subjected to a load. The position is measured by mounting the transducer to a 

rigid surface and attaching the cable clip to the moving element to be monitored. The 

constant force spring provides torque for cable retraction. Figure 3.3.4.1 shows the 

photograph of the load cell used during the testing.



Figure 3.3.4.1 Photograph Showing the Position Transducer

Following is the specification of the position transducer used during the experiment: 

Model Number: P -15A 

Serial Number: 0601 -16192 

Range: 15 in 

Cable Tension: 24 oz 

Potentiometer Resistance: 500 ohms 

Sensitivity: 66.717 mV/V/in 

Excitation: 10VDC

The position transducer is temperature compensated up to -20°C. For the tests performed 

below -20°C, enough care was taken to protect the position transducer. Hand warmers 

and fiber-glass foam was used for this purpose
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3.3.5 Load Cell

The Anclo load cell is comprised of a hollow cylindrical core onto which eight to 

sixteen strain gages are bonded in pairs at 90° intervals around the periphery. The 

standard load cells are protected against moisture intrusion and are splash-proof. 

Following is the specification of the load cell used during the experimental procedure: 

Model Number: ANCLO-250 

Serial Number: 330122 

Capacity: 250 KN 

Maximum Excitation: 10.00 VDC 

Temperature: 23°C 

Cable Model: IRC-41A 

Load cell sensitivity: 2.1789 mV/V full scale

The surface against which the load cell bears should be smooth and perpendicular to the 

axis of the anchor or tieback. The use of a load bearing plate of suitable thickness 

between the base of the cell and the bearing surface, and a load distribution plate between 

the anchor or tieback head and the load cell is required. Figure 3.3.5.1 shows the load cell 

used during the testing.
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Figure 3.3.5.1 Photograph Showing the Load Cell

Anclo load cells are temperature compensated for a range of -40°C to 

+70°C for equilibrium temperature conditions. At cold temperatures, the load cell was 

protected using hand warmers and fiber-glass foam.

3.3.6 Thermocouples

Thermocouples were used to measure the testing temperature. A total of 

sixteen thermocouples were used in the experiment. Out of the sixteen, four 

thermocouples were used to measure the temperature of the testing room. The other 

thermocouples were on the testing deck panel at different locations to measure the 

temperature. Figure 3.3.6.1 and Figure 3.3.6.2 show a photograph of the thermocouples
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instrumented on the test deck panel and the temperature of the cold room where the 

experiment was conducted, respectively.

Figure 3.3.6.1 Instrumentation of the Thermocouples on the Testing Deck Panel



57

Figure 3.3.6.2 Temperature Inside the Cold Room

3.3.7 Photometer

Basically, the photostress method is a practical and versatile technique for 

experimental stress analysis. The method is particularly applicable to the complex three- 

dimensional configurations generally found in actual mechanical equipment, structural 

members, and machine components. The principal advantage of the photostress method 

derives from the fact that it is a full-field technique; capable of showing the entire stress 

distribution where the stresses are greatest. The following procedures were followed for 

successful contouring operation. The procedure could be divided into six principal steps:



58

• Preparing the casting plate

• Preparing and pouring the plastic resin and hardener

• Polymerization cycle

• Removing the semi-polymerized sheet from the casting plate

• Contouring the sheet to the test-part surface

• Removing the cured sheet from the test part.

3.4 Experimental Setup

As mentioned earlier in the second chapter of this thesis, the theoretical 

analysis was based on the Classic Beam Theory. Even though the analytical studies are 

an important factor in understanding the behavior of the honeycomb structures, 

experimental data are required to validate such analytical results. The overall 

performance of the sandwich structures depends on the material properties of the 

structural constituents (Facings, adhesive, and core), geometric dimensions, and the type 

of loading. It has been observed from the previous experimentation that the potential 

modes of failure for sandwich panels include tensile or compressive failure of the facings, 

debonding at the core-face sheet interface, indentation failure under concentrated loads, 

core failure, and global buckling.

3.4.1 Apparatus and Test Setup

The deck panel was placed on two W 4 X 13 steel girders, resulting in a 

continuous two-span bridge structure. The panel was tested under three-point loading 

with effective span length (L) of 75.75 in. The load was applied using a hydraulic jack. 

The load is transmitted through a rectangular plate of size 13 in X 12.5 in X 0.5 in to the 

deck panel in order to simulate the AASHTO HS25 standard truck wheel load. The long 

dimension of the plate was parallel to the short dimension of the deck. Under the 

hydraulic jack was the load cell, with a capacity of 250 KN. Further, the load cell was
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rested on the steel plate followed by an 8 in X 13 in X 0.5 in wooden plate. A rubber pad 

having the dimensions 14 in X 14 in X 0.5 in was placed between the FRP deck panel 

and the wooden plate in order to minimize the abrasion between the plate and the FRP 

deck panel. Further, the rubber pad was used to provide uniform pressure to simulate the 

wheel load action. A similar arrangement was maintained at the supports as shown in 

Figure 3.4.1.1.

