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ABSTRACT 

A lightweight carbon fiber reinforced polymer (CFRP) sandwich panel has been 

developed for floor use in commercial office building construction. CFRP laminate skins 

were combined with low-density rigid polyurethane foam to create a composite sandwich 

panel suitable for floor use. The CFRP sandwich panel was optimized to withstand code 

prescribed office-building live loads using a 3D finite element computer software 

package called SolidWorks. The thickness of the polyurethane foam was optimized to 

meet both strength and serviceability requirements for gravity loading, while holding the 

thickness of the CFRP laminates constant. Deflection ultimately was the controlling 

factor in the design, as the stresses in the composite materials remained low. 

Following initial design optimization of the CFRP sandwich panel, the density of 

the rigid polyurethane foam was doubled and the effects were noted. Both CFRP 

sandwich panel types were then subjected to combined gravity and lateral loading, which 

included seismic loads from a fictitious 5-story office building located in a region of high 

seismic risk. The effects of combined gravity and lateral loading were evaluated for both 

panel types, and a final design was selected. The free vibration of each panel was 

checked during each phase of the design process. 

The results showed that CFRP sandwich panels are a viable option for use with 

floors, possessing sufficient strength and stiffness for meeting code prescribed design 

loads, providing significant benefits over traditional construction materials. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

Lightweight composite materials have been used in the automotive, marine and 

aerospace industries for well over 50 years. Typically, these industries utilize composites 

in the form of relatively thin, lightweight, composite sandwich panels or Composite 

Sandwich Structures. They are generally composed of face sheets made of wood, plastic, 

aluminum, or reinforced laminates that are bonded to a solid or honeycomb core material. 

Typical core materials are made of polymers, aluminum, or wood based products. 

Composite sandwich structures, or simply composite panels, are utilized in components 

such as automobile panels, boat hulls, and aircraft airframes. High-end applications 

require high performance composite panels, or Advanced Composite Sandwich 

Structures. Advanced composites are primarily used in the aerospace industry and are of 

the type considered for this study. For consistency, and for relating this technology to 

civil engineering, advanced composite sandwich structures will be referred to as FRP 

sandwich panels throughout this document. 

The primary benefits of using FRP composite materials include their high-

strength-to-weight ratio, low thermal expansion, high specific strength and stiffness, good 

fatigue resistance, good damping characteristics and, most importantly, the ability to 

provide specifically tailored material properties. It was not until the last 25+ years that 

civil engineers realized the benefits of FRP composites for use in construction. The 

primary focus of the original research involved infrastructure rehabilitation, as high-
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strength, lightweight FRP composite laminates were shown to be successfull in 

strengthening reinforced concrete (R/C) beams (Saadatmanesh and Ehsani 1990). 

1.2 Fiber Reinforced Polymers 

FRP's are a class of composites in which high strength fibers made of glass, 

Kevlar™, or carbon are combined with polymer resins to form high strength lightweight 

composite laminates. The fibers are referred to as reinforcement. The polymer resins, 

which act as a binder, are called the matrix. 

FRP reinforcing materials are manufactured in the form of pre-cured laminates, 

pre-cured shells or jackets, prepreg sheets, and uncured fabrics, to name a few. Most 

fabric materials are around 1 mm (0.04 in.) thick and are made of unidirectional or 

bidirectional fibers. Sheets and fabrics are impregnated with resins that ultimately bond 

them to a substrate, whereas cured laminates are bonded to a substrate using a thin layer 

of polymer-based resin. The fiber reinforcement provides strength to the composite. 

Bonding FRP composites to a substrate is primarily achieved by utilizing 

polymer-based resins, such as epoxy, in combination with a chemical hardener. Crucial to 

the effectiveness of FRP composites is the performance of the bond at the interface of the 

FRP composite and substrate. Subsequently, proper selection, proportioning, and 

application of the resin is paramount to the success of the composite. The same can also 

be said for the matrix material. The resins used in bonding pre-cured laminates to a 

substrate must be compatible with the matrix material and the substrate. They must 

provide adequate strength and toughness to successfully transfer forces between the 
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substrate and laminate without failure. Several studies have been performed to determine 

which polymer resins are suitable for particular applications. Traditionally, epoxy resin, 

which is a thermoset resin, is used for bonding FRP composites in civil engineering 

applications. 

The matrix material used for FRP composites generally consists of a polymeric 

resin and hardener, and can contain additives to enhance or tailor its properties. The 

matrix serves several key purposes for FRP composites. First, it impregnates and binds 

the fiber reinforcement together. Second, it protects the fibers from the environment. 

Third, it provides a means for load transfer from the substrate to the fibers. Finally, it 

provides a permanent and conforming shape to the final product. Matrices are typically 

polymeric, but can also be metal or ceramic. Polymeric matrices can be categorized as 

thermoplastic or thermoset. Thermoplastic polymers can be softened or remolded 

following initial cure by adding heat. Thermoset polymers are resins that do not soften 

upon application of heat. Thermosets simply degrade when exposed to elevated 

temperatures. However, additives can be mixed with thermosets to improve their 

performance in moderate to extreme environments. Traditionally, thermoset polymers 

have been selected and studied for use in civil engineering applications involving FRP 

composites. A thermoset polymer matrix was selected for use in this study. 

