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ABSTRACT 

Glass fiber-reinforced polymer composites have promising applications in 

infrastructures due to their low cost, high specific stiffness/strength, and corrosion 

resistance. The pultrusion process is often used to manufacture glass fiber-reinforced 

polyurethane (PU) composite. The objective of this study is to use thermoset PU resin to 

manufacture high quality composites for infrastructure applications using vacuum 

assisted resin transfer molding (VARTM) process. Using VARTM to fabricate PU resins 

presents unique challenges. Several modifications however have helped with overcoming 

these problems. In part I of the research, the mechanical performance of two different PU 

resin not only evaluated but also compared to one another. These results were used to 

determine which PU should be used in the next two parts. The composite panels were 

fabricated using VARTM process. In part II. VARTM process was used to fabricate 

reinforced PU composite bridge deck. The bending stiffness, load carrying capacity, and 

compressive properties of composite bridge deck panels were each evaluated. 

Commercial finite element software ABAQUS was used to analyze the panels under 

bending. In part III, design and manufacture composite structure insulation panels were 

investigated. Development of composites housing requires a unique design approach with 

components performing several functions beyond carrying mechanical. To meet these 

challenges, innovative processing techniques combined with new materials technology 

developed and evaluated. VARTM manufacturing process modified to manufacture 

multifunctional panels for housing and army shelter applications. A series of mechanical 

tests were performed on these structural components. 
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SECTION 

1- INTRODUCTION 

A composite material is created when two or more materials are combined into 

one, often containing very different properties. This combination produces a composite 

that has unique properties. The different materials can, however, be easily distinguished 

from one another neither nor a blend into one another. The constituent materials in the 

composite include fibers and a matrix. Fiber reinforcements are the major load carrying 

components.  Polymer matrix is used for the load transfer as well as barrier against 

adverse environments between the fibers. Composites are currently being considered as 

an alternative to conventional materials such as, aluminum and steel, due to their high 

specific strength, high specific modulus, and corrosion and wear resistance. 

Fiber-reinforced polymer composites are increasingly being used in various 

applications (aerospace, marine, and automotive) because they have low weight, a high 

stiffness, a high strength, a superior fracture behavior, and a long service life. They are 

also highly resistant to corrosion. Several types of fiber reinforcements exist for fiber-

reinforced polymer composites.  Glass fibers however, are used most often [1]. Glass 

fibers have gained popularity because they are more readily available and cost effective 

than carbon either aramid fibers. Glass fiber-reinforced polymer composites have a 

number of applications including, aircraft gliders, boats, automobiles, wind turbines, 

storage tanks, piping, bridge decks, and houses. Several types of thermosetting polymer 

resins are used as a matrix to bind the reinforcement material. Polyurethane (PU) is a 

thermoset resin which is more environmentally friendly. Unlike conventional resin 

systems (polyester and vinyl Ester) [2-5]. PUs do not contain volatile organic compounds 

(VOC)-emitting styrene and peroxide catalysts. A PU resin system typically contains 

both isocyanates and polyols. PU resin is inexpensive. It also has a high processability, a 

high impact resistance, and superior mechanical properties. These qualities make it an 

attractive alternative to other resin systems. Pultrusion is used to conventionally 

manufacture glass fiber-reinforced PU composites. Pultrusion is limited, however, to 

manufacturing constant cross-section profile composite parts. The Vacuum Assisted 
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Resin Transfer Molding (VARTM) process is a low cost composite manufacturing 

process that is widely used in the composite industry. This process was developed over 

the last two decades for applications in commercial, military, and marine composite 

structures [6, 7]. Virtually any size part can be manufactured at low pressures and 

temperatures using VARTM process. Manufacturing of glass fiber-reinforced PU 

composites using VARTM process is new. As a result, few have investigated it. Tate et 

al. [8-10] used VARTM process to manufacture E-glass/soy-based PU composites and 

nano-modified E-glass/soy-based PU composites. The authors have used a two-part PU 

resin system in the manufacturing process and the mechanical properties of E-glass/soy-

based PU composite were compared with E-glass/vinylester and E-glass/polyester 

composites. The mechanical properties of the E-glass/soy-based PU composites were 

comparable to both the E-glass/vinylester and the E-glass/polyester composites. The 

damage resulting in composite materials from impacts load cannot always be detected by 

visual inspection. This damage can range from barely detectable to matrix cracking, fiber 

failure, and delamination. A large body of literature addresses damage mechanisms, 

damage detection methods, and the numerical simulations of damage progression in 

composites. Zhang et al. [11] used ABAQUS TO perform a series of finite element 

analyses. The authors predicted both damage initiation and propagation in laminated 

carbon/epoxy composite plates that were subjected to low-velocity impacts. Aslan et al. 

[12] conducted not only an experimental study. But also numerical simulations to 

investigate the in-plane dimension effect on the impact response of cross-ply glass/epoxy 

laminated composite plates under low-velocity impact. They found that the impact 

behavior of composite structures is directly dependent on the in-plane dimensions.  

Tiberkak et al. [13] developed a finite element model based on Mindlin’s plate theory to 

study the low velocity impact behavior in fiber-reinforced composite plates. Shi et al. 

[14] implemented cohesive damage in their finite element model and studied the low 

velocity impact of a composite laminate. The authors have inserted interface cohesive 

elements between plies with appropriate mixed-mode damage laws to model 

delamination. The numerical results were in good agreement when compared to 

experimentally obtained curves of impact force and absorbed energy versus time. The 
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simulation results showed a good correlation with experimental data in terms of both 

force displacement curves and material damage. Fan et al. [15] developed a finite element 

model to predict the impact behavior of the woven glass fiber-reinforced composite 

plates. Hashin failure criteria was used to study the damage that occurred in the 

composite plate. The authors have observed that the perforation energy increased as the 

thickness increased. Both the material and the damage behavior of theses composites 

must be understood if an optimum performance is to be achieved. 
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2- SCOPE OF THE DISSERTATION 

Composite materials have replaced metals in various engineering applications as 

result of their numerous advantages in mechanical properties as well as reduced cost 

while selecting the material systems for typical application [1]. A thorough understanding 

of the material behavior of these composites is necessary to achieve optimum 

performance [2]. Analyzing the neat resin properties in addition to the composite 

behavior is significant to assess the overall performance of composite. Mechanical 

properties of neat resins are important to study because this can be attributed to the initial 

damage in the composite material which primarily occurs through matrix cracking [3].   

Polyurethane (PU) is better and a promising alternative to polyester and vinylester 

as it offers the potential for fast cycle times, high toughness. There is no styrene emission 

during PU VARTM processes and the final product has superior durability. For two part 

resins after mixing, the urethane system begins to react and the viscosity increases, 

delaying the infusion of the resin into large parts. Viscosity and pot-life limitations of PU 

resins have been overcome through a major development in novel catalysis chemistry. 

This dual catalyst system extends the pot-life of mixed resins at room temperature with a 

tunable induction period and a snap-cure profile at high temperatures [4]. In particular 

this chemistry offers the following advantages: 

• Lower resin viscosity compared to epoxy resins which facilitate easy fabrication 

of composite part. 

• Longer pot-life compared to commercial urethane-based resins. 

• A reduction in cycle time which is achieved by a snap-cure mechanism. 

• Higher mechanical performance compared to commercial urethane resins, fracture 

toughness in particular. 

• Good thermal stability, excellent fire performance without added flame retardants, 

low smoke density and less toxicity according to NF P52-901 standard [5-6].  

Recent advancements in PU chemistry for vacuum assisted resin transfer molding 

VARTM and Resin Transfer Molding (RTM) processes have resulted in a dramatic 



5 
 

 

 

 

increase in commercial interest for producing a wide range of products, including those 

utilized in wind energy production.  

Glass fiber-reinforced PU composites are conventionally manufactured using 

pultrusion. However, pultrusion is limited to manufacturing of constant cross-section 

profile composite parts. Vacuum Assisted Resin Transfer Molding (VARTM) process is a 

low cost composite manufacturing process and widely used in composite industry. The 

major challenge is in using PU resin system for vacuum infusion processes VARTM in 

maintaining a relatively constant, low viscosity for a long period of time. Also, the 

isocyanate portion of the reacting components tends to react with water to produce 

carbon dioxide, which results in foaming. VARTM process has advantages over 

conventional Resin Transfer Mold (RTM) by eliminating the costs associated with 

matched-metal mold making and volatiles emission. In VARTM process, the polymer 

resin is infused through the fiber reinforcements under atmospheric pressure. 

The focus of the present work in Paper I is Synthesis and Performance Evaluation 

of Polyurethane Composites using One-part and Two-part VARTM Resin Systems. Two 

types of PU resin systems, PU 90IK01 and PU 840871, were used for manufacturing the 

composite laminates. Six layers of glass fiber were used for impact and flexure specimens 

and three layers glass fiber for tension specimens with thermoset PU 90IK01 and PU 

840871 resin systems. Thermal studies of both the resins were conducted using 

differential scanning calorimetry (DSC) and viscosity measurement. Tensile and flexure 

tests are conducted on both the neat resin and glass fiber reinforced PU composite 

laminates. Also low velocity impact tests are performed on the two types of glass fiber 

reinforced PU composite laminates.  

In paper II: Manufacturing and Characterization of Polyurethane Based 

Composite Bridge Deck Panels using VARTM Process. Three different models of all-

fiber reinforced polymer composite sandwich bridge decks utilizing various core designs, 

namely box, trapezoid and polyurethane (PU) rigid foam, were fabricated using VARTM 

process. The three models are evaluated mechanically Flexural, flatwise compression and 

edgewise compression tests and compared in order to choose the appropriate design for 
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full scale bridge decks. Woven glass fiber and two part thermoset polyurethane resin 

systems were used for fabrication. In ddition, finite element analysis were conducted 

using software ABAQUS to model the flexural results for the trapezoid foam model. 

In paper III: Design and Manufacturing Composite Structural Insulated Panels 

(CSIP) for Modular House Construction. Usage of glass fiber reinforced two-part PU 

composite to Design and manufacture composite structure insulation panels. To meet 

housing core challenges, innovative processing techniques combined with new materials 

technology will be developed and evaluated. The core-filled manufacturing process will 

be modified to manufacture multifunctional panels for housing and army shelter 

applications, the core-filled composite panels are lightweight and easy to transport. 

Energy efficiency is inherent with the core-filled composite panel than in a metallic 

material. A series of tests like flexure, compression, weathering, and UV resistant will be 

performed on these structural components. 
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PAPER  

I. MANUFACTURING AND PERFORMANCE EVALUATION OF 

POLYURETHANE COMPOSITES USING ONE-PART AND TWO-PART RESIN 

SYSTEMS 

M. Mohamed, S. Hawkins and K. Chandrashekhara   
Department of Mechanical and Aerospace Engineering 

Missouri University of Science and Technology, Rolla, MO 65409 
 

 

 

ABSTRACT 

Polyurethane (PU) based composites show superior performance compared to 

polyester and vinylester based composites. The demand for PU composites is increasing 

in high technology as well as conventional applications such as infrastructure and 

automobile. In this study, Glass fiber reinforced composite laminates using one-part and 

two-part PU resin are manufactured using vacuum assisted resin transfer molding 

(VARTM) process. A new generation of two-part thermoset PU resin system is 

investigated and compared with commercial one-part PU resin systems. The mechanical 

performance of glass fiber reinforced composites manufactured using two different PU 

resin systems is evaluated. Tensile and flexure tests are conducted on both neat resin and 

glass/PU composites. Low velocity impact tests are performed on the two types of glass 

fiber reinforced PU composite specimens. Mechanical properties including strength and 

modulus were measured and analyzed for the two resin systems. Differential scanning 

calorimetry (DSC) is used to study the cure behavior of both resin systems. A Brookfield 

LVDV-II programmable rotational type viscometer is employed to study the viscosity 

profiles of the resin systems. The influence of resin properties on the overall performance 

of glass fiber reinforced composites is discussed.  
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1-INTRODUCTION 

Composite materials are advantageous over metals in various engineering 

applications due to advantages like high specific stiffness, high specific strength, 

enhanced dimensional stability, energy absorption, corrosive resistance as well as 

reduced cost with selected material systems for typical application [1-2]. However, a 

thorough understanding of the material behavior of these composites is necessary to 

achieve optimum performance [3]. Analyzing the neat resin properties in addition to the 

composite behavior is necessary to assess the overall performance of the composite. 

Mechanical properties of neat resins are important to study because this can contribute to 

the initial damage in the composite material which is primarily due to matrix cracking 

[4].   

Polyurethane (PU) is a better and promising alternative to polyester and vinylester 

as it offers the potential in terms of fast cycle times and high toughness. There is no 

styrene emission during PU VARTM processes and the final product has superior 

durability [5]. For two-part resins, the urethane system begins to react after mixing and 

the viscosity increases, constraining the infusion of the resin into large parts. Novel 

catalysis chemistry is used to overcome the viscosity and pot-life limitations of PU resins. 

This dual catalyst system extends the pot-life of mixed resins at room temperature with a 

tunable induction period and a snap-cure profile at high temperatures [6]. This chemistry 

offers the following advantages: 

 Lower resin viscosity compared to epoxy resins and facilitate easy fabrication of 

composite part. 

 Longer pot-life compared to commercial urethane-based resins. 

 A reduction in cycle time through a snap-cure mechanism. 

 Higher mechanical performance compared to commercial urethane resins, fracture 

toughness in particular. 

 Good thermal stability, excellent fire performance without added flame retardants, 

lower smoke density and less toxicity according to NF P52-901 standard [7-11].  
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Recent advancements in PU chemistry for vacuum assisted resin transfer molding 

(VARTM) and Resin Transfer Molding (RTM) processes have leaded to a dramatic 

increase in commercial interest for producing a wide range of composite products, 

including those utilized in wind energy production. The major challenge is moisture 

sensitivity while using PU resin system for vacuum infusion processes. The isocyanate 

portion of the reacting components tends to react with water to produce carbon dioxide, 

which results in foaming [12]. VARTM process is one of the most widely used composite 

manufacturing processes developed in recent years for several engineering applications. 