Figure 3.4.1.1 Test Setup
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3.4.2 Instrumentation

Electric resistance disposable strain gages, 0.25 in long, manufactured by Vishay 

Measurements Group were placed on the top and bottom faces of the beam in order to 

measure the tensile and compressive strains. Shear strain in the web near the loading 

point was measured in one test at each span with strain gages placed at a +- 45° 

orientation along the neutral axis of the beam in order to examine the effect of a 

concentrated load on the local stress field. A total of 22 strain gages (L2A-06-250LW- 

120) were positioned at different locations on the girders in an attempt to measure a 

variety of different beam characteristics. For instance, bending strains were measured at a 

distance of 18 in. from the load point to further examine the effects of a concentrated 

load. Gages were placed on the side faces to look into the presence of any web 

compression warping, and other similar attempts were made to better understand the 

complexities of a composite beam. An instrumentation diagram can be seen in Figure 

3.4.2.1.
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A-A

Figure 3.4.2.1 Strain Gage Instrumentation Diagram

A total of sixteen thermocouples were mounted on the beam during the 

experimentation to measure temperature. Out of the sixteen thermocouples, twelve were 

placed on the beam and the other four were set up in the air to measure the room 

temperature. Figure 3.4.2.2 represents the schematic arrangement of the thermocouples.



Figure 3.4.2.2 Thermocouple Instrumentation Diagram

Deflection was measured at the mid-span using a deflection transducer 

manufactured by Rayelco Transducers. Two dial gages were placed on either side of the 

beam at the supports to measure the end displacement. Upon measuring the end support 

displacement, it was subsequently subtracted from the midspan deflections to find the net 

deflection. Figure 3.4.2.3 shows the test setup for the three-point bending test.
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Figure 3.4.2.3 Three-Point Bending Test Setup

Acoustic sensors were used during the experimentation in order to observe any 

activity happening inside the FRP test beam. A total o f three acoustic sensors were used 

during the experimentation. Out of the three sensors, two were fixed on either side of the 

load point on the top face. The third sensor was placed on the web, right under the load 

point to accumulate the major activity during the testing program. Figure 3.4.2.4 (a) and 

Figure 3.4.2.4 (b) show the location of the acoustic sensors on the testing beam.
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Figure 3.4.2.4 Instrumentation of the Acoustic Sensors

The photometer plate was fixed along the web to observe the activity happening 

in the beam. This was performed by observing the photometer plate through the 

photometer. Principal stress and strain readings were measured and were noted. Figure

3.4.2.5 shows the location of the photometer plates.
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Figure 3.4.2.5 Location of the Photometer Plates on the Beam

The strain gages, linear variable deflection transducer and the load cell were 

connected to the data acquisition system and the data were recorded and stored 

automatically in a computer at an interval of 10 scans per second. The acoustic sensors 

were connected to a computer and the activity happening in the testing beam was 

monitored through the computer in the forms of graphs.

3.4.3 Testing Procedure

An explanation of the experiment conducted on the test sample follows. As a 

precursor to the aforementioned strength testing of the fiber reinforced polymer beam, a
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number of static tests were performed on the test sample. The specimen was tested in the 

following order:

Step I: In the first stage of testing, the specimen was tested at room temperature, i.e., at a 

temperature of 26°C. At increments of about 500 lb, load was applied up to 8,000 lb. 

Simultaneously, the end deflections were monitored and recorded. The results obtained 

from this stage of testing were then analyzed and compared with the results obtained 

from the theoretical analysis.

Step II: In the second stage of the testing, the beam was tested and monitored at 0°C. The 

temperature was continuously monitored during the change of temperature from 26°C to 

0°C and was stored in the data acquisition system. Strain was monitored and recorded 

continuously for 24 hours in the data acquisition system. The beam was loaded through 

the hydraulic jack at equal intervals of 500 lb up to 8,000 lb. The beam was monitored for 

48 hours and at the 48th hour the beam was loaded again at equal intervals of about 500 lb 

up to 8,000 lb.

Step III: During the third stage, the temperature was further lowered to -20°C, while the 

strain and the temperature were continuously monitored. The loading process remained 

the same as in Stage II. Major activities were observed through the acoustic sensors. 

Precautions were taken to insulate and protect the potentiometer from the cold. The 

potentiometer was manufactured for use at a temperature as low as -18°C.

Step IV: In the fourth stage, the temperature was further lowered to -31°C, while the 

strain and temperature were monitored continuously. The loading interval remained the 

same as in Stage II and Stage III. Precautions were to taken to insulate the load cell as it 

was temperature compensated for -40°C.
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Step V: In the fifth stage, the testing temperature was set to room temperature again, i.e. 

27°C and the beam was monitored for 24 hours. At the 48th hour from the lowering of the 

temperature, the beam was subjected to load cycles; the loading rate remaining the same, 

as mentioned in the earlier stages.