1.3 Advanced Composites 

Advanced composites is a term used to describe high performance FRP 

composites that integrate continuous, high strength reinforcing in combination with high 
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performance, polymer-based resin matrix materials. Continuous fiber reinforcement made 

of Kevlar™, carbon, boron, et al. are used in combination with various resins to create 

extremely strong and lightweight materials that can be formed into a variety of different 

shapes. These materials are used to fabricate products for ultra-high performance 

applications. For example, advanced composites are utilized in the construction of the 

Stealth aircraft used by our armed forces. They are also used in the construction of golf 

clubs (Strong 2008). 

1.4 Composite Sandwich Structures 

Composite sandwich structures is the technical name assigned to sandwich panels 

composed of different materials to form a composite structure. The most common 

sandwich panel used in construction is the Structural Insulated Panel, or SIP. SIP's are 

formed using oriented strand board (OSB sheathing) facings bonded to a solid, insulating 

foam core. Phenolic resins are typically used for bonding in their production. The result is 

a lightweight, high performance sandwich panel that can be utilized in residential and 

light commercial construction. Sandwich panels are typically fabricated in a plant or 

factory under a controlled environment, allowing for enhanced quality control in the final 

product. 

Advanced composite sandwich structures, or FRP sandwich panels, have been 

studied and used in aerospace engineering applications where structural performance and 

reliability are critical to life safety. The recent introduction of Boeing's 787 Dreamliner 

jet aircraft lends great support to an overall confidence in the proven reliability of FRP 
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sandwich panel technology. According to Boeing, 50% of the materials (by weight) used 

in constructing the 787 consisted of composite materials, with composites being the main 

material used to construct its airframe. By using advanced composites, Boeing was able 

to reduce fuel consumption of this long-range jet by 20% over that of similarly sized 

aircrafts. Airline companies are also realizing the benefits of composites through 

increased payloads, as aircraft are now lighter. 

1.5 Composites in New Construction 

More recently, civil engineering research has shifted its focus from retrofitting 

and rehabilitation to using lightweight FRP composites for new construction. Most 

notably, researchers have been seeking to advance the use of FRP sandwich panels as 

floor decking. In general, the primary intent is to replace traditional plywood and 

hardwood floor sheathing with a sustainable composite floor-decking product. The 

primary goal in using these state of the art materials is twofold. First, ensure these 

materials perform equally well or better than traditional construction materials. Second, 

focus on improving the overall environmental impact as a result of manufacturing these 

materials, while also considering their service life benefits, as compared to traditional 

construction materials. 

Perhaps even more significant in this transitional process is that forward thinking 

companies are promoting lightweight, sustainable building construction utilizing 

composite components. Cost-effective and competitive building systems are being 

created by using sustainable materials and energy-efficient design to produce lightweight 
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building structures that are 60% to 70% more energy efficient than standard construction, 

with drastically reduced building times (Swedland 2013). 

The future of construction will involve lightweight, high strength FRP composite 

materials. The benefits in implementing FRP materials are realized through ease of 

construction, energy efficiency, sustainability, emergency response, and significantly 

reduced seismic loads, to name a few. These benefits are considerable in supporting a 

trend towards using high strength FPR composites in new construction. In an effort to 

advance this trend further, FRP composites should be studied for use as major structural 

elements in general building systems. A logical starting point for their use is in floor 

systems. Current research involving lightweight FRP sandwich panels for floor use has 

been limited to residential and small commercial framed buildings (light-framed 

construction). The goal of this study is to extend this technology to larger, commercial-

type buildings utilizing a structural steel framed building system. Structural steel building 

frames were selected because they offer good flexibility in architectural design, ductility 

in the event of failure, relative ease of erection, and an inherently high level of material 

and construction quality control. Reinforced concrete is brittle in nature, lacks good 

quality control, and tends to be the material system that experiences the most problems in 

seismic events. In addition, it's production significantly contributes to air pollution. 

The objective of this research is to replace traditional concrete floor slab systems 

with a lightweight, high strength FRP composite sandwich panel system. The intent is to 

maintain the dimensional layout of traditional structural steel floor framing (columns, 

beams and girders) to determine what would be required of the sandwich panel geometry 
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and materials for direct replacement of the traditional system. FRP sandwich panels 

would span distances comparable to composite concrete steel deck spans, which is 

typically 3.1 m (10 ft.). 

This concept of using a lightweight, high strength floor system would drastically 

reduce the dead weight of a building's floor system, thereby significantly reducing gravity 

dead loads and seismic forces generated on a building.  

1.6 Benefits of a Lightweight FRP Sandwich Panel Floor System 

In addition to reducing a building's gravity loads and seismic forces, lightweight 

FRP sandwich panel floor systems are beneficial for a variety of significant reasons. 