VARTM process has advantages over conventional Resin Transfer Mold (RTM) by 

eliminating the costs associated with matched-metal mold making and volatiles emission. 

In VARTM process, the polymer resin is infused through the fiber reinforcements under 

atmospheric pressure. 

Not many researchers have investigated the behavior of PU composites 

manufactured with VARTM process. Michael et al. [11] investigated the physical and 

mechanical properties of pultruded PU composites, and compared them to unsaturated 

polyesters (UPE), vinylester (VE) and hybrid unsaturated polyester-urethane (UPE-PU) 

resin profiles with identical reinforcements. The authors observed PU pultruded 

composites to exhibit superior strength and toughness compared to VE, UPE and hybrid 

UPE-PU based composites.. Husic et al. [9] studied and compared the mechanical 

properties of untreated E-glass fiber reinforced composites prepared with soybean oil-

based PU to the petrochemical polyol based ones. The results showed that soy-based PU 

offers better mechanical properties  

Usama [10] investigated the chemistry and properties of the PU material, with 

emphasis on structure/property relationship and the development of high surface quality 

(Class A) VARTM composites. The author has also discussed the advantages of PU 

resins including room temperature cure, no volatile organic compounds (VOCs) and high 

impact properties. The results showed that PU chemistry for use in RTM and vacuum 

infusion applications are an attractive alternative to other materials. Usama and Srekan 

[13] have studied the new generation of PU resin systems developed by Bayer 
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MaterialScience. The study focused upon the performance of a new PU resin system 

versus traditional epoxy and vinylester resins used for wind blades and investigated the 

effects of carbon nanotubes on the performance of PU. These urethane systems showed 

improved fatigue and fracture toughness properties as well as faster de-mold times than 

other resins.  

In this study, glass fiber reinforced PU composite laminates are fabricated using 

VARTM process. Two types of PU resin systems, PU 90IK01 and new generation PU 

840871, are used for manufacturing the composite laminates. Thermal studies of both 

resins were conducted using differential scanning calorimetry (DSC) and viscosity 

measurement. Tensile and flexure tests are conducted on both the neat resin and glass 

fiber reinforced PU composite laminates. Low velocity impact tests are performed on 

both types of glass fiber reinforced PU composite laminates. In the previous study by the 

same author, Mohaned [5] has investigated the impact characterization of PU one-part 

composites manufactured with VARTM process experimentally and numerically using 

finite element analysis. The results showed that PU composites manufactured using 

thermoset PU resins and VARTM process have good mechanical properties such as 

tensile strength,  flexural strength, tensile modulus and flexural modulus. 

2- MATERIALS AND MANUFACTURING 

Woven fiber based composites offer improved performance over unidirectional 

type composites. The woven fiber structure provides obstruction to matrix splitting and 

delamination growth [14]. In this work, woven E-glass fibers which are compatible with 

PU resins are used obtained from Owens Corning Inc. OH. 

Two types of PU resin systems compatible with VARTM are obtained from Bayer 

MaterialScience, PA. The two PU resin systems investigated in this study are a two-part 

RTM NB# 840871 resin system and a one-part PU 901K01 resin system. These resin 

systems possess better manufacturing feasibility. Table 1 shows the typical impact 

properties of PU resin system when compared to conventional resin systems, such as 

polyester and vinyl ester. The two-part PU with a trade name of RTM NB# 840871 
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comes in two separate parts which will react once combined. The “A” component is an 

Isocyanate NB#840859 ISO, Diphenylmethane diisocyanate (MDI- Aromatic) and the 

“B” component is a Polyol RTM NB#840871. The mix ratio by weight for the A and B 

components is 92:100. These two components are referred to as a PU 840871 resin 

system in the rest of the paper. One-component Blendur PU 901K01 is a modified 

polyisocyanurate casting resin based on Diphenylmethane Diisocyanate (MDI). The 

casting resin reacts on heating without the addition of a catalyst to from a crosslinked 

thermoset with excellent thermal stability.  

3- EXPERIMENTS 

3.1 Preparation of PU Neat Resin Tensile and Flexure Samples using Blendur® 

TP.PU90IK01 and PU840871 

Eighteen tensile and flexure samples were manufactured using Blendur® TP PU 

90IK01 one-part thermoset resin system and PU 840871 two-part thermoset resin system. 

The resin was degassed under vacuum to remove dissolved air. The one-part resin 

system, PU90IK01, was heated to 50°C to reduce the viscosity such that it can be easily 

filled into the mold. All the moisture content was removed from the aluminum mold by 

heating for 2 hours at 250°C before the measured quantity of the resin was poured into 

the mold. The curing cycles were 200°C for 3 hours for PU 90IK01. A 70°C hold for 1 

hour and 80°C for 4 hours for PU 840871, as manufacturer recommended.  

3.2 Manufacturing Composite Specimens  

Vacuum Assisted Resin Transfer Molding (VARTM) process was utilized to 

manufacture the composite laminates. Five panels 10 in. x 10 in. are manufactured for 

each resin system. To test the mechanical properties of the composite laminates, 

specimens are cut from the panels manufactured. Fiber reinforcement layup is prepared 

on a rigid aluminum mold with a layer of removable plastic flow-enhancement medium 

(to reduce fill time) along with peel ply (to facilitate easy removal of manufactured part). 

The layup is sealed using a vacuum bag. The whole setup is then sealed to the rigid mold 

using a bagging tape. The layup is infused at 50 OC and cured at 28 in. of Hg vacuum 
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pressure at 200OC and held for 3 hours for one-part resin system. For the two-part resin 

system, the infusion was at room temperature and the curing cycle was 70
 OC for 1 hour 

and 80 OC for 4 hours. Standard coupon tests were conducted including tension, flexure, 

and low velocity impact as per ASTM standards. Both Differential Scanning Calorimetry 

(DSC) and viscosity measurement tests were conducted on neat resin samples.  

Tensile specimens were manufactured using three layers of woven E-glass for 

tensile test, and impact and flexure specimens were manufactured with six layers.  By 

using six layers in the tensile test the samples were thick and the failure occurred in the 

grips was not acceptable. The thickness was reduced to three layers for the tensile test 

and the failure occurred in the middle of the samples between the upper and lower grips. 

3.3 Tensile Test 

Tensile tests were performed on both the neat resin and composite laminate 

specimens according to ASTM D638-10 and D3039/D3039M-08, respectively, [15, 16]. 

The composite specimens measured 250 mm x 25.4 mm (10 in. x 1 in.). The specimens’ 

end tabs were produced from the same glass fiber and PU resin, to protect against the 

gripping stress produced from the tensile testing machine fixture. The tests were 

performed on an Instron 5985 test machine with load cell 250 kN for composites 

specimens and 10 kN for neat resin specimens. Ten glass fiber/PU 90IK01 and ten glass 

fiber/PU 840871 specimens were tested. 

3.4 Flexure Test  

Flexure experiments were performed on both the neat resin and the composite 

laminate specimens according to ASTM standard (D790-10) [17]. Nine samples were 

manufactured for neat resin and ten samples for composite laminate specimens with 

dimensions of 127 mm x 12.7 mm x 3 mm (5 in. x 0.5 in. x 0.118 in.). These tests were 

performed on an Instron 4469 electro-mechanical UTM machine at a crosshead speed of 

0.06 in/min. 
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3.5 Impact Test 

Low velocity impact tests were performed on a Dynatup Instron Model 9250 

Impact Testing machine with impulse control and data system. At the beginning of the 

test, impactor was secured with a hook at the desired height. When the release 

mechanism was activated, the impactor was allowed to free-fall under gravity. The drop 

height was varied as per the required impact energy by adjusting the position of the 

impactor. The position was measured with either a meter stick or a tape measure. A 12.7 

mm (0.5 in.) hemispherical hardened steel tup of mass 6.5 kg was connected to the drop 

tower impactor. During the low velocity impact tests, the specimens were clamped in a 

fixture concentric with the axis of a drop tower passing through the tup. The low velocity 

impact test fixture was made of steel, with a 44.45 mm x 44.45 mm (1.75 in. x 1.75 in.) 

opening to ensure that the test specimens remained clamped along all four edges. 

Experiments were conducted at three different energy levels, 10J, 20J and 30J.  

4- RESULTS AND DISCUSSION 

4.1 Differential Scanning Calorimetry  

Differential Scanning Calorimetry (DSC) is an experimental tool used extensively 

for thermal property analysis. It works by detecting heat flow from the samples as a 

function of time. DSC is used to characterize cure kinetics for thermosetting polymer 

resins. The heat of reaction, the rate of cure, and the degree of cure can be measured 

using a DSC. In this work, a Model 2010 DSC was used to study the cure kinetics from 

two formulations of polyurethane resins. Resin samples weighing 5-10 mg were 

encapsulated in an aluminum pans. Dynamic runs at a heating rate of 5°C/min were 

conducted to determine the maximum heat reaction temperature during the curing cycle 

from the two PU formulations, as shown in Figure 1. The 5-10 mg resin samples were 

placed in the DSC furnace at ambient temperature. They were cooled rapidly to -35°C 

under liquid nitrogen. The exothermal was then monitored from -35°C to 200°C for PU 

90IK01 and from -35°C to 175°C for PU 840871  with same heating rate  5°C/min to 

determine the glass-transition temperature (Tg).  
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The glass transition temperature Tg is one of the most important properties of any 

polymer and is the temperature region where the polymer transitions from a hard, glassy 

material to a soft, rubbery material. As PU are thermosetting materials and chemically 

cross-link during the curing process, the final cured PU material does not melt or flow 

when reheated (unlike thermoplastic materials), but experiences a slight softening (phase 

change) at high temperatures. The ultimate Tg is determined by a number of factors: the 

chemical structure of the PU resin, the type of hardener and the degree of cure. After the 

PU passes through the glass transition temperature range, its material properties change 

significantly. It is important that design engineers understand the nature of this transition, 

so that they can choose the best system for a specific application. 

The glass-transition temperature is reported as the midpoint temperature of the 

extrapolated endothermic shifts observed during the re-scans. The glass-transition 

temperatures of the two PU resins were observed to be significantly different. The Tg for 

PU90IK01 was found to be 122.38°C and 70.84°C for PU840871 as seen in Figure 2. 

The reason why Tg of one-part PU 90IK01 is higher is that it contains a large number of 

aromatic rings (Figure 3), which decreases the free volume in the PU polymer. The 

results are shown in Table 2.  

4.2 Viscosity Measurements  

A Brookfield LVDV-II programmable rotational type viscometer was used to 

obtain rheological measurements on thermosetting resins. A dynamic viscosity 

measurement was utilized to determine the optimum infusion temperature. A Brookfield 

LVDV-II programmable rotational-type viscometer was used to perform the viscosity 

measurements. The viscous resistance is related to both the spindle rotational speed and 

the spindle geometry. For both the PU 90IK01 and PU 840871, the spindle number SC4-

18 was used with a speed of 0.30 RPM and 5.0 RPM, respectively, and the chamber used 

is 13R. The resin sample temperature was controlled with a hot water bath. The 

thermocouple attached to the chamber to measures the real-time temperature of the resin 

in the chamber, providing feedback to the temperature controller. 
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Brookfield viscometers constructed generally consisted of a chamber (outer 

cylinder) attached to the instrument and a spindle (inner cylinder) driven at a constant 

speed (Figure 4). Pour some resin sample in the chamber and the spindle is immersed in 

the resin and rotates at a constant speed around its central axis. The spindle will 

experience a retarding force due to the viscous drag of the resin. The torque transmitted 

through the liquid to a static outer cylinder the more viscous the sample, the more torque 

required to rotate the spindle.  Thus, a constant shear stress is applied on the cylinders. 

The speed being inversely proportional to the distance between the two cylinders. There 

are no mechanical devices attached to the spindle, so that all frictional dissipation of 

energy occurs in the liquid itself.  

The accuracy of calculated average shear stresses for this viscometer should also 

be examined. Thus, the rotational speed, measured torque, and consideration of the 

spindle size and shape allow us to determine shear rate and shear stress using equations 

below:  
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Where 𝛾 is the shear rate, 𝜏 is the shear stress, ω is the angular velocity (RPM), T is the 

torque, r1 is the radius of the spindle (inner cylinder), r2 is the radius of the chamber 

(outer cylinder), r is a radius at any point between the two cylinders and L is the spindle 

length. In practice, these constant factors and measured variables are used by computer 

software to calculate viscosity.  

The viscosity of the PU 90IK01 resin was found to be 5.5 times greater than that 

of the PU 840871 resin at room temperature due to the length of the chemical chain and 

good entanglement between the molecules at room temperature as shown in Figures 3, 5 

and 6. However, when both resins are heated, the PU 90IK01 resin becomes less viscous 

than the PU 840871 due to the faster gel time of the PU 840871 resin. The viscosity of 

the PU 90IK01 dropped from 2053 cPs at room temperature to 33 cPs at 89°C.  For the 

PU 840871, the viscosity dropped from 357 cPs at room temperature to 352 cPs at 33°C. 

The viscosity had then increased due to the resin’s low pot life resulted of the catalyst 

part (Isocyanate) which start react directly after mixing at room temperature, on the 

contrary one-part PU 90IK01 which start reacting at certain temperature due to the 

thermal stability and high heat distortion temperature. The results were agreed with 

finding by U. Younes .The measured viscosity of both PU 90IK01 and PU 840871 at 

various temperatures is given in Tables 3 and 4, respectively. 