Step VI: In this stage, the temperature was lowered to -38°C. This stage was a crucial 

because some noises were anticipated during the testing. The loading rate remained the 

same as aforementioned. We encountered some technical difficulties while lowering the 

temperature to -38°C. One of the compressors failed and had to be fixed, extending the 

whole process by about 4 weeks. The beam was allowed to sit at room temperature, i.e., 

at 26°C, during the repair process.

Step VII: The sixth stage was the final stage, during which the temperature was lowered 

to -55°C and the beam was monitored throughout. The beam was initially subjected to

8,000 lb of load and the loading rate remained constant throughout the 8,000 lb loading. 

The load was then released and the beam was monitored for 24 hours. After the 24 hour 

monitoring, the beam was loaded from 0 lb to failure. Continuous monitoring of 

temperature and strain was done through the data acquisition system. Due to the large 

amount of energy released by the beam at the moment of failure and the high loads 

involved, safety measures were taken by the test engineer (the author) to protect her eyes. 

Once failure testing was completed, a post-failure inspection was conducted to examine 

the method of failure (to be discussed later in Chapter 4), examine residual deflection and 

deformation, and document cracks and delaminations.
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CHAPTER 4 

RESULTS AND ANALYSIS 

4.1 Test Results Obtained from the Data Acquisition System

In this section, the results of the experiment will be presented. As mentioned 

earlier, a three-point bending test was performed on the beam at different temperatures to 

study the impact of temperature on the beam in terms of deflection, strain and other 

activities, like breaking of fibers and buckling. The readings were recorded in the data 

acquisition system and were then analyzed.

Aforementioned, a total of 22 strain gages were used during the experiment to 

obtain the values of strain. For the purposes of discussion and analysis, the results 

obtained from only two gages, i.e., strain gage # 5 and gage # 6 are included in this 

section. On studying and analyzing the obtained data, it was found that all the strain 

gages showed similar patterns. Hence the results and data obtained from the rest of the 21 

strain gages are included in the Appendix. The following sub-sections will present the 

results obtained from the experiments.

4.1.1 Test Results at 26 °C

This section includes the results of the test performed at room temperature, i.e., 26 

°C. The following figures, Figure 4.1.1.1 and Figure 4.1.1.2, establish a relationship 

between load versus strain and load versus displacement at room temperature.
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Strain (uE)

Figure 4.1.1.1 Plot Establishing Relation between Load and Strain at 26 °C

in Strain Gage 5
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Figure 4.1.1.2 Plot Establishing Relation between Load and Displacement at 26 °C
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Strain (uE)

Figure 4.1.1.3 Plot Establishing Relation between Load and Strain at 26 °C

in Strain Gage 6

4.1.2 Test Results at 0°C

In this section, the results obtained for strain and displacement are included. 

Figure 4.1.2.1 and Figure 4.1.2.1 establish relationships between load versus strain and 

load versus displacement, for tests performed at the 24th hour, respectively. Figure 4.1.2.3 

shows the relationship between load and displacement at 24 hours and Figure 4.1.2.4, 

establishes relationships between load versus strain. Aforementioned, as the temperature 

was lowered from 26 °C to 0 °C, the beam was tested at 24 hours and 48 hours from the 

time of lowering the temperature. The test at the 48th hour was conducted to account for 

the impact of temperature on the beam after a long time.
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Strain (uE)

Figure 4.1.2.1 Plot Establishing Relation between Load and Strain at 0 °C and 24

Hours in Strain Gage 5
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Strain (uE)

Figure 4.1.2.2 Plot Establishing Relation between Load and Strain at 0 °C and 24

Hours in Strain Gage 6
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Displacem ent (in)

Figure 4.1.2.3 Plot Establishing Relation between Load and Displacement at 0°C

and 24 Hours
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Strain (uE)

Figure 4.1.2.4 Plot Establishing Relation between Load and Strain at 0 °C and 48

Hours in Strain Gage 5
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Strain (uE)

Figure 4.1.2.5 Plot Establishing Relation between Load and Strain at 0 °C at 48

Hours in Strain Gage 6
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Displacement (in)

Figure 4.1.2.6 Plot Establishing Relation between Load and Displacement at 0 °C

and 48 Hours

4.1.3 Test Results at -20 °C

In this section, the test results obtained from testing at -20 °C are presented. The 

testing duration at -20 °C is similar to that at 0 °C. Figure 4.1.3.1 and Figure 4.1.3.2 show 

the plots of load versus strain for the strain gages 5 and 6, respectively, for the test 

performed at 24 hours. Figure 4.1.3.3 shows relationships between load and displacement 

at 24 hours. Figure 4.1.3.4 and Figure 4.1.3.5 show plots of load versus strain in strain 

gages 5 and 6, respectively, for the tests performed at 48 hours.
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Strain (uE)

Figure 4.1.3.1 Plot Establishing Relation between Load and Strain at -20 °C and 24

Hours in Strain Gage 5
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Strain (uE)