First, structural steel floor beams and girders may not need cambering. Because the dead 

load of the floor is minimal, cambering steel floor beams to accommodate the dead load 

deflection becomes trivial. Second, the use of headed studs to create composite concrete 

floor systems is not required. In traditional composite steel and concrete floor 

construction, hundreds of headed studs are welded to each steel beam and girder to create 

the composite action. A significant savings in labor costs and material can be realized if 

this step of the floor construction is eliminated. Third, the construction materials are 

lightweight, making transporting them and installing them both easier and cheaper. In the 

event of a structural collapse, rescue operations would be greatly simplified, as removal 

of the FRP floor materials could be accomplished by hand. Fourth, FRP sandwich panels 

inherently provide outstanding thermal insulating characteristics. If combined with 

exterior curtain wall systems made using the same FPR technology, energy efficient 
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buildings could be created that significantly outperform buildings utilizing traditional 

construction materials. The cost savings in energy use could be tremendous over the life 

of the building. Finally, material formulations can be tailored to meet not only the 

structural demand for the application, but also the ever-increasing demand for sustainable 

building construction. Plant based polymers, or biopolymers, are being studied and 

incorporated into polymeric resins and foams to replace synthetic polymers in an effort to 

address sustainability concerns. Synthetic polymers are produced using limited 

environmental resources such as petroleum-based products. Biopolymers can be 

produced using renewable resources, which addresses the concerns associated with 

limited resources. In addition, the use of renewable resources can potentially reducing 

carbon emissions. The ultimate goal in utilizing biopolymers is to manufacture products 

that are sustainable and carbon neutral.  

1.7 Problem Statement 

Limited studies have been conducted evaluating the use of FRP sandwich panels 

as floor systems. This research primarily focuses on loading and response normal to the 

surface of the panel, or its "out-of-plane" behavior. Studies have been conducted on static 

strength and stiffness, dynamic response, free vibration response, and the effects of fire 

exposure. Fundamentally missing from this research is studying how FRP sandwich 

panels perform as horizontal diaphragms. Also missing from the literature is research on 

evaluating an appropriate method for connecting FRP panels to a supporting system. 
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For most building systems, floors act as horizontal diaphragms. Horizontal 

diaphragms distribute wind and seismic forces to the vertical elements of the lateral-load-

resisting system, such as moment frames or shear walls. Unlike gravity forces, wind and 

seismic forces act in the plane of the diaphragm. These forces are distributed to the lateral 

load resisting elements based on the in-plane stiffness of the floor system. Consequently, 

horizontal diaphragms are classified as rigid, semi-rigid, or flexible (American Society of 

Civil Engineers., 2010). 

Floors constructed with plywood sheathing are typically classified as flexible 

diaphragms. In analyzing flexible diaphragms, lateral forces are distributed through the 

diaphragm to the lateral resisting elements based on tributary area to those elements. This 

method of analysis is simple and straightforward for both wind and seismic forces. 

Floors constructed utilizing concrete are classified as rigid diaphragms due to 

their high in-plane stiffness. Rigid diaphragms distribute lateral forces based on the 

rigidity of the lateral resisting elements, the center of mass of the diaphragm, and 

torsional effects. This method of analysis is computationally more difficult and iterative 

in nature, as the initial rigidity of the resisting elements must be approximated before the 

loads can be distributed. 

To consider FRP sandwich panels for use as floor systems, they must be studied 

for the in-plane loading action characteristic of a horizontal diaphragm. Diaphragm action 

cannot be ignored if new systems are to be proposed for use as floors. Based on load 

combinations, the International Building Code (IBC) requires floor systems to be 

analyzed and designed for both out-of-plane and in-plane forces. Previous research on 
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out-of-plane loading characteristics of FRP sandwich panels has shown them to be a 

viable option for their intended use. The next step in advancing the use of FRP sandwich 

panels as floor systems is conducting research on their in-plane loading characteristics 

and developing a suitable, cost-effective panel.  

1.8 Scope of Study 

The scope of this study involves the analysis and design of a lightweight, high 

strength FRP sandwich panel for use as a floor system. Carbon fiber reinforced polymer 

(CFRP) sandwich panels utilizing rigid polyurethane (PU) foam cores were subjected to 

typical office building design loads as set forth in the 2012 IBC. The CFRP sandwich 

panels were analyzed and designed for gravity loads in combination with lateral loads 

representing earthquakes or wind. The design criteria was that the panels must comply 

with both strength and serviceability requirements as dictated in the 2012 IBC. 

Two different PU foam densities were evaluated for use with the CFRP laminates. 

The density of foam selected was based on prior research and material availability. 

Previous studies involving rigid foam core sandwich panels evaluated rigid foams having 

densities as low as 64 kg/m
3
 (4 lb/ft

3
). This density appears to be somewhat low for 

structural applications. In evaluating the proper foam density to be selected, it is 

important to first look at the density of the materials for the floor system being replaced. 