4.3 Tensile and Flexure Testing 

Figure 7 illustrates the average tensile stress-strain behavior of the PU 90IK01 

and PU 840871 neat resin specimens at a crosshead speed of 0.06 in/min; between the 

two resin systems, there was a significant difference in the maximum stress needed to 

cause failure. In the case of PU 90IK01 resin, had no plastic deformation range causing it 

to fail abruptly and fracture was observed at a much lower stress. This resin was observed 

to be more brittle than the PU 840871 resin because it contains large numbers of 

hydroxyl group (OH) and the benzene rings in the chemical structure which make the 

chain stiffer. In contrast The PU 840781 was able to endure 54% higher stress and 0.027 

% higher strain and fails gradually. Figure 8 shows the average flexure stress-strain 
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behaviors of the PU 90IK01 and PU 840871 neat resin specimens. The stress-strain 

behavior displayed an increase in the region of linear elasticity with increasing strain. The 

ductility property of two part resin PU 840871 it’s appear again and a significant 

difference exists between the two resin systems, in the maximum stress needed to cause 

failure. In case of the PU 90IK01 resin, fracture occurred at the yield stress. It proved to 

be more brittle than the PU 840871 resin, causing fracture at a much lower stress. The PU 

840871 specimen was able to handle 39% more flexural stress and more strain (Table 5).    

Figure 9 illustrates the average tensile stress-strain behavior of the glass 

fiber/PU90IK01 and glass fiber/PU840871 composite specimens. A linear relationship is 

clearly visible between stress and strain. Since the tensile property is fiber domain and in 

this work same type of fiber was used therefore, cannot see much difference in the tensile 

strength. However, some of the characteristics of the neat resins can be seen in the 

composites. The brittle nature of the PU 90IK01 resin does not allow the composite to 

reach either the same load or extension as the other resin. Both composites demonstrated 

a linear elastic behavior, but lack a plastic deformation range making the yield stress the 

breaking point.  Fracture occurred at the yield stress for glass fiber/PU840871 at higher 

tensile strength than the glass fiber/PU90IK01 composites. Also, there is difference in the 

failure modes of the specimens. The glass fiber/PU840871 specimens failed laterally and 

the glass fiber/PU90IK01 specimens failed by splaying of the fibers as shown in Figure 

10. 

Estimates of tensile strength were based on both the stress at linear elastic limit 

and the maximum stress levels. Results show no significant change in maximum strain in 

the case of specimens belonging to PU 840871 resin and the average strain was 0.024% 

at the maximum stress 350 MPa which is slightly higher than 300 MPa in case of PU 

90IK01. 

Figure 11 illustrates the average flexure stress-strain behavior of the glass 

fiber/PU 90IK01and glass fiber/PU840871 composite specimens. Figure 11 indicates that 

the composite specimens take on some characteristics of their respective matrix. The neat 

resin flexure test in Figure 8 infers that the PU840871 resin had better properties than the 
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PU 90IK01. Even though the glass fiber/PU840871 composite was able to handle a 

slightly higher strain, the glass fiber/ PU840871 composite could handle a higher stress of 

642 MPa (Table 6).  

4.4 Impact Test 

In this study, the effects of three different impact energies (10J, 20J, 30J) on the 

maximum contact force, maximum deflection, contact time and absorbed energy of the 

glass fiber reinforced PU 90IK01 and glass fiber reinforced PU 840871  laminated 

composite were investigated. 

Front face for two type composite specimens subjected to impact energy at 10J 

initially there was slight damage at the front face crossovers under the impact head. Then 

fiber damage occurred at the center, aggravated and then increases by increasing the 

energy levels. Finally shear failure of the fibers occurred as the impact head hit the 

specimen. A circular area of delamination centered under the impact head formed with 

increasing impact energy. In the back face of the specimens at 10J the damage barely 

visible, at 20J and 30J at the center was a rough diamond shaped area of matrix cracking 

within the fiber bundles. This damage extent and matrix damage started, followed by 

fiber damage.  

The percentage of the impact damage absorbed by the Glass fiber/PU 90IK01 

specimen increases with impact energy. It can be seen that the force varies fairly broad 

peak with time, however, at higher energies the peak becomes sharper as damage occurs 

under the impactor. Again, there was a fair degree of damage even in the specimens 

subjected to the lowest energy impacts. The same styles as for the Glass fiber/PU 840871 

specimens were seen, but generally buckling of the surfaces occur at high energy level. 

Total perforation of the specimens subjected to the highest energies did not occur. 

Figures 12 and 13 show the damaged areas obtained by visual inspection for both 

composite laminates.  

As expected, the Glass fiber/PU 90IK01 specimens are stiffer than Glass fiber/PU 

840871. For the Glass fiber/PU 90IK01 specimens at higher impact energies, a sharp 
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increase of maximum defection is seen as partial perforation of some of the specimens 

occurs. Again the higher stiffness of the Glass fiber/PU specimens can be seen in Figure 

14 through the higher forces comes across. For the maximum deflection, maximum force 

and absorbed energy plots, no obvious difference was seen between different composite 

laminates. However, the Glass fiber/PU840871 has slightly higher energy absorption. 

Flexible plates Glass fiber/PU840871 give high bending strains that lead to 

compressive and/or tensile failure on the faces of the plate. Stiffer plates lead to higher 

contact forces and internal shear and normal stresses give complex inter laminar and 

matrix damage modes. The use of a hemispherical impactor even for small energy level 

and forces a smaller contact area occurs, leading to higher shear and normal stresses. 

Close to the impactor a first approximation leads to a circular region of high shear stress 

around the circumference of the area of contact. This leads to delamination that spreads 

inwards faster than outwards [18]. In reality the stress under the impactor is complex. 

From the results In-plane stresses cause transverse matrix tensile cracks which can cause 

delamination. These cracks are important in a marine and infrastructure applications due 

to the problems of material property degradation through moisture diffusion. 

Table 7 gives the low velocity impact response of the two laminates. At 10J, the 

contact force was approximately the same for both composite laminates. Figure 14 

illustrates the load versus time curves at three different energy levels. Additional 

delaminations were observed as the impact energy increased. The glass fiber/PU90IK01 

composite carried approximately 13% more load at the 30J energy level than the glass 

fiber/PU840871 composite. From Figure 14, the maximum load was 8000 N for both the 

20 J and 30 J energy levels in the PU 840871 composite. This is mainly due to the 

flexibility of the PU 840871 resin. 

Figure 15 illustrates the variation of impact energy with respect to time. An initial 

increase in the impact energy (in the curves) relates to the transfer of energy from the 

drop weight to the composite sample. A downward trajectory and a consecutive plateau 

in the curve depict the transfer of energy from the sample to the impactor and final 

energy absorbed by the sample, respectively. The energy absorption was slightly higher 
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in the glass fiber//PU840871 composite. Figure 16 illustrates the load versus deflection 

behaviors of both the composite specimens at three energy levels. The effect of load on 

the deflection is significantly increased with increasing energy levels. 

5- CONCLUSIONS 

In this study, glass fiber reinforced composite laminates were fabricated using 

VARTM process. Thermoset polyurethane PU 90IK01 and new generation PU 840871 

resin systems, and bi-directional E-glass fabric was used as the reinforcing material. 

Differential Scanning Calorimetry (DSC) and viscosity measurement was used to study 

the properties of the two PU resin systems. A performance evaluation was conducted 

using tensile, flexure, and low velocity impact tests at three different energy levels (10J, 

20J and 30J), for each resin system and the results were compared to each other. 

DSC tests were performed to investigate and obtain the glass transition 

temperature Tg for both PU resin systems. Dynamic viscosity measurement was utilized 

to determine the optimum infusion temperature for both resin systems and the results are 

agreed with results found by Usam. From the tensile test of the neat resin samples, PU 

90IK01 was observed to be breakdown fast due to its brittle nature. The PU840871 resin 

can carry a load 2.5 times greater than that the PU 90IK01can carry. The neat PU 840781 

samples were capable of enduring about 54% higher stress and 0.027 % higher strain.  

The flexure stress-strain behavior showed increasing in the region of linear elasticity, 

which has higher strength. The PU 90IK01 resin was more brittle compared to PU 

840871 resin allowing it to fracture at a much lower stress. The PU 840871 neat resin 

specimen was able to handle 39% more flexural stress and more strain. The brittle nature 

of PU 90IK01 resin does not allow the composite to reach either the same load or 

extension as the other. The PU 840871 resin had absorbed more energy than PU 90IK01. 

Summarizing the results in terms of mechanical properties the resin system PU 

840871 laminates outperformed the PU 90IK01glass fiber laminates in all respects except 
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the contact force in the low velocity impact test. Both composites exhibit excellent 

properties and are considered suitable for use in infrastructure and marine applications.  
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Table 1 Impact properties of polyurethane and other conventional resins [11] 

 

 

Table 2 DSC test 

 On-Set 

Temperature (°C) 

End-Set 

Temperature (°C) 

Glass Transition 

Temperature (°C) 

PU 90IK01  128.51 141.54 122.38 

PU 840871  69.48 71.27 70.84 

 

 

 

 

 

 

 

 

 

 

ASTM standard, Dynatup D3763 12.55 tup and 2.29 m/sec 

2.54 mm thick, 2 x 300 g/m
2
 continuous strand mat, ~68 wt % fiberglass 

Property Vinylester Unsaturated Polyester Polyurethane 

Maximum Load (N) 3260 3047 4088 

Energy to Max Load 

(N-m) 
18.2 11.4 24.8 

Total Energy (N-m) 29.3 27.7 38.4 
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Table 3 Viscosity measurements of PU90IK01 

Viscosity cP Speed RPM Torque % 
Shear Stress 

D/cm2 

 

Shear Rate 

1/Sec 

Temperature 

°C 

2053.56 0.03 102.65 7.53 0.37 25.00 

1683.64 0.30 84.24 6.18 0.37 27.00 

733.84 0.30 36.68 2.69 0.37 35.00 

189.96 0.30 9.46 0.7 0.37 55.00 

105.98 0.30 5.30 0.39 0.37 65.00 

41.99 0.30 2.12 0.15 0.37 85.00 

33.99 0.30 1.73 0.12 0.37 89.00 

 

Table 4 Viscosity measurements of PU840871 

Viscosity cP Speed RPM Torque % 
Shear Stress 

D/cm2 

Shear Rate 

1/Sec 

Temperature 

°C 

356.92 5.00 59.51 23.56 6.60 25.00 

356.92 5.00 59.49 23.56 6.60 27.00 

355.12 5.00 59.23 23.44 6.60 29.00 

353.32 5.00 58.88 23.32 6.60 31.00 

352.12 5.00 58.69 23.24 6.60 33.00 

353.92 5.00 58.97 23.36 6.60 35.00 

375.52 5.00 62.58 24.78 6.60 37.00 
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Table 5 Tensile and flexure testing of PU neat resins 

 

 

Table 6 Tensile and flexure testing of glass fiber/PU composites 

 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(MPa) 

Tensile 

Failure 

Strain (%) 

Flexure 

Strength 

(MPa) 

Flexure 

Modulus 

(MPa) 

Flexure 

Failure 

Strain (%) 

PU 840871 

Composite 

351.77 

±15.40 

19,534.08 

±1800 

0.024 

±0.02 

642.34 

± 22 

14,560.91 

±105 

4.96 

±0.1 

PU 

90IK01 

Composite 

309.06 

± 17.83 

21,430.3 

± 2.39 

0.023 

±0.01 

618.88 

± 31 

17,110.6 

± 210 

3.82 

±0.1 

 

 

 

 

 

 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(MPa) 

Tensile 

Failure Strain 

(%) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(MPa) 

Flexure 

Failure 

Strain (%) 

PU 840871 

Neat Resin 

64.47 

 ±2.0 

2594.67 

 ±102.4 

0.034 

 ±0.003 

109.34 

 ±6.4 

26.146 

 ±2.2 

5.21 

 ±0.21 

PU 90IK01 

Neat Resin 

29.02 

 ±2.4 

3352.50 

 ±111.3 

0.009 

 ±0.002 

66.05 

 ±1.43 

31.34 

 ±2.8 

2.18 

 ±0.04 
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Table 7 Low velocity impact test results 

 

 

 

 

 

 

 

 E-glass/PU 90IK01 E-glass/PU 840871 

Impact Level 10J 20J 30J 10J 20J 30J 

Contact Force (N) 5772.13 8075.1 9444.6 5770.82 7554.65 8184.17 

Energy Absorbed (J) 3.26 11.40 23.63 5.48 12.04 24.13 

Velocity (m/s) 1.75 2.48 3.05 1.80 2.68 3.15 

Displacement (mm) 3.20 5.08 6.38 3.40 5.03 6.39 
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Figure 1 Heat flow vs. temperature at 175°C for PU 840871 and 200°C for PU 90IK01 
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Figure 2 Glass-transition temperature at 175°C for PU 840871 and 200°C for PU 90IK01 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 The chemical structure shows the aromatic rings in PU90IK91 
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Figure 4 Schematic of rotating spindle inside the chamber 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 5 Viscosity vs. temperature of PU 90IK01 one-part resin system 

 

ω 

r1 

Rotating Spindle 

Fixed Chamber 

Rotating Fluid  

r2 

ω 



31 
 

 

 

 

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
0

10

20

30

40

50

60

70

Strain %(mm/mm)

S
tr

e
s
s
 (

M
P

a
)

 

 

PU Two-part

PU One-part

 

 

Figure 6 Viscosity vs. temperature of PU 840871 two-part resin system 

 

 

 

 

 

 

 

 

 

 

Figure 7 Tensile stress vs. strain of PU 90IK01and PU 840871 neat resins 
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Figure 8 Flexure stress vs. strain of PU 90IK01 and PU 840871 neat resins 

 

 

 

Figure 9 Tensile stress vs. strain of glass fiber/PU 90IK01 and glass fiber /PU 840871 

composite laminates 

 