Figure 4.1.3.2 Plot Establishing Relation between Load and Strain at -20 °C and 24

Hours in Strain Gage 6
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9000 -

Displacement (in)

Figure 4.1.3.3 Plot Establishing Relation between Load and Displacement at -20 °C

and 24 Hours
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-500

Strain (uE)

Figure 4.1.3.4 Plot Establishing Relation between Load and Strain at -20 °C and 48

Hours in Strain Gage 5
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Strain (uE)

Figure 4.1.3.5: Plot Establishing Relation between Load and Strain at -20°C and 48

Hours in Strain Gage 6
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Displacement (in)

Figure 4.1.3.6 Plot Establishing Relation between Load and Displacement at -20 °C

and 48 Hours

4.1.4 Test Results at -31 °C

In this section, the results of the test performed at -31 °C are presented. At -31 °C 

we could not perform a static loading test at the 48th hour. Figure 4.1.4.1 and Figure

4.1.4.2 presented in this section reflect the test results performed at the 24th hour.
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Strain (uE)

Figure 4.1.4.1 Plot Establishing Relation between Load and Strain at -31 °C and 24

Hours in Strain Gage 5
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Strain (uE)

Figure 4.1.4.2 Plot Establishing Relation between Load and Strain at -31 °C and 24

Hours in Strain Gage 6
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Displacement (in)

Figure 4.1.4.3 Plot Establishing Relation between Load and Displacement at -31 °C

and 24 Hours

4.1.5 Test Results at 27 °C; Increasing the Temperature From -31 °C to 27 °C

This section presents the results obtained at a temperature of 27 °C after 

increasing the temperature from -31 °C. Figure 4.1.5.1 shows the strain reflected by the 

beam at the 24th hour test. Figure 4.1.5.2 represents the displacement in the beam at the 

24th hour test.
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Strain (uE)

Figure 4.1.5.1 Plot Establishing Relation between Load and Strain at 27 °C and 24

Hours in Strain Gage 5
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Strain (uE)

Figure 4.1.5.2 Plot Establishing Relation between Load and Strain at 27 °C at 24

Hours in Strain Gage 6
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Displacement (in)

Figure 4.1.5.3 Plot Establishing Relation between Load and Displacement at 27 °C

and 24 Hours
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Strain (uE)

Figure 4.1.5.4 Plot Establishing Relation between Load and Strain at 27 °C and 48

Hours in Strain Gage 6
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Displacement (in)

Figure 4.1.5.5 Plot Establishing Relation between Load and Displacement at 27 °C

and 48 Hours

4.1.6 Test Results at -38°C

In this section, the strain and displacement results obtained at a temperature of 

-38°C is presented. Figures 4.1.6.1 and 4.1.6.2 show the relationship between load and 

strain at the 24th hour test in strain gages 5 and 6, respectively. From this test, the 

relationship between load and displacement could not be established.
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Figure 4.1.6.1 Plot Establishing Relationship between Load and Strain at -38 C and

24 Hours in Strain Gage 5
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Strain (uE)

Figure 4.1.6.2 Plot Establishing Relationship between Load and Strain at -38°C and

24 Hours in Strain Gage 6

4.1.7 Test Results at -45°C

This section presents the results of the test performed at a temperature of -45°C. 

Figures 4.1.7.1 and 4.1.7.2 show the relationship between load and strain in strain gage 5 

and the relationship between load and displacement. The value of strain from strain gage 

6 could not be obtained from this test.
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Strain (uE)

Figure 4.1.7.1 Plot Establishing Relationship between Load and Strain at -45°C in

Strain Gage 5
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Displacement (in)

Figure 4.1.7.2 Plot Establishing Relationship between Load and Displacement

at-45°C

4.2 Comparison of Strain Obtained from Photometer and Strain Gages at 26°C.

In this section, a comparison of the strain values obtained from the photometer 

and the strain values obtained from the strain gages is presented. Figure 4.2.1 shows the 

comparison of strain obtained from both sources. From the graph, it is evident that there 

is not much difference between the results obtained from the photometer and the strain 

gages.
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Figure 4.2.1 Comparison of Strain Obtained from Photometer and Strain Gages
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Figure 4.2.2 Strain at 0 lb
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Figure 4.2.3 Strain at 1070 lb
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Figure 4.2.4 Strain at 1520 lb
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Figure 4.2.5 Strain at 3510 lb
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Figure 4.2.6 Strain at 6660 lb
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Figure 4.2.7 Strain at 7940 lb

4.3 Results obtained from the Acoustic Emission Equipment

In this section, the results obtained from the acoustic emission equipment are shown. 