CFRP sandwich panels are to replace reinforced concrete, which has a density of 2403 

kg/m
3
 (150 lb/ft

3
). Instinctively, it would reason that reducing the density of a new floor 

system by 1/3 of the original floor system would likely be a significant improvement in 
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the overall weight of the floor. However, composite steel and concrete floors are made to 

be efficient by utilizing composite steel deck, which allows the concrete and steel deck to 

act as a unit. Using this system, an overall floor depth of 152.4 mm (6 in) consists of 76.2 

mm (3 in) of concrete over a 76.2 mm (3 in) deep fluted deck, which reduces the 

effective density of the system. A 152.4 mm (6 in) concrete-on-steel-deck floor using 

normal weight concrete has an effective density of 1817 kg/m
3
 (113.4 lb/ft

3
). It was felt 

that reducing the density by around a factor of 10 would be a significant accomplishment. 

Previous research has shown low-density foam cores have been used with success in 

sandwich panel applications. However, this particular application involves larger 

commercial buildings with larger design forces. Therefore, a foam density of 160 kg/m
3
 

(10 lb/ft
3
) was selected for the initial design optimization of the CFRP sandwich panel. 

This density was also the lowest density available for a flame retardant, aerospace-grade 

rigid PU foam. A foam density of 320 kg/m
3
 (20 lb/ft

3
) was evaluated for its effects on 

the performance of the panel. 

The CFRP sandwich panels were connected to structural steel wide-flange support 

beams using a bonded adhesive connection, which was modeled as fully bonded in the 

computer model. Typical materials were selected in formulating the panel makeup and 

supports based on prior research, industry trends, industry standards, and specific design 

requirements. In designing and developing CFRP sandwich panels, it is important to 

insure that manufacturing and obtaining the materials is both possible and practical. 

A 3D finite element (FE) solid modeling and simulation software package called 

SolidWorks was utilized in the analysis and design of the CFRP sandwich panels. A 
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minimum factor of safety (FOS) of two (2) was chosen for limiting the allowable stress 

of the materials in the design and deflections were limited to span/240 for total load. 

1.9 Challenges with Developing an FRP Sandwich Panel Floor System 

Numerous challenges exist in developing an FRP sandwich panel floor system. 

Primarily, these challenges arise due to the vast number of variables associated with the 

design of this type of system. These include carbon fiber materials, polyurethane foam 

materials, polymer resin materials, composite laminate properties, sandwich panel spans, 

sandwich panel aspect ratio, gravity floor loading requirements, wind loading, earthquake 

loading, building site location, building size/height, building geometry, and building 

system (bearing wall, building frame, etc.). With this many variables ultimately affecting 

the design of a floor system, a particular design approach should be taken such that a 

proper determination can be made as to whether this floor system is feasible for use. 

The design approach for this research was as follows: 

1. Carbon Fiber Materials: Select a standard 0/90 degree woven carbon fiber 

fabric that is readily available in the market, having a mechanical properties 

characteristic of a lower-end, typical carbon fiber fabric. The purpose for this 

decision was to allow for an improvement in carbon fiber fabric properties, 

should the need arise. 

2. Polyurethane Foam Materials: Select a low density rigid foam core material 

that that did not produce off gassing and had fire resistant characteristics. 

Polyurethane foam was selected due to its positive off gassing characteristics 
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and its extensive use in a wide variety of applications. A fire resistant foam 

was selected due to strict fire protection requirements contained in the IBC for 

plastics. References are made in the IBC relating to minimum densities of 320 

kg/m
3
 (20 lb/ft

3
) for insulating materials used in interior building construction. 

References are also made concerning protection of plastic insulating materials 

within structural insulated panels. Subsequently, an aerospace-grade rigid 

polyurethane foam was selected, as it met numerous fire exposure 

requirements for military and aerospace applications. It is likely that a 

standard polyurethane foam could be used if it is fully protected from fire 

exposure, which would make this a RP sandwich panel system much cheaper. 

Aerospace-grade polyurethane foam can be very expensive. 

3. Polymer Resin Materials: Select a polymer resin material suitable for interior 

building construction. The actual type of polymer resin is not of importance in 

the design of the FRP sandwich panel, as the formulation for the polymer 

matrix material can be manipulated to produce mechanical property 

characteristics necessary for use with carbon fiber fabric materials. What is of 

importance is the polymer resin's response to fire exposure. The polymer resin 

material must not produce smoke or toxins when exposed to fire. It should 

also allow for retaining a certain percentage of the FRP laminate's mechanical 

properties at elevated temperatures. 
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4. Composite Laminate Mechanical Properties: Select a standard carbon fiber 

fabric laminate that is readily available in the market, and whose mechanical 

properties are published. 

5. Sandwich Panel Span: Fix the sandwich panel span to match that of typical 

composite steel deck spans for office buildings. The purpose for this was to 

avoid changing the typical floor framing used in office building construction. 

If the spacing of the floor beams was reduced or manipulated, a direct cost 

comparison could not be made with a traditional composite steel and concrete 

deck system designed to span 3.05 m (10 ft). 

6. Sandwich Panel Aspect Ratio: Select a benchmark diaphragm aspect ratio (or 

length to depth ratio) to evaluate the in-plane strength and stiffness of an FRP 

sandwich panel floor system. The benchmark aspect ratio represents the 

maximum aspect ratio to be used for construction of this new floor system. An 

aspect ratio of 3:1 was selected, generally following the guidelines outlined in 

the IBC for plywood diaphragm construction. 