0 1 2 3 4 5 6 7 8 9 10
0

20

40

60

80

100

120

Strain %(mm/mm)

S
tr

e
s
s
 (

M
P

a
)

 

 

PU Two-part

PU One-part1

0 0.005 0.01 0.015 0.02 0.025
0

50

100

150

200

250

300

350

400

Strain %(mm/mm)

S
tr

e
s
s
 (

M
P

a
)

 

 

PU Two-part

PU One-part



33 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Tensile specimens after testing  

The glass fiber/PU840871 specimens (right) typically failed laterally. The glass fiber/ 

PU90IK01 specimens (left) typically failed by splaying of the fibers. 
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Figure 11 Flexure stress vs. strain of glass fiber /PU 90IK01 and glass fiber /PU 840871 

composite laminates 

 

 

 

 

 

 

Figure 12 Shows the damaged area of glass fiber/PU90IK01 

 

 

 

 

 

 

Figure 13 Shows the damaged area of glass fiber/PU 840871 
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Figure 14 Load vs. time curves recorded in a low-velocity impact test up to failure at 

different energy levels (10J, 20J, 30J) for glass fiber /PU 90IK01 and glass fiber /PU 

840871 

 
Figure 15 Energy vs. time curves recorded in a low-velocity impact test at different 

energy levels (10J, 20J, 30J) for glass fiber /PU 90IK01 and glass fiber /PU 840871 
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Figure 16 Load vs. deflection curves recorded in a low-velocity impact test up to failure 

at different energy levels (10J, 20J, 30J) for glass fiber /PU 90IK01 and glass fiber /PU 

840871 
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ABSTRACT 

Numerous bridges in the USA and worldwide are going through repairing and 

strengthening operations. Demand has been growing for structural systems utilizing new 

materials that are more durable and require less maintenance during the service lifetime 

of the bridge. In particular, composite bridge decks attract attention due to many 

advantages such as light weight, high strength, corrosion resistance, durability and speedy 

construction. In this study, three designs of glass reinforced composite deck, namely box, 

trapezoid and polyurethane rigid foam sandwich types, are fabricated using vacuum 

assisted resin transfer molding (VARTM) process.  The stiffness, load-carrying capacity 

and compressive strength were evaluated. Flexural, flatwise and edgewise compression 

tests were carried out for these deck models. The trapezoid model panels under flexural 

test were modeled and analyzed using commercial finite element method (FEM) 

software, ABAQUS. The load–time behavior of trapezoid model obtained through 

simulation was successfully compared with experimental data. 
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1- INTRODUCTION 

Composite and sandwich structures are increasingly used in civil infrastructures 

due to their many advantages such as light weight, high stiffness to weight ratio, 

corrosion resistance, good fatigue resistance and high durability. The main advantage of a 

sandwich construction in civil engineering applications is its ability to provide increased 

flexural strength without a significant increase in weight.  

Conventional design of reinforced concrete bridge slabs typically requires a large 

quantity of steel reinforcement, often causing maintenance problems. Steel 

reinforcements also increase the weight of the concrete slab. Excessive corrosion in the 

steel reinforcement caused by de-icing salts and freeze thaw cycles results in inadequate 

energy absorption under high-impact loads. Using epoxy coated, galvanized or stainless 

steel bars, concrete surface treatment with siloxanes, and cathodic protection can reduce 

corrosion but these methods are costly and of limited use. On the contrary, fiber 

reinforced polymer (FRP) decks ensure that these problems will be avoided to a 

considerable degree in the future, leading to 50–60 years of service life for FRP bridge 

decks compared to a typical 15–20 years of service span for concrete bridge decks in 

North America [1]. 

With the development of composite manufacturing processes, such as resin 

transfer molding (RTM), pultrusion and VARTM, modular bridge decks fabricated using 

polymer matrix composites have been explored since early 1980s. In particular, VARTM 

is a low-cost composite manufacturing process that has been employed to manufacture 

various large components including turbine blades, boats, rail cars and bridge decks [2]. 

Among many applications of composite materials in civil infrastructures, a 

composite deck for bridges is noteworthy. The composite deck is about 80 percent lighter 

than a structurally equivalent reinforced concrete deck. Due to quick installation it 

decreases rehabilitation period so that traffic block time is reduced significantly. Using 

composite materials to replace concrete deck significantly reduces dead load. 

Furthermore, in new constructions, lower dead load can translate into savings throughout 
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the structure, as the size of structural members and foundation is reduced accordingly. 

The other reason for the use of composite materials is their higher corrosion resistance 

compared to conventional bridge materials. Accordingly, the service life of a composite 

deck is much longer than that of a concrete deck due to high durability of composites. In 

addition, composite decks have strong potential for use in earthquake prone zones and in 

designs where longer unsupported spans are necessary [3]. 

Since 1990s, many studies have focused on replacing concrete decks with 

composite counterparts. A noticeable effort attempting to eliminate such corrosion 

problem has been conducted by Mufti et al. [4, 5] in developing steel-free concrete deck 

by using internal bending action in the slab. This concept has been accepted by the 

Canadian Highway Bridge Code for empirical design methods and has been successfully 

applied in several field projects in North America. Several concrete deck systems 

utilizing continuous flat or curved fiber reinforced polymer (FRP) plates have been 

developed in the recent few years. In 1994, Japanese researchers employed a pultruded 

glass FRP plate (stiffened with I-beam ribs) that is attached to the bottom of a 

conventionally designed steel reinforced concrete deck [6]. The 2001 review by Keller 

[7] looks into the development of some hybrid FRP–concrete systems from 1997 up to 

2000. The recent review by GangaRao and Siva [8] evaluates the design and construction 

details of several all-FRP deck systems that are currently available in North America. 

Luke  [9] tested a modular E-glass/polyester  bridge deck made of several cells 

500 mm (19.6 in.) wide, connected using epoxy resin. The cross section of the cell was 

225 mm (8.85 in.) deep and had triangular openings with 7.75 mm (0.30 in.) thick webs. 

It was found that the triangular configuration was not as good as the optimum curved web 

profile. The deck was approved for 40 ton load as specified by the UK’s BS-5400 code. 

The Missouri S&T Bridge is an experimental demonstration project that was 

installed in the fall of 2000 [10]. It represents the first all composite highway-rated bridge 

in Missouri. It is designed for an AASHTO HS20 highway load rating. The bridge deck 

is approximately 9.1 m x 2.8 m (358.26 in. x 110.23 in.) and consists of a modular 

assembly of pultruded 76 mm
2
 hollow glass and carbon FRP tubes. Carbon/vinyl-ester 
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tubes are used in the top and bottom layers. Lower-cost, lower-stiffness glass/ vinyl-ester 

tubes are used elsewhere for economy. Fatigue and failure tests were conducted on 9.1 m 

x 0.60 m (358.26 in. x 23.6 in.) prototype deck sample, equivalent to a quarter portion of 

the bridge deck. The FEM results from the model showed good correlation with 

deflection and longitudinal strains measured during the test.  

 Hayes et al. (Hayes et al. 2000) [11] tested a 1.22 m (48 in.) wide bridge deck 

made of glass fibers and polyester matrix. The deck was made up of 12 pultruded square 

tubes 102 mm x102 mm x 6.36 mm (4 in. x 4 in. x 0.25 in.) sandwiched between two 

pultruded 9.53 mm (0.37 in.) thick plates resulting in the total depth of  (4.76 in.). The 

elements were connected using epoxy adhesive. Additional lateral tie was provided by 

through-fiber bolts 25.4 mm (1 in.) in diameter. Shekar et al. [12] reported using E-glass 

and vinylester resin in construction of four highway bridge decks in the US. The cross-

section of the decks was 203 mm (8 in.) deep and used double trapezoidal and hexagonal 

connectors. The units were assembled at the production plant using polyurethane 

adhesive. Assembled units were 2.43 m (95.66 in.) in width (in direction of the traffic) 

and their lengths were equal to the width of the bridge in each case, except for one bridge 

where the width was covered with two sections linked together longitudinally over the 

central beam. The decks in four bridges (distance between beams) had varying spans of 

762 mm, 889 mm, 1829 mm, and 2591 mm (30 in., 35 in., 72 in. and 99 in.). Aref and 

Sreenivas [13] conducted field tests and studied the dynamic response of the first FRP 

composite bridge built in USA. The authors developed a finite element model using 

MSC-PATRAN and analyzed the structure using ABAQUS. 

In this study, three different models of all-fiber reinforced polymer composite 

sandwich bridge decks utilizing various core designs, namely box, trapezoid and 

polyurethane (PU) rectangular rigid foam, were fabricated using VARTM process. 

Woven glass fiber and two part thermoset polyurethane resin systems were used for 

fabrication. Flexural, flatwise compression and edgewise compression tests were 

performed accordance to ASTM standards C365, C393 and C364, respectively. In 
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addition, finite element analysis were conducted using software ABAQUS to model the 

flexural results for the trapezoid foam model. 

 

2- MATERIALS 

Three different models were constructed with woven E-glass fiber face sheets. 

The E-glass fiber, obtained from Owens Corning OH, was compatible with PU resin. A 

two-part thermoset polyurethane resin system from Bayer Material Science was used as 

the matrix material. The two-part thermoset resin system (RTM NB #840871) consists of 

two components. The “A” component is Isocyanate NB#840859 ISO, Diphenylmethane 

Diisocyanate (MDI-Aromatic). The “B” component is a Polyol (RTM NB#840871), of 

low viscosity (approx. 350 cPs). The components react rapidly after mixing forming a 

highly cross-linked thermoset with excellent thermal stability and good mechanical 

properties.  

Three different materials comprised the sandwich’s foam core.  

 Type-1: high density (6 lb/ft
3
) PU rigid foam with closed cell (Fig. 1). 

  Type-2: low density (2 lb/ft
3
) polyurethane foam of a trapezoid shape (Prisma) with 

a combination of two plies and a knitted E-glass biaxial (+/- 45°) matted 

reinforcement encompassing a single cell (Fig. 2). 

  Type-3: web-core boxes with a low density (2 lb/ft
3
) polyurethane foam and matted 

reinforcement. It had one additional layer mesh mat of glass fiber between each cell 

of the core (Fig. 3). The core cells had grooves on their sides to facilitate resin flow 

across shear webs.  

3- EXPERIMENTS 

3.1 Model Composite Decks Fabricated Using VARTM  

Most of bridge deck systems are manufactured using pultrusion process. They are 

connected by chemical bonding and/or mechanical connectors, such as riveting (Huck 
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bolts) or shear studs, and conventional bolt–nut mechanisms [1]. Three sandwich designs 

considered in this study are depicted in Fig. 4 that illustrates the model deck sections for 

the rectangular PU rigid foam, trapezoid shape profile and boxes. 

Bridge deck models with E-glass/PU face sheets were manufactured at Missouri 

S&T composites lab. VARTM, a cost-effective method, was used to fabricate small to 

large size FRP composite systems. The overall depth was fixed at 54.61 mm (2.15 in.). 

Each face sheet consisted of three layers of woven E-glass fibers. 

Shear layers (E-BXM1715-10) were added during the manufacturing process to 

the Type 2 model between the trapezoidal sections. The E-glass shear webs increased 

both the apparent shear modulus of the core as well as the ductility for flexural failure 

response. The resin was initially cured at room temperature for 6 hours followed by 70 ºC 

for 1hr. It was then post-cured at 80 °C for 4 hrs. Figure 5 illustrates the fabrication of 

specimens using VARTM process. Two panels of dimensions, 914.4 mm x 304.8 mm x 

54.61 mm (36 in. x 12 in. x 2.15 in.), were manufactured for each design. The dimensions 

of test specimens are listed in Table 1. 

3.2 Flexural Test 

Flexural tests of simply supported panels were conducted in accordance with 

ASTM C-393 (Fig. 6). The length of the support span was equal to 203.2 mm (8 in.). An 

Instron 5985 test machine with a 250 kN load cell was used to apply load to the sandwich 

beam specimen at a constant crosshead speed of 6 mm/min (0.25 in/min). Both the 

location and the type of failure were recorded. Core shear stress at failure, as well as 

stiffness, were calculated from the resulting load versus deflection curve and the core 

specimen dimensions. 

3.3 Flatwise Compression Test 

Flatwise tests were performed according to ASTM standard C365M–11. The 

differences in compressive strengths and elastic moduli of sandwich cores in the direction 

normal to the plane of the structure between three analyzed designs were investigated. 
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Tests were performed on an Instron-5985 testing machine with a 250 kN load cell at a 

rate of 2 mm/min (0.079 in/min). Note that previously, Bitzer [14] found that neither the 

compressive properties nor the shear moduli vary much as the thickness changes, while 

the shear strength reduces as the thickness increases. In our experiments, five specimens 

of each type were tested and the flatwise compression strengths were calculated. 

3.4 Edgewise Compression Test  

The edgewise compressive strength of short sandwich construction samples is 

important as it provides the basis for the assessment of the load-carrying capacity. 

Edgewise compression tests of the sandwich bridge deck models were performed on an 

Instron 5985 machine in accordance with ASTM C364. Compression was applied at a 

crosshead speed of 10 mm/min using an edgewise compression test fixture (Fig. 7). 

Sufficiently flat ends were used to prevent localized end failures. 

4- RESULTS AND DISCUSSION 

4.1 Flexural Test 

4.1.1 Comparison of Flexural Strengths 

Flexural tests were conducted on the three fabricated deck models (Fig. 8). The 

failure loads of the deck models, Type-1, Type-2 and Type-3, were 4100 N, 16300 N and 

5200 N, respectively. Figure 9 illustrates the load-deflection curve at the center span of 

the deck model. As expected, the gain in strength in the Type-2 model was quite 

significant due to the shear layers implanted during the manufacturing between the 

trapezoid sections. 