Figure 4.3.1 shows the results obtained at a temperature of 26°C, whereas Figure 4.3.2 

shows the results at -31°C.
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Figure 4.3.1 (a) Overview of Data Obtained at 26 °C
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Figure 4.3.1 (b) Plots Showing Relationship between Hits and Amplitude

Figure 4.3.1 (c) Activity in the Channels
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Figure 4.3.1 (d) Plot Comparing the Activities in the Channels at 26 °C

Figure 4.3.2 (a) Overview of the Data Obtained at -31 °C
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Figure 4.3.2 (b) Plots Showing Relationship between Hits and Amplitude
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Figure 4.3.2 (d) Plot Comparing the Activities in the Channels at -31 °C

4.4 Theoretical Analysis of the Testing Deck Panel

In this section of the thesis, a detailed theoretical analysis based on both the 

methods is presented. In this experiment, the beam was subjected to a three-point loading.

4.4.1 Classic Beam Theory

Based on the CBT method, the following analysis was performed. The 

dimensions for the test sample are as follows: 

h = 7 in 

b =  13.4 in

L = 75.75 in (effective length) 

ti = 0.5 in 

t2 = 0.10 in 

d - 6.5 in 

c = 6 in

Ec= 1102281 Psi
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Ef= 3190836 Psi 

G = 696192 Psi

Based on the above dimensions, I = 383.0167 in 4 and the flexure rigidity (D) was 

calculated to be 464418360.2 lb-in2.

When the beam was subjected to a load (P) of 500 lb, the respective Moment (M) 

obtained was 127848.1 lb-in, and the total deformation obtained was0.008 in. The load 

was gradually increased and the respective deformations at different loads are given 

below.

Table 4.4.1.1 Load- Deflection Data from CBT Method

Load (lb) Total Deflection (in)

0 0.000

500 0.009

1000 0.018

1500 0.026

2000 0.035

2500 0.044

3000 0.053

3500 0.062

4000 0.070

4500 0.079

5000 0.088

5500 0.097

6000 0.106

6500 0.114

7000 0.123

7500 0.132

8000 0.141
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4.4.2 Simplified Method

Based on the Simplified Method, as discussed in Chapter 2, the following analysis 

was performed. When the beam was subjected to a load of 500 lb, the deflection obtained 

based on the Simplified Method was 0.009 in. The load was gradually increased and the 

respective deflections were determined.

Table 4.4.2.1 Load- Deflection Data from Simplified Method

Load (lb) Total Deflection (in)

0 0.000

500 0.009

1000 0.017

1500 0.026

2000 0.035

2500 0.044

3000 0.052

3500 0.061

4000 0.070

4500 0.079

5000 0.087

5500 0.096

6000 0.105

6500 0.114

7000 0.122

7500 0.131

8000 0.140
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Based on the above two methods, a graph was plotted between the load (lb) and the total 

displacement (in).

O CBT Method 

‘“ “ Simplified Method

Figure 4.4.2.1 Load-Displacement Curves Showing the Comparison between CBT

Method and Simplified Method

4.5 Analysis and Discussion

As mentioned earlier, the main focus of the thesis is on the “Impact of 

Temperature” with respect to time on the FRP beam. The analysis performed on the 

experimental results is mainly focused on the aforementioned issue.

When we talk about the “Impact of Temperature” on the beam with time, it is 

important to understand fully the different temperatures experienced by the beam. Figure

4.5.1 shows the temperature cycle from the first day of the test to the completion of the 

test.
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Figure 4.5.1 Temperature History

Figure 4.5.2 shows the comparison in the values of strain at all the testing 

temperatures. Figure 4.5.3 shows the best linear curve for the plots in Figure 4.5.2 and 

henceforth, the linear plots will be referred to for the purpose of discussion.
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Figure 4.5.2 Comparison of Strain in Gage 5 at All Testing Temperatures
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Figure 4.5.3 Linear Fit for the Comparison of Strain in Gage 5 at All Testing

Temperatures

Figure 4.5.4 shows a comparison of deflections at different temperatures and 

Figure 4.5.5 represents the best linear curve approximation for Figure 4.5.4. As 

mentioned earlier in the previous chapter, the testing conditions remained the same 

throughout the experiment. The only variable in each data set o f the experiment was the 

temperature.



114

Figure 4.5.4 Comparison of Displacement at All Testing Temperatures
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Figure 4.5.5 Linear Curve for Comparison of Deflection at All Testing

Temperatures

Referring to Figure 4.5.3 and Figure 4.5.5 for the test performed at 26 °C, a strain 

of (-) 397.380 uE was obtained at a load of about 8000 lb. For the same test conditions, 

the deflection was 0.133 in. Further, as the temperature was lowered to 0 °C, a static 

loading test was performed at the 24th hour (from the time of lowering the temperature) 

and the strain value attained was (-) 373.69 uE. For the same testing condition and 

duration, there was a 0.129 in deflection in the beam. This shows that when temperature 

is lowered from 26 °C to 0 °C, there is a decrease in the values of strain as well as the 

deflection. Further, when the beam was allowed to sit for a longer time, i.e., about 48 

hours at the same temperature, a strain value of (-) 548.915 and a deflection of 0.132 in 

was obtained. This implies there is degradation in stiffness with the lowering of 

temperature. This is supported by the data obtained from the acoustic emission 

equipment.
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On further lowering the temperature to -20 °C, there was an increase in the 

degradation of stiffness in the beam. A strain and deflection of (-) 380.514 uE and 0.132 

in was obtained. If the beam temperature of -20 °C was constant for about 48 hours, the 

strain and deflection increased to (-) 442.275 uE and 0.143 in.