7. Gravity Loading Requirements: Select the worst case scenario for gravity 

loading requirements, which corresponds to lobby loading. The reason for 

selecting lobby loading is twofold. First, traditional composite steel and 

concrete deck systems are designed for and can accommodate lobby loads at 

typical floor beam spacings. Second, office floors are designed for different 

loads at different locations throughout the floor plan. Per the IBC, a typical 

office live load of 50 lb/ft
2
 is to be used throughout the floor. Corridors are 
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required to be designed for 80 lb/ft
2
 and lobby areas are required to be 

designed for 100 lb/ft
2
. It is often customary for design offices to use 80 lb/ft

2
 

over the entire floor area, with the exception of lobby areas. The reasoning 

behind this is that the floor plan layout of an office building is subject to 

change throughout the life of the building. Remodeling may generate new 

corridor areas in locations different from the original locations. Subsequently, 

corridor loading should be used throughout the entire floor area of a building, 

with the exception of lobby areas. This is certainly true for shell space 

buildings. 

8. Wind loading and Earthquake Loading: Select the highest lateral forces from 

either wind or earthquake loading for a nonessential office building facility 

located anywhere in the USA. In doing so, the use of the FRP sandwich panel 

design would not be limited to certain geographical locations throughout our 

country. The FRP sandwich panel designed would be able to accommodate 

the most severe earthquake or wind loading. Wind and earthquake loading 

events are extremely variable in nature. Lateral forces from these events vary 

greatly based on geographic location. They are also a function of building 

geometry. It was felt that if an FRP sandwich panel could be designed to 

withstand the extremes of lateral loading in the USA, the specific design 

requirements or demands for the panel would improve dramatically in areas of 

low seismic risk and low wind velocities. Clearly, this plays a significant role 

in the cost of the final product. The purpose is to begin the design of the FRP 
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sandwich panel at the extreme end of the cost spectrum. As design demand 

requirements are relaxed, so too will be the cost of the FRP sandwich panel. 

9. Building Site Location: Select a building site location that will produce 

maximum lateral loading effects on a low-rise building. The purpose of 

selecting a site that produces maximum lateral loading effects is to provide 

accurate, anticipated maximum lateral loads for the design of the FRP 

sandwich panel. Again, as design demand requirements go down, so too will 

the cost of the FRP sandwich panel. 

10. Building Height: Select a benchmark building height that will allow for the 

design of the FRP sandwich panel to be applicable to all similar buildings 

throughout the United States. The IBC defines a high-rise building as a 

building with an occupied floor located more than 75 feet above the lowest 

level of fire department vehicle access. A building height of 75 feet was 

selected for this research, which corresponds to the limiting height for a low-

rise building classification. The intent was to provide a design for the FRP 

sandwich panel that would be applicable and available for use for all low-rise 

buildings. 

11. Building Geometry: select a building geometry with no vertical or horizontal 

irregularities having plan dimensions with an aspect ratio of 3 to 1. The 

purpose of selecting no vertical or horizontal irregularities is that buildings 

constructed in areas of high seismic risk generally limit irregularities due to 

the penalties imposed upon the design of the building when incorporating 
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them. The purpose of selecting plan dimensions having an aspect ratio of 3:1 

was to maintain the 3:1 diaphragm aspect ratio that was set for evaluating in-

plane diaphragm stiffness. 

12. Building System: Select a common structural steel building system typically 

used in multi-story building construction. The IBC places limitations on the 

types of structural systems that can be utilized in areas of high seismic risk. 

The type of structural system selected has a direct impact on the seismic 

loading or response of the building. This is realized through the seismic 

response modification coefficient R. The response modification coefficient 

varies greatly depending on the seismic force resisting system selected within 

the building system. Some examples of the type of building systems available 

are bearing wall systems, building frames systems, moment-resisting frame 

systems, and cantilevered column systems. Some examples of the type of 

seismic force resisting systems are plywood shear walls, concrete shear walls, 

steel eccentrically braced frames, steel special moment frames, steel ordinary 

moment frames, and intermediate reinforced concrete moment frames. The 

structural steel building system selected for this research was a moment-

resisting frame system consisting of a steel special moment frames. This 

resulted in a response modification coefficient of R=8. 

As can be seen, there are a tremendous number of design variables that can be 

realized and manipulated in the design of building and an FRP sandwich panel floor 

system. The primary objective is to provide an FRP sandwich panel design that meets 
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most of the more stringent requirements for low-rise building design areas of high wind 

velocity or high seismic activity, essentially creating a high performance FRP sandwich 

panel. As building site locations improve (or as wind velocities and seismic activity 

decrease), a lower performance FRP sandwich panel can be utilized. This is truly one of 

the unique benefits of using advanced composites in building construction. FRP sandwich 

panel materials can be tailored to meet the loading requirements of the project. This falls 

in line with typical building design in that each building is unique in its own right and 

must be designed as such. Every building has unique loading requirements based on the 

building's geometry, structural framing system, and building site location. Subsequently, 

there is no way to quantify, specify, or generalize a floor system's design such that it 

meets the requirements for all building structures. However, it is possible to determine if 

a floor system is feasible for use for a wide variety of low-rise building structures, which 

is the intent of this research. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Overview 

Prior research indicates FRP sandwich panels have potential for use as floors 

when subjected to out-of-plane loading. These studies evaluate various panel geometries 

and skin and core materials, providing insight into their behavior and failure modes due 

to various loading conditions. Dynamic studies have been performed, which include free 

vibration response and response to human induced foot traffic loading. Research on FRP 

sandwich panels also includes beam analysis, mechanical connectors, and fire exposure. 