Type-1 models exhibited maximum deflection because of the foam compaction 

under loading. Unlike Type-2 and Type-3 models, this model does not have stiffeners 

that explain its relatively low stiffness. The load–displacement behavior (Fig. 9) was 

quite similar in the three types of deck models. The experimental data is presented in 

Table 2 reflecting thatType-2 models carried significantly higher loads than the other 

models. 
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Figure 10 depicts the flexural stress-strain curve for the three bridge deck models. 

The trapezoid shaped foam Type-2 model had a flexural strength four times higher than 

the other bridge deck models.  Due to the E-glass shear webs used in the trapezoid 

design, both the apparent shear modulus of and the ductility for the flexural failure 

response increased. 

4.1.2 Core Shear Stress and Facing Ultimate Stress 

In sandwich structures, the core absorbs the shear load while the facesheets carry 

the bulk of the bending load. Both the core and facesheets was considered for composite 

sandwich beams tested in this study. Both the core shear stress (𝜏) and the facesheet 

bending stress (𝜎) values were calculated using the equations given in the ASTM C 393-

94. In the following, Equation (1) was used to calculate the maximum core’s shear stress  

(𝜏) for all types of bending tests. Equation (2) was used to calculate the facing ultimate 

stress (𝜎)  for three-point bending test.  

𝜏 =
𝐹

(𝑑 + 𝑐)𝑏
 

     

(1) 

𝜎 =
𝐹𝐿

2(𝑑 + 𝑐)𝑡𝑏
 

     

(2) 

Where F is the maximum force prior to failure, L is the span length, b is the sandwich 

width and d, c and t represent the thickness of the sandwich, core and facesheet, 

respectively. 

It is interesting to note that the response of the panel with unreinforced foam core 

(Type-1) reflects the behavior of closed-cell foams subject to uniaxial compression 

discussed by Gibson and Ashby [15]. The initial elastic response is followed with a 

nearly horizontal section of the stress-strain or load-deflection curve. This section 

corresponds to buckling and crushing of the cell walls. In pure foam specimens such 

behavior is followed with a densification phase of response as the load increases. In 

sandwich panels the latter phase is missing due to failure of the entire structure. While the 

foam response described above is characteristic for uniaxial compression, apparently, the 
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same features are present in the case of transverse shear loading of the core of a sandwich 

structure.  

4.1.3 Effect of Flexural Stiffness (𝝓) 

The facesheet modulus obtained from previous studies for the web-core and PU 

rectangular models was 19,534.00 MPa [16]. The modulus of the shear layers of the 

Type-2 model was 14,344.65 MPa. It was obtained from the tensile test performed on the 

shear layers according to ASTM D3039. The effective flexural moduli of the PU rigid 

foam, prisma foams and web-core were 8.27 MPa, 4.41 MPa and 4.48 MPa, respectively. 

These values were obtained from the manufacturing data sheet. As anticipated, the elastic 

modulus of facesheet is significantly higher compared to the elastic modulus of core.  

An important structural property that affects flexural stiffness is the length or 

loading span. The flexural stiffness is inversely proportional to the length. The modulus 

of elasticity also influences the flexural stiffness [17]. The functional relationship 

between the flexural stiffness of the specimen, modulus of elasticity and length is given 

by Equation (3):   

𝜙 ∝
𝐸

𝑙3
         (3) 

 

4.2 Flatwise Compression Test 

Flatwise compression tests were performed on the bridge deck models to 

investigate differences in strength and modulus for various core types. Five specimens 

from each category were tested according to ASTM standard C365M (Table 1). The 

flatwise compressive strength was calculated using Equation (4) according to ASTM 

C365M standard: 

𝐹 =  
𝑃𝑚𝑎𝑥

𝐴⁄         (4) 
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Where F is the ultimate flatwise compressive strength (MPa), Pmax is the ultimate force 

prior to failure (N) and A is the area of the surface of facing subjected to compressive 

load (mm2). 

For the average nominal compressive strength and the displacement of Type-1, 

Type-2, and Type-3 models, respectively, are listed in Table 3. From experimental data, it 

is determined that for equal core thickness, flatwise compressive strength of Type-2 

model is higher than those of Type-1 and Type-3 counterparts due to the strengthening 

effect of  shear layers between the foam cells (Fig.11). The peak compressive load of the 

Type-2 model was nearly five times higher than that of Type-1 and two times higher than 

that of Type-3 models.  

The first part of the compressive stress–strain curve (Fig. 12) is linear elastic until 

the stress reaches a maximum for the three models. At this point, the structure begins to 

fail. In case of Type-1 model, a flat region is observed because of the foam compaction 

associated with buckling of cell walls described above. In Type-2 and Type-3 models the 

load drops rapidly due to failure of the stiffening layers. This result is comparable to the 

observations of Corigliano, et al. [18]. The overall behavior of Type-2 model is governed 

by the shear layers that behave similar to plates on elastic foundation provided by foam. 

The postbuckling response of plates being stable, the response is characterized by 

ascending load-displacement or stress-strain curves until collapse.  The response is 

somewhat different in Type 3 model where both the web is subject to a larger 

compressive stress under the same load than shear layers in Type-2 model. Although the 

region of postbuckling web response is detectable, it is much “smaller” and failure occurs 

at a smaller applied force.  It was also noted that adding stitches in the transverse 

direction to Type-3 model, increases its mechanical performance. The difference between 

failure of Type-1 and Type-3 models is observed in Fig. 13, 14 where the compaction in 

the case of Type 1 is evidently different from the failure associated with buckling of web 

in Type-3 model.  
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4.3 Edgewise Compression Test 

Both the compressive properties and the failure behavior of the deck model 

specimens were analyzed in the course of an in-plane edgewise compressive load. Figure 

15 illustrates the deformation and failure of the tested specimens. Specimen failure can 

take place according to several modes of failure [19]. The overall crushing configurations 

corresponding to each mode are shown in Fig. 16.  

• Mode I: buckling of facesheet  

• Mode II: progressive end-crushing of the sandwich facesheet 

• Mode III: core compression failure 

• Mode IV: core shear failure 

The load–displacement curves obtained from the edgewise compression tests 

conducted on the bridge deck models are depicted in Fig. 17. Experimental results and 

failure mode identification are listed in Table 4.  

The mode I failure (buckling of facesheets) of Type-1 model began at the end of a 

linear elastic compression phase when the applied load (P) reached a critical value 

(29,223.51 N). Debonding was observed at the facesheet-to-core interface upon the onset 

of facesheet buckling. A thin layer of the foam core remained on the debonded facesheet 

laminates (Fig. 17b) suggesting that debonding could actually be associated with fracture 

throughout the core propagating close to the interface with the facesheet. This debonding 

caused a drop in the compressive load followed with the ultimate failure. 

In case of Type-2 model, the facesheet initially buckled under compressive load. 

Buckling was followed with failure of the bond between the foam core and the facing 

sheet (Fig. 18a). Subsequently, as the buckling zone of the facesheets expanded, 

extensive cracking and delamination occurred between the layers accompanied by 

debonding of the core-facesheet interface (Fig. 18b). The shear layer reinforcement 

resulted in a significant increase in the edgewise compression strength of the panels 
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reaching 138.55MPa. This is significantly greater than the compressive strength of Type-

1 and Type-3 panels (Table 4).  

Mode I failure was exhibited by Type-3 models. The thin stiffness layer between 

the cells of the core resists buckling during the test (Fig. 19). A sudden drop in the 

compressive load after the initial peak of the force-displacement curve is attributed to 

failure of the stiffness layer. The critical load, Pmax, for buckling of the facesheet 

laminates was smaller than that recorded for Type-1 model that failed in mode I.  

Facing compressive stress, defined in the ASTM standard C364 as the ratio of the 

peak load (Pmax) to the loaded face area, is calculated using Equation (5): 

 

Where 𝜎 is the ultimate edgewise compressive strength (MPa), 𝑃𝑚𝑎𝑥 is the ultimate force 

prior to failure (N), b is the width of specimen (mm), and tf is the thickness of a single 

facesheet (mm).  

 

4.4 Finite Element Analysis 

A three-dimensional explicit dynamic model has been developed to simulate the 

mechanical behavior of a trapezoid model sandwich structure under three point flexural 

tests. The modeled  sandwich structure consists of three-layer woven E-

glass/polyurethane facesheets and trapezoidal low density polyurethane (PU) foam with 

mat reinforcement represented by three shear layers of E-BXM1715-10 embedded 

between trapezoidal sections (Fig. 20). To reduce the computational cost, half of overall 

structure is modeled utilizing symmetry along length direction (Fig. 21). For fiber-

reinforced facesheets and reinforcement laminates between foams, a progressive damage 

model based on continuum damage mechanics [20] is developed using the Hashin failure 

𝜎 =
𝑃𝑚𝑎𝑥

[𝑏(2 × 𝑡𝑓)]
 (5) 
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criterion to predict damage initiation and evolution. The damage evolution behavior for 

fiber-reinforced facesheets is reflected in Equation (6): 

𝜎 =
1

𝐷
[

(1 − 𝑑𝑓)𝐸1 (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜐21𝐸1 0

(1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜐12𝐸2 (1 − 𝑑𝑚)𝐸2 0

0 0 (1 − 𝑑𝑠)𝐺12𝐷

] 𝜀 

 

  (6) 

Where 𝐷 = 1 − (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜐12𝜐21, 𝑑𝑓 and 𝑑𝑚 are the fiber damage index and 

matrix damage index, respectively, 𝑑𝑠 is the shear damage index; 𝐸1 is the Young’s 

modulus along fiber direction, 𝐸2 is the Young’s modulus along matrix direction, 𝐺12 is 

the in-plane shear modulus, and 𝜐12 and 𝜐21 are Poisson’s ratios. Also a crushable foam 

model is applied for trapezoidal foams. In this crushable foam model, the isotropic 

hardening yield surface is described by 

√𝑞2 + 𝛼2𝑝2 − 𝜎𝑐 (√1 + (
𝛼

3
)2) = 0                                               (7) 

where pressure stress is  𝑝 = −
1

3
𝑡𝑟𝑎𝑐𝑒 (𝛿), the Mises stress 𝑞 = √

3

2
(𝛿 + 𝑝 𝐼): (𝛿 + 𝑝 𝐼), 

𝛼 is the shape factor of the yield ellipse that defines the relative magnitude of the axes, 𝜎𝑐 

is the absolute value of the yield stress in uniaxial compression, δ is Cauchy stress tensor 

and I is the unit tensor. The facesheet and reinforcement laminates are meshed using 8-

node quadrilateral reduced continuum shell elements. The trapezoidal PU foam is meshed 

using 8-node linear reduced hexahedral elements. The steel loading head and supports 

were modeled as rigid shells using four-node bilinear elements. Both left and right 

supports were fully constrained. For steel loading head, all degrees of freedom, except for 

the displacement along Z direction, were constrained. The rate of loading applied by the 

steel loading head was 6mm/min (0.236in/min).  

Figure 22 illustrates longitudinal stress S11 in the top ply of the reinforcement 

laminate when the total time elapsed since the beginning of loading equals 45.56 seconds. 

The maximum tensile stress the longitudinal direction is 242.7 MPa and the maximum 
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compressive stress is 550.3 MPa. The maximum longitudinal tensile and compressive 

stresses are located around the corners of the reinforcement laminate, near the loading 

head. This is predictable because of the stress concentration at these corners. The stress 

contour along X-axis in the PU foam at the elapsed time equal to 45.56 seconds since the 

beginning of loading is shown in Fig. 23. Both the maximum compressive stress along 

the X-axis direction that is equal to 2.18 MPa and the maximum tensile stress equal to 

1.84 MPa are located at the corners between the foam and laminate. The function of low 

density foam is mainly to maintain the shape of sandwich structure but does not 

contribute much to structural load carrying capability. The maximum tensile and 

compressive stresses in the longitudinal direction for the first ply of top facing laminate 

are equal to 368.8 MPa and 218.6.3 MPa, respectively, (not shown here). In the 

bottommost ply of the bottom facing, the maximum tensile stress in the longitudinal 

direction is 297.3 MPa, while the maximum compressive stress is 128.3 MPa. These 

results reflect the load-carrying function of the facings and reinforcing laminate (truss).  

The punch force-time relationships generated by simulations and experiments are 

compared are shown in Fig. 24 and found in a reasonable agreement.  Up to around 50 

seconds, the punch force-time relationship is almost linear, implying that the stress-strain 

relations for PU foam, facing and reinforcement laminates remain in the elastic range. 

Eventually, the foam experiences collapse/densification, while the facings and 

reinforcement laminates undergo progressive damage initiation and evolution resulting in 

a nonlinear response until the ultimate failure. 

5- CONCLUSION 

Glass fiber/polyurethane composite decks with three types of foam cores, namely 

rigid PU foam, prisma foam, and web-core, were successfully manufactured using 

VARTM process. Performance evaluation of E-glass fiber/PU sandwich composites 

models was conducted using flexure, flatwise compression, and edgewise compression 

tests to determine the respective stiffness and strength of the models.  
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Flexural testing of the manufactured sandwich panels proved that Type-2 models 

have the highest load carrying capacity in bending. In addition, Type-2 model carried the 

maximum load under flatwise and edgewise compression due to the presence of shear 

layers. A finite element model was developed using ABAQUS, for Type-2 model. The 

three point dynamic bending behavior was found to be in agreement with the 

experimental results. Based on the experimental and numerical results, it is suggested that 

sandwich panels with prisma cores represent a preferable design for bridge decks.  Future 

work will include the construction of a full scale composite bridge using the prisma core 

as well as experimental verification of the stresses in the facings and reinforcing 

laminates (truss). 
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Table 1 Test specimen specifications 

Test 

Specimen 

Model type 

Facesheet 

Constituents 

Dimensions 

Length (in.) Width (in.) Thickness (in.) 