As discussed in the testing procedure, the testing temperature was lowered to -31 

°C from -20 °C. At -31 °C, there was a decrease in the values of strain and deflection and 

the measured values are (-) 418.468 uE and 0.1387 in. On increasing the temperature to 

27°C, it was observed that the values of strain and displacement also increased. Further, 

when the temperature was lowered to -38°C, there was a decrease in the values of strain. 

The behavior of the beam, in terms of stiffness, could not be obtained as the position 

transducer got frozen due to the cold. On further lowering the temperature to -45°C, it 

was observed that the values of strain and displacement increased. This shows that there 

was a decrease in the stiffness with the lowering of temperature. Whereas, up to -20°C, 

the stiffness increased with the lowering of temperature.

Although these values were low when compared to the values obtained from the 

previous testing performed at the 48th hour, the strain and deflection still followed the 

pattern of the test performed at the 24th hour. This is further supported by the results 

obtained from the AE equipment.

Low temperature produces internal stresses in composites of polymeric materials. 

The polymeric matrix phase becomes stiffer and suffers from damaged induced stresses 

resulting from thermal coefficient mismatch of fibers and resin.

From Figures 4.5.3 and Table 4.5.5, we observe that the values of strain and 

deflection decreased during the 24th hour test at 0 °C when compared to 26 °C. Also, a 

similar trend is observed during the 48th hour test at all temperatures, but generally a 

degradation of stiffness is anticipated at lower temperatures. This is because the effect of 

temperature can induce stiffness degradation of composite deck material. One of the 

possible reasons for the decrease in the values of deflection and strain might be that the 

beam has not attained an ambient desired testing temperature during the 24th hour test. 

But during the 48th hour test, the beam might have attained an ambient temperature and
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so a degradation of stiffness is observed. Although the thermocouples that were attached 

in the beam showed the desired testing temperature during the 24th hour test, it might not 

always be true that the whole beam has attained an ambient temperature within 24 hours 

of changing the temperature.

The significant stiffness change with temperature implies that the panel stiffness 

is mainly controlled by temperature. This statement is based on the fact that there is a 

change in the deflection and strain with a change in the temperature. The support 

conditions remained the same during all temperatures and the load applied was constant 

for all cases. However, there was an increment in the values of deflection for each 

successive test.

All the curves exhibited a load-deflection relationship that was approximately 

linear within the loading range. The same trend was observed for the curves, reflecting 

the load-strain relationship.

The other important observation from Figure 4.5.5 is that after a temperature of 

-20°C, there is a reverse trend in the stiffness of the beam. Reverse trend means that the 

curve is not following the degradation in stiffness. This is an important finding from the 

experiment.

After each cycle of testing, the beam was visually inspected for any cracks or de

laminations but nothing was observed during the elastic testing. It is important to account 

for the support deflection. During analysis, it was observed that the support deflection 

contributed almost half of the mid-span deflection.



Figure 4.5.6 Comparison of Energy Dissipated During the Experiment at 

Temperatures of 26°C and -31°C



119

0 -I-------------------T- - - - - - - - - - - - - - - - - - - - - - - - - - T--------------------------- T---------------------------T---------------------------T--------------------- I ---------------------- r--------------------------- T---------------------------,

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Load (lb)

Figure 4.5.7 Comparison of Amplitude with Respect to Load at 26°C and -31°CFigure 4.5.6 establishes the relationship between load and energy at 26°C and - 

31°C respectively. On comparing the two figures, it is seen that more activity happened at 

-31°C. There was more energy within the range of 10-20 at -31°C whereas at a 

temperature of 0°C, the range was between 0-10. Similar activity was also observed in 

Figure 4.5.7, establishing relationship between load and amplitude. A higher range (50- 

60 dB) was observed at -31°C when compared to a temperature of 26°C.

Figure 4.2.1.1 (a) and Figure 4.2.2.1 (a) are the three dimensional displays of the 

number of signals received as a function of the received signal amplitude in dB and the 

observation time in seconds. The number of received signals shown is normalized to the 

highest number of signals observed as a function of the signal amplitude. Figure 4.2.1.1 

(c) and Figure 4.2.2.1(c) shows the number of signals received as a function of 

observation of time in seconds.
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Comparing Figures 4.3.1.1 and Figures 4.3.2.1, it is seen that the longer the time 

of observation the greater is the load applied on the specimen. The increased load causes 

more mechanical waves to be set up in the specimen resulting in a greater number of 

signals (hits) reaching the sensors. For instance, referring to Figures 4.3.1.1, and Figures

4.3.2.1 we see that there is an increase in the number of hits in Figure 4.3.2.1 when 

compared to Figure 4.3.1.1. This implies that there is more activity happening in the 

beam with the lowering of the temperature. The beauty of the AE equipment is that the 

data obtained from it can identify the channel that is most active during the testing. It is 

obvious from Figure 4.3.1.1 (d) that there was more activity in channel 2 than in channel 

3. Whereas Figure 4.3.2.1 (d) shows the reverse. The positions of channel 1 and channel 

3 are equidistant from the load point and hence a similar pattern of results is expected. 