The beam analysis studies are of particular interest, as they address both flat wise and 

edgewise loading. Very few studies involve edgewise or in-plane loading of lightweight 

composite sandwich panels. No studies were found relating in-plane loading analysis to 

floor use, nor were any studies found for methods of connecting lightweight composite 

floor panels to a support structure. 

2.2 Aerospace Industry Research 

Early research on FRP sandwich panels used in the aerospace industry indicates 

that connecting sandwich panels to a support structure is of critical importance and poses 

a unique design problem (Malhotra 1993). In particular, in composite panel airframe 

construction, panels develop in-plane forces that must be transferred to the support frame. 

The authors noted that panel edges must be appropriately closed off to withstand and 

transfer concentrated forces at rivet fastener locations. 
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What this research shows is that there are methods for attaching sandwich panels 

in high performance applications utilizing mechanical fasteners. The research evaluates 

different geometries for closing off the ends of the panels and determines the most 

effective shape to be used. In building applications however, the in-plane design stresses 

of the FRP sandwich panel floor system are likely to be much less than those experienced 

in airframe construction for aircraft. Ideally, any connection of the FRP sandwich panel 

should be as simple and practical as possible to accommodate or facilitates building 

construction. 

2.3 Fire Protection of FRP Sandwich Panels 

When considering the use of FRP sandwich panels for building construction, fire 

protection is of utmost importance. Traditional building materials were developed for use 

in building construction for a variety of important reasons. One of these reasons is for 

their ability to resist exposure to fire. Reinforced concrete is an excellent barrier to fire. If 

reinforced concrete floors are to be replaced with lightweight FRP sandwich panels, the 

panels must be able to withstand exposure to fire. This includes not only their ability to 

retain a significant portion of their mechanical strength, but also their ability to minimize 

the release of smoke and toxins. A collaborative research effort involving the Boeing 

Company, Rutgers University, and the Federal Aviation Administration (FAA) appears to 

have addressed this concern. 
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2.3.1 Geopolymers for Fire Protection 

In the early 2000's, the FAA began evaluating the use of geopolymer resins with 

composites for interior aircraft applications where fire protection is a concern. The 

aforementioned research collaboration has published multiple articles that have studied 

geopolymer resin for use with composite laminates and composite sandwich structures 

for the aerospace industry. Early research describes the use and benefits of geopolymer 

resin, which is a member of the polysialate family of inorganic matrices and consists of 

alumina liquid and silica powder. The inorganic matrix can withstand temperatures over 

1000°C while meeting FAA heat and smoke release requirements (no smoke generation). 

It can adequately bond with carbon and glass fiber reinforcing to fabricate FRP laminates 

(CFRP laminates retained about 63% of their original flexural strength at 800°C). It can 

be cured at room temperature with the addition of a hardener. In addition, it can be made 

at a low cost. These benefits make geopolymer resin highly attractive for use in 

composite applications where fire exposure is a concern. The research also describes the 

development of a geopolymer paste for fire protection. This fire protection paste consists 

of geopolymer resin mixed with hollow class microspheres and has a final material 

density of 1.13 g/cm
3
 (70.54 lb/ft

3
). (Giancaspro et al. 2004).  

2.3.2 FRP Laminates Utilizing Geopolymers for Fire Protection 

Initial research on fire protection focused on tests of FRP laminates fabricated 

using geopolymer resin matrix and a geopolymer fire protection paste (Giancaspro et al. 

2004). Two types of laminates were evaluated in this study. One laminate was fabricated 
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using layers of CFRP only and the remaining laminates were hybrids, fabricated using 

multiple layers of both GFRP and CFRP. Geopolymer resins were used as the matrix 

material. Geopolymer paste was applied over the FRP laminates in layers of varying 

thicknesses ranging from zero to 10.6 mm (0.042 in). 

The flammability parameters used in this study included heat release rate and 

smoke density. The heat release rate was quantified using the Ohio State University Rate 

of Heat Release Apparatus. The smoke density was evaluated in the National Bureau of 

Standards smoke chamber. Both flammability parameters were based on FAA 

requirements for aircraft cabin materials. The authors found that a 1.8 mm (0.07 in) thick 

layer of geopolymer paste was all that was needed to meet FAA requirements and 

indicated that thicker layers could easily be used in more fire restrictive conditions. 

Interestingly, the authors noted a significant increase in smoke generation when glass 

fibers were introduced into the laminates. The single CFRP laminate (3k UD) test sample 

was tested for smoke density and was not coated with geopolymer fire protection paste. 