Flexure 

Type-1 
E-glass/PU 10 2.95 2.15 

Type-2 
E-glass/PU 10 2.95 2.15 

Type-3 
E-glass/PU 10 2.95 2.15 

Flatwise 

Compression 

Type-1 
E-glass/PU 1.75 2 2.15 

Type-2 
E-glass/PU 1. 75 2.15 2.15 

Type-3 
E-glass/PU 1.75 2 2.15 

Edgewise 

Compression 

Type-1 
E-glass/PU 8 4 2.15 

Type-2 
E-glass/PU 8 4 2.15 

Type-3 
E-glass/PU 8 4 2.15 

 

 

Table 2 Flexural test results 

Specimen 

Model Type 

Flexural 

Strength 

(MPa) 

Flexural 

Failure Strain 

(%) 

Maximum 

Load (N) 

Facing Ultimate 

Stress (MPa) 

Core Shear 

Stress (MPa) 

 Type-1 
6.10 

±0.4 

0.19 

±0.02 

4477.91 

±112 

22.84 

±1.2 

0.57 

±0.2 

 

Type-2 

21.52 

±1.1 

0.16± 

0.04 

16371.16 

±110 

41.78 

±1.6 

2.02 

±0.6 

Type-3 
6.41 

±0.8 

0.07 

±0.01 

4708.26 

±89 

27.67 

±1.4 

0.60 

±0.1 
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Table 3 Flatwise test results 

Specimen 

Model Type 

Maximum 

Load (N) 

Ultimate Flatwise 

Compressive Stress 

(MPa) 

Failure 

Compressive 

Strain (%) 
Deflections (mm) 

Type-1 
2357.54 

± 131 
1.21 ± 0.1 0.38 ± 0.05 21.29 ± 3 

Type-2 
9230.53 

± 157 
3.81 ± 0.2 0.09 ± 0.02 6.03 ± 0.8 

Type-3 
5477.19 

± 95 
2.82 ± 0.2 0.22 ± 0.01 12.02 ± 2 

 

 

 

Table 4 Edgewise compression test results 

Specimen 

Model Type 
Maximum 

Load (N) 

Ultimate Edgewise 

Compressive Stress 

(MPa) 

Deflection 

(mm) 
Failure Mode 

Type-1 
28032.51 

± 126 
76.40 ± 2.3 6.49 I 

Type-2 
102050.34 

± 171 
138.55 ± 1.4 10.26 I,II 

Type-3 
20670.24 

± 104 
62.37 ± 2.1 3.01 I 
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Figure 1 Type-1 high density PU foam 

 

 

 

 

 

Figure 2 Type-2 Trapezoidal low density foam with mat reinforcement 

 

 

 

 

 

Figure 3 Type-3 Web-core foam with mat reinforcement 

 

 

 

                                               

Figure 4 Bridge deck models 

 

Type-1   Type-2   Type-3 
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Figure 5 VARTM setup for sandwich composite 

 

 

Figure 6 Flexural test setup 
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Figure 7 Edgewise test setup 

 

 

 

 

 

 

Figure 8 PU rigid foam Type-1 during the test 
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Figure 9 Load vs. deflection curve generated in the flexural test 

 

Figure 10 Stress vs. strain curve generated in the flexural test 
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Figure 11 Load vs. Deflection curve in flatwise compression test 

 

Figure 12 Stress vs. Strain curve in flatwise compression test 

 

 

0 2 4 6 8 10 12
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Displacement (mm)

L
o

a
d

 (
N

)

 

 

 Type-1

Type-2

Type-3

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0

0.5

1

1.5

2

2.5

3

3.5

4

Compressive Strain (mm/mm)

C
o

m
p

re
s
s
iv

e
 S

tr
e

s
s
 (

M
P

a
)

 

 

Type-1

Type-2

Type-3



61 
 

 

 

 

 

 

 

 

 

Figure 13 Samples Type-1 during testing 

 
  

 

 

 

 

 

 

 

Figure 14 Samples Type-3 during testing 
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Figure 15 Failure modes of sandwich structures 

 

 

 

 

 

 

 

 

 

Figure 16 Crushing configurations of the three models 
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Figure 17 Load–displacement curves from the edgewise compression test 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 18 a: Failure of Type-2 model        b: Facesheet debonding of Type-1 model   
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Figure 19 Type-3 model before and after failure 

 

 

 

Figure 20 Geometry of sandwich panel with trapezoidal foam sections (Type 2 model) 
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Figure 21 Half modeling mesh of sandwich panel with trapezoidal foam sections 

 

Figure 22  Longitudinal stress S11 in the top ply of the reinforcement laminate when 

t=45.56 seconds 
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Figure 23 Stress contour along the X-axis for PU foam when t=45.56 seconds 

 

 

Figure 24 Comparison between simulation results and experimental findings in term of 

punch force vs. time 
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III. PERFORMANCE EVALUATION OF POLYURETHANE COMPOSITE 

STRUCTURAL INSULATED PANELS (CSIP) FOR MODULAR HOUSE 

 

M. Mohamed1, R. Hussein1, A. Abutunis1, Z. Huo1 and K. Chandrashekhara1,  

L. H. Sneed2 
1Department of Mechanical and Aerospace Engineering 

2Civil, Architectural and Environmental Engineering 

Missouri University of Science and Technology, Rolla, MO 65409 

ABSTRACT 

Composite materials are now being extensively employed in new applications of 

civil and building materials. The new generations of two-part thermoset polyurethane 

(PU) resin systems are desirable materials for infrastructure applications. This is due to 

good impact resistance, superior mechanical properties and reduced volatile organic 

compounds when compared to the conventionally used resin systems such as vinyl ester, 

polyester and vinyl alcohol. Glass fiber reinforced two-part PU composites and low 

density polyurethane foam are used to design and manufacture composite structure 

insulation panels (CSIP’s) using vacuum assisted resin transfer molding (VARTM) 

process for temporary housing applications.  Using these types of composite panels in 

building construction will result in cost efficient high performance products due to 

inherent advantages in design flexibility. Use of core-filled composite structures offers 

additional benefits such as high strength, stiffness, lower structural weight, ease of 

installation and structure replacement, and higher buckling resistance than the 

conventional panels. Energy efficiency is known to be inherently better with the core-

filled composite panel than in a metallic material. The panels can be designed to take the 

required loads and for large panels, stiffeners can be integrated while manufacturing and 

will play the role of joist/studs. The study aids to evaluate the ability of lab scale tests and 

models to predict part quality in full-scale parts. Furthermore, it discusses the 

manufacturing challenges. Flexure tests and energy consumption evaluations were 

performed on these structural components. Numerical simulation results were used to 

validate the flexural experiment findings. 
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1- INTRODUCTION 

 

Polymer composite materials have found applications in automotive, aerospace 

and infrastructure. Compared to most metals, non-metals and unreinforced plastics, they 

offer a high strength-to-weight ratio, corrosion resistant, are non-conducting, durable and 

can be fabricated into complex shapes. Composite materials are also being used in the  

repair and construction of civil infrastructure systems; there has been a great push to 

develop markets for composites in the building industry. However, high material and 

fabrication costs virtual to traditional construction materials (steel, concrete and wood) 

have limited the use of polymer composites to very specific applications that take 

advantage of unique properties of the composite materials. In recent years, fiber 

reinforced polymer (FRP) composites have been increasingly used in highway bridge 

decks [1]. Fiber reinforced composites are also being used to repair or strengthen 

reinforced concrete bridges and other structures [2]. Some of the more successful 

applications include seismic retrofitting of reinforced concrete bridge columns using FRP 

wraps, strengthening of reinforced concrete slabs and girders with FRP plates and tow 

sheets, FRP bridge decks, and in the design of marine and coastal structures where 

composites are immune to corrosion and degradation by marine organisms [3]. 

Recently, Structural Insulated Panels (SIPs), a type of sandwich panel made from 

oriented strand board (OSB) facesheet and foam are already in use in residential 

construction in the U.S. Composite sandwich panels fabricated using FRP skins and a 

lightweight foam core material, such as polyurethane, have been proposed for housing 

applications, due to their high insulation properties. Their light weight also means that 

larger housing components can be fabricated in the plant and easily to transported and 

assembled in the field, with fewer connections. The structural design and materials used 

in housing construction can be improved through the development and application of 

composite materials that capitalize on multifunctional components. This can be achieved 
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by using panelized construction. Panelized systems developed and analyzed in this paper 

are based on the theory of sandwich structures. 

Today, structural insulated panels with OSB skins have penetrated the single and 

multifamily residential and light commercial construction market as exterior wall 

components. Composite structural insulation panels (CSIP) proposed in present work to 

reduce maintenance, construction time, labor intensity and provide cost saving for its 

inhabitants. The reduction of thermal bridging, air infiltration, and increase in thermal 

resistance, when comparing CSIP construction with typical SIP construction, 

demonstrates a great reduction in building energy consumption as the results show in this 

study. This reduction is so great that CSIP’s construction is now being targeted as a net 

zero energy option when used with other energy saving strategies and mechanisms. L. 

Smakosz and J.Tejchman [4] experimentally investigated the strength, deformability and 

failure mode of composite structural insulated panels with expanded polystyrene foam 

(ESP). the experimental results showed that the CSIP’s overcome deficiencies of 

traditional SIP’s. T. Sharaf, et al. [5] studied the flexural behavior in three-point and four-

point bending of a new sandwich panel with two different core densities proposed for 

cladding buildings. The results showed that flexural strength and stiffness increased 

substantially, by 165% and 113%, respectively, as the core density was doubled. The 

contributions of shear deformation of the soft and hard cores to mid-span deflection were 

75% and 50%, respectively. Rama. R. Vuppalapati et al. [6] Manufactured and tested 

core-filled pultruded composite panel using novel pultrusion set-up and bio-based 

polyester and polyester resin systems. The manufactured composite panels were tested 

for their mechanical properties through tensile, flexure and different impact energy 

levels. The results indicate that the core-filled panel’s soy-based composite panel’s 

exhibit improved impact resistance as compared to the base polyester panels. A. Bezazi, 

et al. [7] examined the behavior of sandwich panels fabricated from materials with 

different properties under static loading in three-point bending. The study compared the 

behavior of the sandwich panel to those of the individual constituents under the same 

loading conditions. The results showed that in terms in stiffness and load at failure the 
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effects of core density and its thickness on the behavior and the damage was significant, 

and the sandwich structure has better mechanical characteristics compared to its 

components.  

House panel insulation efficiency is a main part of reducing energy needed for 

space heating and cooling. In the United State, every year buildings are accountable for 

almost half of the total energy consumption and the associated CO2 emissions. According 

to the U.S Department of Energy (DOE), 2012, U.S is responsible for 19% of the total 

world primary energy consumption in the transportation, commercial, residential and 

industrial sectors. The building sector accounted for about 41% of the U.S primary 

energy consumption and the other 60% attributed, almost evenly, to the industrial and the 

transportation sectors. This growth in buildings sector energy consumption is fueled 

primarily by the growth in population, households, and commercial floor-space, which 

are expected to increase 27%, 31%, and 28%,  respectively, between 2009 and 2035 [8]. 

Detailed research has been conducted regarding energy consumption of SIPs. 

Kawasaki and Kawai [9] studied the thermal properties of various wall construction 

techniques and found that SIP walls perform better than traditional stud walls due to their 

increased density and thickness. However, additional research that quantifies the effects 

of these design options in combination is needed to provide meaningful results. Hastings 

[10] reports from the outcome of four multiphase building projects where the house lacks 

a conventional heating system because of high insulation levels and low energy 

requirements for heating. One of the conclusions is that load management, such as setting 

the thermostat lower at night, saves little energy due to the time constant (presupposing 

that the windows are closed). 

Another review of low-energy buildings around the world is presented where 

thick insulation, air-tight construction, ventilation with heat recovery and high 

performance windows are common technologies to decrease the energy demand. 

Christian, J. et al. [11] described the thermal performance of the third in a series of five 

affordable, near zero-energy house prototypes built in Lenoir City, Tennessee. Key 

finding is that the PV could be expanded to attain zero energy status. The net cost per day 
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for all off-site energy also has been progressing downward. Hester, N et al. [12] 

developed a model and analyzed the effectiveness of a range of energy-saving measures 

for residential houses in semi-arid climates. These energy-saving measures include: 

structural insulated panels for exterior wall construction. This modeling effort compares 

the energy-use of various building designs in a particular climate. The result shows that, 

energy consumption is reduced by up to 6.1% when multiple energy savings technologies 

are combined. 

2- OBJECTIVE 

In traditional construction, different layers of materials and structural components 

are brought separately and assembled, with each typically sustaining a single primary 

function. For example, insulation is placed in the wall to provide energy efficiency. 

Gypsum wallboard is placed to provide a finished surface; a stud wall consists of studs to 

provide structural resistance to gravity. These separate components are required to 

provide separate functions. These components can be replaced by one sandwich panel, 

referred as CSIP, which is durable and can perform all of these functions and provide 

much higher strength. CSIP can be manufactured in one place and is easy to transport due 

to its light weight. Although the materials used in this work are cheap and low prices in 

comparison to the traditional used materials in construction building. For example, E-

glass reinforced FRP are much cheaper than steel. FRPs are also characterized by high 

corrosion resistance as well as high durability, which reduce future maintenance and 

overall life cycle costs. In addition, the quantity of FRPs used for manufacturing the 

panels is very low in which one laminate (facesheet) of thickness 3mm (.012in.) can carry 

much higher loads than traditional construction. Moreover, the processing method of the 

panels proposed in this study saves manufacturing time and does not require any skilled 

labors, thus reducing the cost. As a result of savings in time, materials, and labor, 

potential exists for significant cost reduction compared to the traditional construction. 