However, the absence of activity in channel 1 is unexplained and needs to be further 

investigated.

4.6 Validation of the Assumption “Plane Sections Remain Plane”

From all the results obtained, we plotted the curves to verify whether plane 

sections remain plane after bending. Figure 4.6.1 shows the comparison of strain, located 

at the cross-section, at different loads but the same temperature (-31°C). Figure 4.6.2 

shows a similar plot at the cross-sectional location. This was plotted for a constant load 

(8000 lb) at all the testing temperatures.



Figure 4.6.1 Plot showing the Values of Strain at Different Loads at a Temperature

of-31°C
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Figure 4.6.2 Plot Showing the Values of Strain at a Constant Load (8000 lb) at all

Testing Temperatures

Figure 4.6.1 and Figure 4.6.2 validate the assumption “plane sections remain 

plane”. Minor curvature is observed in some of the plots and that might be due to the 

experimental errors.

Figure 4.6.3 and Figure 4.6.4 show the strain pattern under constant load (8000 

lb), but different temperatures, and different loads, but a constant temperature (-31°C). 

The main objective of plotting such figures is to study the strain pattern (lengthwise 

direction) under constant loading and temperature. These figures make the location of 

maximum moment evident.
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Figure 4.6.3 Strain Pattern under Constant Load (8000 lb) and Different

Temperatures
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Figure 4.6.4 Strain Pattern under Different Loads and Constant Temperature

(-31°C)

4.7 Comparison between Theoretical Analysis and Experimental Results

This section discusses the comparison between the theoretical analysis and 

experimental results, shown in Figure 4.7.1. From Figure 4.7.1, we observe that the 

experimental results are smaller than the results based on the CLBT method by 4.9 %. 

The experimental plot is given by the best fit linear line.
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Figure 4.7.1 Comparison between the Theoretical Analysis and Experimental

Results

4.8 Ultimate Load Test

As mentioned in chapter three, the beam was loaded until failure at a temperature 

of -45°C. The temperature went as low as -55°C, but due to some technical difficultiesthe 

temperature increased by 10 degrees. During the ultimate load test, I had anticipated the 

FRP beam would emit some noises and care was taken to account these noises.

The load was gradually increased from 0 lb and the deflection was monitored 

throughout. No prominent noises were heard until a load of 27,875 lb. At a load of 27,876 

lb, minor popping noises were heard. These noises were due to the internal delamination 

of the fibers. The noises continued as the load was increased. This implied that as the 

load was increased, there was an increase in the fiber delamination. This continued up to 

34,500 lb. At a load of 34,500 lb, a very strong and loud noise was heard and the
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delamination of fibers increased. This was the first mode of failure. Figure 4.8.1 shows 

the test beam after the first mode of failure.

Figure 4.8.1 Beam after First Mode of Failure

At the first mode of failure, the beam was inspected visually to account for the 

cracks, if any. We could not see any cracks during this stage of loading. However, there 

was minor debonding of the bottom face sheet from the core. During this stage, there was 

a minor disturbance in the experimental setup because of the eccentric loading on the 

beam. This was adjusted and corrected after the first mode of failure and the experiment 

was continued. The beam was unloaded to 0 lb at this stage and on reloading the beam 

upto 34,500 lb, there was not much noise heard until 33,120 lb loading. On further 

increasing the load to 34,500 lb, the noises from the delaminaton of the fibers were
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prominent. When the load was increased to 38,640 lb, a very loud noise was heard and 

the beam failed, as shown in Figure 4.8.2.

Figure 4.8.2 Beam at Failure Load

On visual inspection, it was observed that this debonding of the face sheet finally 

led to the local buckling of the exterior plate on both sides of the beam, as shown in 

Figure 4.8.3. From Figure 4.8.3, it is seen that the external face sheets buckled up to 0.25 

inches.
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Figure 4.8.3 Buckling of External Face Sheets

The debonding of the external bottom face sheet from the core was observed from 

the extreme edge of the beam. The failure process was sudden and released a large 

amount of energy. This was concluded from the large amount of noise and disturbance in 

the test setup and also from the AE results. The AE sensors got detached from the beam 

and flew in the air. The core showed large deformation as well. On visual inspection, 

loose fibers were observed on the beam. The beam was then unloaded and on doing so, 

the beam did not show any elastic behavior. The ultimate load at which the beam failed 

was at 38,640 lb.
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4.9 Analysis of the Test Results

4.9.1 AE Results

The overall activity that occurred in the beam during the test was monitored in the 

AE equipment. Figure 4.9.1.1 shows the overall activity in the beam. Figure 4.9.1.1 

includes a 3-D graph, plotting hits vs time and amplitude. The plot shows the different 

activities in the beam.