Despite no protection from the paste, the CFRP laminate still passed the NBS test, 

showing slight charring on the edges and swelling of the facings. The CFRP laminate far 

outperformed the hybrid laminate in the NBS smoke burner test, having five times less of 

a measured maximum optical density (Giancaspro et al. 2004). 

2.3.3 Flexural Tests of FRP Sandwich Panels Utilizing Geopolymers  

Flexural tests were performed on two different FRP sandwich panels at Rutgers 

University to examine the flexural capacity of the panels when utilizing a geopolymer 
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matrix with GFRP and CFRP skins (Giancaspro et al. 2005a). The FRP skins were 

bonded to closed-cell PVC foam and balsa wood cores using geopolymer resin. The 

specimens were tested in 3 point bending in accordance with ASTM D 790. Test results 

showed that geopolymer resins can be successfully used for sandwich panel construction 

and that significant increases in flexural capacity can be realized when using CFRP in 

combination with GFRP. This increase in strength can be expected, as carbon fibers are 

substantially stronger and stiffer than glass fibers. 

Further studies were performed on CFRP sandwich panels utilizing the balsa 

wood core in combination with the geopolymer resin. The purpose of this research was to 

evaluate observed failure modes and determine which design variables had the most 

influence on them (Giancaspro et al. 2005b). The primary variables for the study included 

the type of reinforcement, reinforcement ratio, positioning of the carbon fibers, and type 

of bonding resin. A total of 70 sandwich panel beams were tested in four-point bending 

according to ASTM C 393. The studies included both organic (epoxy) and inorganic 

(geopolymer) resins for use in bonding the FRP laminates to the balsa wood core. Most 

interestingly, the authors found that the strength of the bond between the inorganic 

carbon composite and balsa wood core significantly outperformed the organic carbon 

composite. None of the inorganic carbon composite samples tested failed by 

delamination. Conversely, the organic carbon composite performed poorly, with nearly 

all samples failing by delamination. Upon inspection of cross sections cut from the 

samples, the authors found that the inorganic geopolymer resin penetrated the balsa wood 

core up to 5 mm (0.2 in), forming a deep bond that remained fully intact upon failure. 
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They found that the organic epoxy resin did not penetrate or extend into the balsa wood 

core and left no residual balsa wood to particles on the FRP facings. The thickness of the 

organic epoxy resin was an important factor in determining the failure mechanisms, while 

the thickness of inorganic geopolymer resin had no effect on the failure mechanism. 

Finally, low reinforcement ratios exhibited fracture-type failures of the carbon fibers. As 

reinforcement ratios increased, failure occurred in the compression region of the 

laminate. 

2.3.4 FRP Sandwich Panels Utilizing Geopolymers for Fire Protection 

The collaborative research effort then proceeded to study the use of geopolymer 

resins to improve the fire response of balsa wood sandwich panels (Giancaspro et al. 

2006). The primary focus of this study was to evaluate the effect of different thicknesses 

of the newly developed geopolymer paste for general fire protection of composite 

materials. This study was identical in nature to the previous study involving only the FRP 

laminates. Balsa wood sandwich panels were constructed utilizing a geopolymer resin for 

the matrix and for bonding the FRP laminates to the balsa wood core. Both GFRP and 

CFRP laminates were evaluated in the study. Geopolymer paste was applied over the 

FRP laminates in layers of varying thicknesses ranging from zero to 10.6 mm (0.042 in). 

The flammability parameters used in this study included heat release rate and 

smoke density, as with the tests on the FRP laminates. The authors again found that a 1.8 

mm (0.07 in) thick layer of geopolymer paste was adequate for meeting FAA 

requirements. As with the FRP laminate study, the authors noted a significant increase in 
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smoke generation when glass fibers were introduced into the laminates. The CFRP 

sandwich panel (3k UD) test sample was tested for smoke density and was not coated 

with geopolymer fire protection paste. Despite no protection from the paste, the CFRP 

sandwich panel still passed the NBS test. The CFRP sandwich panel again far 

outperformed the hybrid FRP sandwich panel in the NBS smoke burner test, having five 

times less of a measured maximum optical density 

What these studies have shown is that geopolymer resin and geopolymer paste are 

effective materials for use with FRP composites. They provide outstanding fire resistant 

characteristics and excellent mechanical properties. They are also cost effective to 

produce and easy to use. 

2.4 Impact/Indentation Studies on FRP Sandwich Panels 

Impact performance is an important attribute when considering lightweight FRP 

composite sandwich panels for floor use. Research performed at Northwestern University 

compared the low velocity impact behavior of an FRP composite sandwich panel with 

that of a quasi-static indentation test. The FRP sandwich panels were made using carbon 

fiber reinforced polymer (CFRP) laminate skins and a closed-cell PVC foam core 

(Schubel et al. 2005). 