The main objectives for this work were to compare two systems for wall panels, 

the first one by using oriented strand board (OSB) and core material (BASF Autofroth 2-
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part Foam: 9300A Isocyanate) manufactured by Thermocore of Missouri, LLC and the 

second CSIP by using thermoset polyurethane resin systems as matrix, bidirectional E-

glass fiber as reinforcement materials and 2.00 lb density polyurethane foam core 

manufactured with VARTM at Missouri S&T composite lab. To assess a small-scale E-

glass/PU panel’s performance under a four-point bending test, energy efficient and 

discuss results in terms of load, deflection and energy savings. It is anticipated that the 

experimental and analytical results presented would be a first step towards the long term 

goal of manufacturing full-scale composite wall panel for building construction and 

providing a practical method to predict deflections, stress, and ultimate load.  

3- MATERIALS AND MANUFACTURING 

3.1 Facesheet and Core Material 

Figure 1 presents the cross-section of a single CSIP. The facings, made from a bi-

directional E-glass fabric which is compatible with PU resins are obtained from Owen 

Corning, OH was used as reinforcing material. Woven fiber based composites offer 

improved performance over unidirectional type composites. New generation two-part 

thermoset polyurethane (PU) resin system from Bayer MaterialScience was used as the 

matrix material. The two-part PU resin comes in two separate parts which will react once 

combined. The “A” component is an Isocyanate NB#840859 ISO, Diphenylmethane 

diisocyanate (MDI- Aromatic) and the “B” component is a Polyol RTM NB#840871. The 

mix ratio by weight for the A and B components is 92:100. These two components are 

referred to as a PU 840871 resin system of low viscosity (approx. 350 cPs). The 

components react rapidly after mixing forming a highly cross-linked thermoset with 

excellent thermal stability and good mechanical properties. The core of the analyzed 

CSIP is made from polyurethane (PU), the light-weight, soft low density (38kg/m
3
)2.00 

lb/ft
3
 and closed-cell foam with thickness 118mm (4.65in.) commonly used as a thermal 

insulation building material was provided by ITW insulation system, TX. 
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3.2 Manufacturing Process 

Composite structural insulation sandwich panels 1220 mm x 203 mm x 120.6 mm 

(48in. x 8in x 4.75in.) were manufactured at Missouri University of Science and 

Technology (Missouri S&T) composite lab using a cost-effective method VARTM 

process. The cost of manufacturing process of composite parts usually represents a major 

portion of the total cost. For use in housing, the fabrication of panels or whole house 

systems must be simple and inexpensive for them to be competitive with traditional 

construction materials. This excludes some methods for composite manufacturing, such 

as injection molding.  Most of sandwich panel systems are manufactured using pultrusion 

process. Currently the most viable fabrication method for very large composite parts is 

VARTM. Vacuum assisted resin transfer molding uses atmospheric pressures and 

involves low-energy consumption to cure the composite. Manufacture VARTM process 

uses a rigid mold on one side and flexible mold (bagging material) on the other side. 

Fiber reinforcement lay-up is arranged on the rigid mold and the mold is closed using the 

flexible bagging material. Resin inlet is placed on one corner and vacuum outlet is placed 

on the other corner. Release film is applied on the mold prior to the placement of fiber 

lay-up to enable easy removal of the cured part and avoid resin sticking to the mold. Peel-

ply is used on either side of fiber lay-up to avoid part sticking to vacuum bag and the 

mold. High permeability layers were used on either side to the E-glass fibers to reduce 

the resin infusion time. The mold is closed by applying tacky tape on all sides. The 

infusion of PU resin was conducted at room temperature and takes approximately 10 

minutes to complete the process. Once all the fibers are wet, excess resin escapes through 

the vacuum outlet into a pre-arranged resin trap. The resin was cured at 70 ºC for 1hr. 

then post-cured at 80 °C for 4 hrs. in a walk-in oven Fig. 2 illustrates the fabrication of 

specimens using VARTM process. Eight panels were manufactured, the external 

facesheet used in CSIPs considered in the paper were 3mm (0.12in.) thick and reinforced 

with three layers of woven glass–fiber. The fiber volume fraction for the glass-reinforced 

PU composites fabricated by VARTM is 56%. 
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PU resin system is moisture sensitive. To address this issue, the mold and all 

materials were heated to 200°C and cooled to the room temperature to ensuring removal 

of all moisture from the mold. This process is done prior to placement of fabric lay-up. 

Also, PU resin was degassed before vacuum infusion such that any entrapped air bubbles 

are removed, which results in a high quality part. At the end of the manufacturing 

process, the final thickness of the CSIP was measured to be approximately 203mm 

(4.75in.)  

4- EXPERIMENT TESTING AND RESULTS DISCUSSION 

4.1 Flexure Test 

To characterize the structural response of the composite structural insulation 

panels, the specimens were subjected to a four-point bending test. The flexural strength 

was determined according to the ASTM C 393. Five specimens of 1220mm x 203mm x 

120.6mm (48in. x 8in. x 4.75in) and support span 1092mm (43in.) were used for testing. 

A steel beam fixture was designed and built for the test then attached to the MTS-880 

universal testing machine Fig. 3 shows pictures of test setups. Rubber pads with a shore 

hardness of 60 were placed between the specimen and the load contact points to avoid 

local failure. The load was applied at a uniform rate of 1.5mm/min. (0.06in./min). A 

linear variable differential transformer (LVDTs) was placed at the mid-span of the 

section to record the deflection of the samples. To measure the axial strains the electrical 

high precision strain gauges with three-wires that had a gauge length of 0.125 in and a 

resistance of 350 ohm were used. 

The experimental results of bending tests on simply-supported CSIPs are 

presented in load versus deflection curve Fig. 4. The behavior of panels under the 

uniform static load was linear elastic up to the peak. After the peak, the loads start 

dropping due to the excessive deflection in the low density polyurethane foam Fig. 5. The 

maximum vertical force for the wall panel was 4448.2 N at the deflection 91.44 mm (3.6 

in.) which corresponded to the maximum pressure the sample can handle was 181N/m
2
. 

One difference was the appearance of a discrete crack on the upper facesheet near the 
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load distributer fixture in the test panel number 2 due to the bending support moment 

(Fig. 6).  

For all specimens, the test was stopped due to the excessive deflection reach 1/3 

of the total thickness except for Sample 4 and 5, which were tested to failure in bending 

Fig. 7 at increasing load velocity with crosshead speed 12mm/min (0.5in/min) to examine 

the effect on residual deformations and stiffness degradation. The effect of loading 

velocity was clear in load- deflection curve Fig. 8, the elastic region is less than applying 

the load slowly and the failure start early. At the end of the test, it was noticed that the 

samples had a defect of a horizontal crack in the foam core, near to the top facesheet and 

debonding. The failure mechanisms were similar for samples 4,5 the lower facesheet first 

failed at normal strain of 0.050–0.055% and the maximum flexural strength 5.1MPa. 

The stress-strain behavior of the facesheet in the longitudinal direction at mid-

span, shown in Fig. 9, is quite linear. This is because the mid-span deflections which is 

affected by the shear deformations of the polyurethane core, which is typically a 

nonlinear material, while facesheet strains are only a reflection of the GFRP liner 

material. Also, the maximum strains measured on the compression and tension GFRP 

skins (Fig.9) were significantly lower than the flexural strain of the GFRP facesheet 

material of 4.96 %. In fact, failure occurred due to excessive deflection and shear 

deformation. This was a direct result of the excessive shear deformation of the low 

density polyurethane foam. 

Since Young’s modulus of the glass fiber reinforced polymer (GFRP) facesheet is 

significantly higher than that of the polyurethane foam. The theoretical flexural rigidity D 

(flexural stiffness EI) value was calculated with the sum of flexural rigidities shown in 

equation bellow which was 28.55 N-m2. 

 

 

𝐷 = 𝐸𝐼 = 𝐸𝑓 

𝑏𝑓3

6
+  𝐸𝑓

𝑓𝑏𝑑2

2
+  𝐸𝑐

𝑏𝑐3

12
 

(1) 
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Where 𝐸𝑓 is the facesheet modulus, 𝐸𝑐 is the core modulus, b is the width of the 

sandwich structure, d is the distance between the facesheet center, and f is the facesheet 

thickness, and c, is the core thickness.  

The facesheet modulus was 19534 MPa obtained from previous studies [13]. The 

modulus of the PU foam is 4.48 MPa this value was obtained from the manufacturing 

data sheet. The CSIP’s were compared to SIP’s manufactured by Thermo core company 

(OBS wall panels) when a polyurethane core is used and with facesheet thickness 

10.41mm (0.41 in.) based on the bending test. The CSIP’s show better flexural properties 

as show in table 1. 

4.2 Finite Element Analysis  

A quasi-static three-dimensional finite element model has been developed to 

simulate the mechanical behavior of PU sandwich structure under four-point flexural 

loading. PU sandwich structure consists of three layers woven E-glass/polyurethane at the 

top and bottom, and low density polyurethane foam core in between. Face sheets and 

foam core were meshed using 8-node quadrilateral reduced-integration continuum shell 

element and 8-node linear reduced-integration hexahedral element, respectively. 

Hourglass control was applied to both element types to avoid zero-energy mode. 

To reduce the computational cost, half of overall structure was modeled utilizing 

symmetry along the length direction, and both supports and steel loading heads were 

modeled as rigid body. Rigid four-node bilinear shells element was applied to mesh both 

supports and loading heads. Finite element mesh for the assembly is shown in Fig 10. 

Mechanical properties of woven E-glass/polyurethane and low density polyurethane foam 

core are listed in Table 2. The support was constrained except the rotation along Z 

direction. For loading head, all degrees of freedom, except for the displacement along Y 

direction and rotation along Z direction, were constrained. The symmetric boundary 

condition was applied on the symmetric surface. Hard contact property in the normal 

direction was applied in the interaction between loading head/top face sheet, and 

support/bottom face sheet. Displacement loading was applied on the loading head. 
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In this study, nonlinear finite element analysis was conducted considering the 

combined effects of the linear elastic behavior of laminates and the nonlinear behavior of 

foam core, and only the initial part of mechanical response before ultimate failure under 

flexural loading was investigated. Comparison between simulation results and 

experimental data in term of loading force versus extension before ultimate rupture is 

illustrated in Fig. 11. A good correlation between simulation results and experimental 

data can be observed. 

Figure 12 shows S11 contour in low density foam core. It can be observed that the 

maximum compressive stress is 29.9 kPa, which is located at the top foam surface near 

the loading head. Fig.13 shows the S11 contours of the topmost layer in the top face 

sheets, and bottommost layer in the bottom face sheets, respectively. The compressive 

S11 stress in the top face sheets near the loading heard and the tensile S11 stress in the 

bottom face sheets near the support can be clearly observed. The absolute S11 values in 

both locations are much larger than S11 values in the foam core, indicating that the face 

sheets absorbed most of in-plane loading and bending moment. 

5- THERMAL PERFORMANCE SIMULATION 

The effectiveness of using PU-CSIP panel, consists of a single core of 2 lb/ft
3
 

(32kg/m
3
) density polyurethane foam and laminated on both sides by polyurethane 

composite facesheets, was studied in this part under two categories transient thermal 

behavior and energy saving calculations. In each part, the PU-CSIP results were 

compared to the results of expanded polystyrene (EPS) and extruded polystyrene (XPS) 

cores with oriented strand board (OSB) facesheets. The latest two SIPs are denoted in this 

work as EPS-SIP and XPS-SIP, respectively. The comparison was conducted using the 

same panel geometry as based on the cross-section shown in Fig. 14.   

5.1 Transient Thermal Behavior 

One dimensional transient heat conduction simulation was conducted using 

ABAQUS (version 6.11) for a 3-D geometry. The geometry was a composite panel with 

dimensions 6m x 3m x 0.1143m (236.22in x 118.11in x 4.5in) of height, width and 
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thickness, respectively. An 8-node linear standard heat transfer brick element (DC3D8) 

of total 1800 elements was used in this simulation.  Properties of the materials like 

thermal conductivity (K), specific heat capacity (Cp) and density (ρ) are, if not specified, 

obtained from literature [14] and listed in Table 3. The thermal properties of the 

composites polyurethane facesheet determined experimentally using thermal properties 

analyzer (QuickLine-30).  

The required properties of core, facesheet are assigned to the geometry to run the 

simulation. External uniform temperature boundary condition and initial temperature 

condition were set to 40°C and 20°C, respectively, to simulate panel temperature 

distribution for 1 hr and 12 hr. Initial temperature condition was set as a predefined field 

for the whole geometry in the initial step. As insulated boundary condition is not defined 

in ABAQUS, all other edges were insulated by applying a uniform surface heat flux of 

1×10
-17

 W/m
2
 (Fig. 15). Temperature distribution for PU-CSIP simulation after 12 hr is 

shown in Fig. 16. Temperature distribution through the thickness results for the three 

types of panel is shown in Fig. 17.  

Simulation results indicate that after 12 hr the temperature distribution on the 

other side of the panel is almost equal 40°C, especially for EPS-SIP, which is the 

boundary condition of the external surface. Accordingly, as the internal surface 

temperature approaching the external temperature, the case is almost a steady state. 

Temperature distribution for transient heat conduction is dependent on the thermal 

diffusivity (D) of the material. 

Cp

k
D





 
(2)   

where k, ρ and Cp are defined in Table 3. Materials with low thermal diffusivity have 

lower temperature at any spatial point after a certain time [15]. For a composite slab the 

following equation is used to determine the effective thermal conductivity (keff) 

 

111111

321

kLkLkL

LLL
k
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


  

(3)   
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Where L is the layer thickness of the composite slab materials. Calculated effective 

thermal conductivities of the three panels were found 0.0283 W/m·k, 0.0301 W/m·k and 

0.0380 W/m·k for PU-CSIP, XPS-SIP and EPS-SIP, respectively. Using rule of 

combined wall effective thermal diffusivity (Deff) of the composite slab [12]. 