Figure 4.9.1.1 Overall AE Results

Figure 4.9.1.2 shows the activity in the beam. Figure 4.9.1.2 also shows the total number 

of hits that occurred in a particular sensor. The activity in the beam is nothing but the 

delamination of the fibers.
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Figure 4.9.1.2 Plots Showing the Activity in Individual Sensor

Figure 4.9.1.3 and Figure 4.9.1.4 shows the relationship between hits and 

amplitude in a particular sensor and the total energy released during the testing. From 

Figure 4.9.1.4, it is evident that there has been a large amount of energy released during 

the testing.
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Figure 4.9.1.3 Plots Showing the Relationship between Hits and Amplitude

Figure 4.9.1.4 Plot Showing the Energy Released During the Test
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4.9.2 Behavior of the Beam at Ultimate Load

Figure 4.9.2.1 shows the behavior of the beam, in terms of stiffness until the 

ultimate load. The beam failed at a load of 38,640 lb, deflecting by 1.039 in.

45000.000 -

40000.000 -

Figure 4.9.2.1 Plot Establishing Relationship between Load and Displacement
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS

Although the beam study introduced a number of questions, it seems to have at 

least pointed research in the direction of better understanding the beam behavior at very 

low temperatures. It is a foundation upon which to build.

Based upon the investigations performed during the research and writing of this 

thesis, the following conclusions and recommendations are made:

• Temperature plays an important role in governing the stiffness of the beam.

• It is observed from the load-deflection curve that the stiffness at lower 

temperatures is higher than that at high temperatures.

• The above observation implies that the panel stiffness is controlled mainly by 

temperature and not as much as by the load.

• In theoretical analysis, previous research shows that “n” should be taken as the 

number of vertical and sinusoidal sheets together. But from our analysis, we 

disagree with this. We propose that “n” should be taken as the number of vertical 

sheets only.

• Another important finding from the experiment is the observation of the reverse 

trend in terms of stiffness of the beam, below a temperature of -20°C.

• Previous researchers have concluded that FRP bridge deck systems demonstrate 

performance advantages in extreme temperature conditions. Based on our results, 

we would suggest some future work on this issue, before any concrete 

conclusions are made. Our conclusion is based on the observation of the reversal 

in the stiffness trend.

• Based on the above conclusion, I would recommend further study on the 

feasibility of fiber-reinforced polymer composites at extreme low temperatures.

• I would also recommend that future work should focus on similar types of testing 

but also consider the effects of other environmental factors at low temperatures.
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It should be emphasized that composites are not a panacea to all problems. An advantage 

of one application may be a disadvantage for another. Often a compromise may be the 

most appropriate course of action. In high performance composites, high strength and 

stiffness fibers are used in relatively high volume fractions while the fiber orientation is 

controlled to enable high mechanical stresses to be carried safely. In the anisotropic 

nature of these materials lies their major advantage. The point which can be made, 

however, is that the added flexibility offered by the composites, along with the inherent 

advantages of light weight, corrosion resistance, etc., that they possess over other 

materials, ensures that they must feature in the first rank of materials options available to 

the engineer.
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APPENDIX A 

PHOTOGRAPHS

Figure A-l Test Sample
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Figure A-2 Test Setup

Figure A-3 Dial Gages Instrumented on the Beam



Figure A-4 Beam at a Temperature of-45°C



Figure A-5 Beam at -50°C
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APPENDIX B 

FIGURES

Strain (uE)

Figure B-l Measured Strain in Gage 1 at -20°C and 24 Hours
Lo

ad
 

(l
b)



Lo
ad

 
(l

b)
143

Strain (uE)

 Linear (SG 15)

 -L in ear (SG 2)

Figure B-2 Measured Strain in Gages 2 and 15 at -20°C and 24 Hours
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Figure B-3 Measured Strain in Gages 3 at -20°C and 24 Hours
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Figure B-4 Measured Strain in Gage 4 at -20°C and 24 Hours
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Strain (uE)

Figure B-5 Measured Strain in Gage 5 at -20°C and 24 Hours
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Figure B-6 Measured Strain in Gages 6 and 19 at -20°C and 24 Hours
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Figure B-7 Measured Strain in Gages 13 and 14 at -20°C and 24 Hours
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Figure B-8 Measured Strain in Gages 9 and 10 at -20°C and 24 Hours
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Figure B-9 Measured Strain in Gages 21 and 22 at -20°C and 24 Hours
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Strain (uE)

Figure B-10 Measured Strain in Gage 7 at -20°C and 24 Hours
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Figure B -ll  Measured Strain in Gage 11 and 12 at -20°C and 24 Hours
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