 

333222111

332211

DkvDkvDkv

kvkvkv
D

eff



  

(4)   

 

Where v  is the volume fraction of the layer in the composite slab. In the present case, as 

the whole layers have the same area (A), equation (4) can be written. 

 

333222111

332211

DkLDkLDkL

kLkLkL
D
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


  

(5)   

 

Calculated effective thermal diffusivities of the three panels were found 2.92×10
-7

 

1/s, 3.48×10
-7

 1/s and 5.17×10
-7

 1/s for PU-CSIP, XPS-SIP and EPS-SIP, respectively. In 

Fig.17, XPS-SIP shows better transient response than EPS-SIP. However, PU-CSIP 

shows the best response as compared to the others, or PU composite panels have lower 

overall thermal diffusivity as shown in calculations above. However, XPS-SIP may show 

better transient response for higher densities XPS-core like 48 kg/m
3
, but thermal 

conductivity of PU-core foam is still lower which means better R value, known as 

thermal resistance. In general, transient behavior shows the effect of the thermal 

diffusivity but not only the conductivity factor. The effect of thermal conductivity is 

better shown when studying energy consumption in the next section. Also, energy is the 

final target when using CSIP in housing which gives a significant sense of the reason 

behind this use. 
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5.2 Energy Consumption Calculation 

A small house of the dimensions 8m x 6m x 4.5m (314.961in. x 236.22in. x 

177.165in.) and orientation shown in Fig.18 was proposed for the sake of site energy 

consumption calculations. The house is located in Rolla, MO for which Table 4 shows 

the general house location. Residential buildings characteristics as required by IECC 

2009 code [16, 17] were taken into account to have realistic results of energy 

consumption. The present house was considered as a single zone building intended for 

one family of occupancy 4 persons. It means that the house interior is a single zone with 

no details in which ASHRAE 55-2004 comfort index of air flow requirements, as an 

example, may not be satisfied. However, this is warranted as the main goal is to check 

energy consumption rather than house design.  The present house has two windows (one 

facing the north and the other one facing the south) with a total area ratio of 3.57%, 

which complies with the IECC 2009 code of 15% maximum. Also, floor to ceiling height 

code value is required to be 3.048m (10 ft) in where it was proposed as 3 m in the present 

case. All other elements like internal loads, HVAC (Heating, Ventilation and Air-

Conditioning) and exterior lighting were made to meet the above code requirements 

(Table 5).    

EnergyPlus™ (version 8.0.0.008) was used to calculate the energy consumption 

during 365 days. The required weather file for the present envelope was obtained from 

the U.S. Department of Energy. Heating and cooling thermostat setpoint schedules were 

based on a constant indoor temperature of 20˚C (68˚F) and 25.6˚C (78˚F). The 

calculation was conducted for the three different wall materials. Assume that the whole 

three houses were built with CSIP’s, EPS-SIP’s and XPS-SIP’s with the exception of the 

floor. ASRAEE 2005 material properties data base, included in EnergyPlus™, was used 

to obtain the light floor, door wood and widow glass properties and thickness (Table 6). 

 

Indoor and outdoor daily temperature distribution is shown in Fig.19. Results of 

annual energy consumption for the three types of panels are listed in Table 7. Based on 

these results, energy consumption is almost the same for the three materials. These results 
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are warranted and could be interpreted based on the relative difference in thermal 

properties of the panel materials of the present work.  

All energy code requirements are based on the R value, mainly dependent on k, as shown 

below for a conductive resistance 

kA

L
R   

(6) 

 

However, there is a slight difference in effective thermal conductivity of the 

panels materials as calculated above. This is the reason behind almost same annual 

energy consumption as steady state thermal conduction is dependent on the thermal 

conductivity value (k) or the conductive resistance (R). Since energy balance of the 

annual simulation, in most of the year, is steady state based simulation, the effect of k is 

dominating over the heat transfer calculations.   

In order to verify these energy consumption results, a comparison with energy end 

uses per unit area of two locations were conducted. A ranch house model was proposed to 

be located in Chicago, IL and Orlando, Florida [14]. As a comparison, the thermostat 

setpoint of the present work and ranch house model is the same. Based on the results of 

annual simulation for these locations, it was found that end uses energies per unit area 

were 0.69 GJ/m
2
 and 0.4986 GJ/m

2
 for Chicago, IL and Orlando, Florida, respectively. 

For the present work, the end uses energy per unit area was 0.674 GJ/m
2
 for the current 

location. For Orlando, Florida location the space heating consumption was 0.7% of the 

total annual energy while the consumption of Chicago, IL was 35.8%. In the present 

location, it was 29.3%, 30.3% and 33.6% for PU- CSIP, XPS-SIP and EPS-SIP, 

respectively. The envelope of this case shows intermediate energy consumption in 

between thereof two locations.            

6- CONCLUSION 

Composite structural insulation panels were manufactured using thermoset 

polyurethane resin systems. The PU CSIP’s manufactured successfully using modify 
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VARTM process and have been investigated in flexure test mechanical and numerically. 

In addition the thermal properties have been simulated and compared to EPS and XPS 

with oriented strand board (OSB) using finite element analysis.  Energy consumption 

calculation conducted to whole hose made of PU composite materials and compared to 

EPS and XPS with OSB materials used EnergyPlus software based on Missouri State 

code. Based on experimental and numerical analysis of the innovative composite 

sandwich structure insulation panels CSIP with polyurethane foam polyurethane 

facesheet the following conclusions can be drawn from the research: 

1- The PU CSIP’s not only increase the strength but enhance ductility too. In addition, 

sandwich panels made by bidirectional FRP provide ductility and toughness more 

than those made using the OSB factsheet 

2- VARTM method is the best processing method for manufacturing the CSIP’s with 

soft foam due to its high efficiency in achieving adequate bond between FRP 

laminates and PU foam 

3- CSIPs are characterized by a higher strength to weight ratio. They are also resistant to 

biological degradation in contrast to traditional SIPs 

4- Under uniformly distributed loads, panels with ‘soft’ core underwent very large 

deflections associated with excessive shear deformation of the core, leading to a 

highly nonlinear behavior. However, no physical failure was observed 

5-  No significant stiffness degradation has taken place. However, it is clear that some 

permanent deflection has occurred upon unloading. This permanent deflection is 

clearly larger in specimen 4, 5. It is noted that the specimen with a soft core has a 

higher capacity of energy dissipation 

6- Based on the thermal simulation results the CSIP’s with PU foam showed better 

thermal insulation than EPS and XPS foam with OSB facesheet  

7- A three-dimensional finite element model was developed using commercial software 

ABAQUS for PU CSIP’s under four-point flexural loading and validated by the 

experimental results. The results show a good correlation between simulation results 

and experimental data. 
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Table 1 Comparison test results of CSIP’s and SIP’s 

Property CSIP’s SIP’s (OBS Termocore panels) 

Maximum Load (N) 4448.2 3576 

Deflection at Max Load mm (in) 91.44 (3.6) 21.8 (0.86) 

Flexural Strength (MPa) 5 -- 

Maximum Stress (MPa) 11.2 2.9 

Flexural Stiffness (kN-m
2
)
 
 28.55 18.6 

 

Table 2 Mechanical properties of woven E-glass/Polyurethane and low density foams 

Material Property Value 

Woven E-glass/Polyurethane 

Longitudinal Modulus, Ex (GPa) 19.5 

Transverse Modulus, Ey (GPa) 19.5 

Poisson’s ratio, ʋ 0.13
*
 

In-plane Shear Modulus, G12 (GPa) 5.5
*
 

Out-plane Shear Modulus, G13 (GPa) 5.1
*
 

Out-plane Shear Modulus, G23 (GPa) 5.1
*
 

Low Density Polyurethane Foam 

Compressive Modulus, E  (MPa) 2.83 

Poisson’s ratio, ʋ 0.3 

Compressive Strength, σt (KPa) 117 

Properties with ‘*’ are approximated or obtained from literatures, others are from experiments 

 

Table 3 Properties of materials used in simulation 

Material k (W/m·k) Cp ( J/kg·k)
 

ρ(kg/m
3
) D

*
 (1/s)*10

-6 
 

EPS 0.037 1470 14 1.79786 

XPS 0.029 1470 26 0.75876 

OSB facesheet 0.12 1880 640 0.099734 

PU facesheet
 

0.3518
**

 837
**

 1876
*
 0.224046 

PU foam
*** 

0.027 2291 32 0.368206 
 

* Determined experimentally
 
by water displacement according to ASTM D792, ** Determined experimentally, *** Manufacturers data sheet 
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Table 4 Envelope location parameters 

 

 

 

 

 

 

 

 

Table 5 Interior and exterior loads of sample house 

 

Load type Value 

Lighting power density 3.875 W/m2 

Plug load power density 6.674 W/m2 

Occupancy 4 persons 

Water heater 
10˚C, 49˚C (cold water and hot water temperature)  

3.51×10
-6

 m
3
/s (80 gallon/day) (water demand)   

 

Table 6 Constructional materials of floor, door and window 

Construction type Layers (outside to inside) 

Light floor F16 acoustic tile, F05 air and M11 100 mm light weight concrete 

Door G07 100 mm wood 

Window 3 mm clear glass 

 

Table 7 Annual energy consumption of sample house 

Panel type PU- CSIP XPS-SIP EPS-SIP 

Total Site Energy (GJ) 32.38 32.78 34.89 

 

Parameter Value 

Latitude (deg) 38.13 

Longitude (deg) -91.8 

Elevation (m) 336.00 

Time Zone -6.0 

North Axis Angle (deg) 0.00 

Rotation for Appendix G (deg) 0.00 

Hours Simulated (hrs) 8760.00 
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               Figure 1 The cross section of the polyurethane composite insulation structural 
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Figure 2 Shows VARTM process set up 
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Figure 3 Shows picture of four bending test setup 
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Figure 4 Shows load vs. deflection at the mid-span 

 

 

Figure 5 Shows panel deflection during the test 

 

 



90 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crack in the top 

facesheet 

Figure 6 Shows discrete crack on the top facesheet 

 

 

Figure 7 Shows applying bending load up to failure occurred 
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Figure 8 Shows load vs. deflection for samples tested up to failure with 

crosshead speed 0.5in./min 

 

 

Figure 9 Stress-strain behavior of the facesheet in the longitudinal 

direction at mid-span 
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Figure 10 Finite element mesh for the assembly 

 

 

 

 

 

 

 

 

 

 

Figure 11 Comparison of loading force vs. extension between simulation and 

experimental results 

 

 

 

 

Left Loading Head 

Left Support 

Symmetric Surface 
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Figure 12 Stress (S11) contour in the foam core 

 

 

 

 

 

 

 

 

 

Figure 13 Stress (S11) contours on (a) topmost layer in the top face sheets, and (b) 

bottommost layer in the bottom face sheets 

 

 

 

(a)   (b)   



94 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 Panel cross-section of the present work (not to scale) 

 

 
 

 

Figure 15 Applying the boundary condition to edges 

 

core 

facesheet 
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Figure 16 Temperature distribution, PU-CSIP after 12 hr 

 

 

 

Figure 17 Through thickness temperature distribution 

External 

surface 
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Figure 18 House dimensions and orientation 
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Figure 19 Daily indoor and outdoor temperature distribution 

North direction 
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SECTION  

3- CONCLUSION 

The dissertation presents the performance evaluation and characterization of 

polyurethane composites materials using vacuum infusion process. In paper I carry out 

comparison and evaluation of mechanical performance of two different polyurethane 

resin systems. In order to make decision of what PU will be used in task II and task III. 

Glass fiber composites were designed using these two different resin systems and were 

fabricated using cost effective process VARTM process. Fundamental properties include 

strength and modulus were measured and analyzed for the behavior of two resin systems. 

Thermal mechanisms were studied using differential scanning calorimeter (DSC) and the 

viscosity profile was analyzed using Brookfield LVD-II programmable rotational type 

viscometer. Based on the results the two-part PU resin system was chosen for farther. 

 In the second paper, three designs of glass reinforced composite sandwich 

structures, namely boxes (web-core W1), trapezoid and polyurethane rigid foam, are 

fabricated using new generation of two-part thermoset polyurethane resin systems as 

matrix materials with vacuum assisted resin transfer molding (VARTM) process.  The 

stiffness, load-carrying capacity and compressive strength were evaluated. Core shear, 

flatwise and edgewise compression tests were carried out for these three models. The 

mechanical response of three designs of sandwich structures under flexural loading were 

analyzed using commercial finite element method (FEM) software ABAQUS. It is 

suggested that sandwich panels with prisma cores represent a feasible design for full 

scale bridge decks. The simulation results of flexural behavior were validated by 

experimental findings.  

In the third paper, successfully usage of glass fiber reinforced two-part PU 

composite to design and manufacture composite structure insulation panels CSIP. The 

study conducted a comparison two systems for wall panels, the first one by using oriented 

strand board (OSB) and core material (BASF Autofroth 2-part Foam: 9300A Isocyanate) 
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manufactured by Thermocore of Missouri, LLC and the second CSIP by using thermoset 

polyurethane resin systems as matrix, bidirectional E-glass fiber as reinforcement 

materials and 2.00 lb density polyurethane foam core manufactured with VARTM at 

Missouri S&T composite lab. To assess a small-scale E-glass/PU panel’s performance 

under a four-point bending test, energy efficient and discuss results in terms of load, 

deflection and energy was saving. Based on the results the PU CSIP’s increase the 

strength and enhance ductility too. In addition, sandwich panels made by bidirectional 

FRP provide ductility and toughness more than those made using the OSB factsheet. The 

results from the present work show that polyurethane composite can be used in vacuum 

infusion processes and are very promising in producing parts that have part qualities 

comparable to other resin systems.  
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