The CFRP sandwich panel was a 279 mm (11.0 in) square plate with an overall 

thickness of 28.2 mm (1.11 in) and an overall density of 378 kg/m
3
 (23.6 lb/ft3). The 

CFRP laminates consisted of woven 0/90° fiber fabric in an epoxy resin matrix. The 

CFRP laminates were 1.37 mm (0.054 in) thick, having a fiber volume fraction of 0.62, 
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resulting in a density of 1600 kg/m
3
 (99.89 lb/ft

3
). The PVC foam core was Divinycell® 

H250, having an overall thickness of 25.4 mm (1.0 in) and a density of 250 kg/m
3
 (15.6 

lb/ft
3
). 

For the low velocity impact test, the CFRP sandwich panel was subjected to a free 

falling, 127 mm (5.0 in) diameter spherical impactor weighing 6.22 kg (13.7 lb). The 

height of impact increased until damage was evident. In comparison with a quasi-static 

indentation test utilizing the same diameter indenter, the authors concluded that the 

response of the panels from low velocity impact was similar to that of quasi-static tests. 

In general, localized damage was greater from static testing. Therefore, the simplicity and 

conservative nature of quasi-static testing was found to be preferable over impact testing 

for predicting the impact behavior of FRP composite sandwich panels. The quasi-static 

indentation test panel experienced damage initiation in the face of the CFRP panel at a 

load of approximately 17 kN (3800 lb). 

The authors also developed a contact force-indentation relation model where one 

could predict any custom panel's damage by performing a simple static indentation test. 

Through experimental testing and numerical methods (load history estimation), the 

authors developed a plot of Peak Impact Force vs. Impact Energy. By obtaining the 

failure load during the static indentation test, it can be used as the peak impact force to 

obtain the predicted impact energy. Conversely, any required impact energy can be used 

to obtain the corresponding peak impact force, and then compare that force with the static 

failure load to determine if the panel is adequate for the application. 
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In a similar study, static indentation tests were performed on glass fiber reinforced 

polymer (GFRP) sandwich beam and sandwich panel specimens. The specimens utilized 

GFRP laminate skins and a PVC foam core (Rizov 2009). 

The GFRP sandwich panel measured 250 mm (9.84 in) square and the GFRP 

sandwich beam measured 50x250 mm (2.0x9.84 in). The GFRP laminates consisted of 

woven 0/90° E-glass fiber fabric in a vinyl ester resin matrix. The GFRP laminates were 

2.4 mm (0.09 in), 4.8 mm (0.19 in), and 7.2 mm (0.28 in) thick. The PVC foam core was 

Divinycell® H100, having an overall thickness of 50 mm (2.0 in) and a density of 100 

kg/m
3
 (6.42 lb/ft

3
). 

Using both spherical and cylindrical indenters, the authors compared experimental 

test results to numerical models developed using the ABAQUS finite element program. 

They found the nonlinear numerical model to be accurate in predicting the indentation 

response for GFRP composites sandwich panels. The authors introduced the term 

"critical load", which corresponds to the loading point at which the linearly elastic range 

ends, as depicted on experimental load-indentation curves. The authors noted that the 

critical load corresponds to initial crushing of the foam core and occurs at relatively low 

values of indentation. The critical load for the GFRP panel having 2.4 mm (0.09 in) thick 

laminates was about 3.5 kN (780 lb) for the 75 mm (3.0 in) diameter indenter (largest 

used). The quasi-static indentation failure load for this same panel was approximately 23 

kN (5100 lb). They found that increases in both FRP thickness and indenter diameter 

resulted in increases in critical and failure loads. 
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2.5 Studies on CarbonLoc
®
;
 
a Highly Sustainable FRP Sandwich Panel 

Most of the research performed on composite FRP sandwich panels for use in 

floor applications has been conducted in Australia. Studies originating from the 

University of Southern Queensland (USQ) are all based on a new, highly sustainable FRP 

sandwich panel developed by LOC Composites Pty, Ltd. out of Toowoomba, Queensland 

(Van Erp and Rogers 2008). The panel is named CarbonLoc
®
 and is made using mostly 

plant-based polymers, which replace up to 70% of the fossil fuel based polymers 

typically used in a polymer matrix. The final product is carbon neutral, moisture proof, 

fire resistant, 100% recyclable, and is predicted to last 50-100 years. According to the 

authors, manufacturing and maintaining the panel expends less than 1/7th the energy, 

about 1/10th the volume of polluted water and about 1 /5th the air pollution of concrete 

and steel. The motivation behind developing the panel is to replace traditional materials 

like hardwood, plywood, and oriented strand board (OSB), with the added benefit of 

being moisture proof. The FRP sandwich panel has been used for balcony construction, 

pedestrian bridges, railway transoms, and roadway bridge construction. (Van Erp and 

Rogers 2008). The inaugural CarbonLoc
®
 panel was made using 1.9 mm (0.075 in) thick, 

0/90° woven glass fiber skins (GFRP) and a modified phenolic core. It had an overall 

thickness of 15 mm (0.59 in) and a density of 990 kg/m
3
 (61.8 lb/ft

3
) (Islam et al. 2009; 

Islam and Aravinthan 2010). 
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2.5.1 Initial Studies on CarbonLoc
®

 

Initial studies on the CarbonLoc
®
 panel involved evaluating its performance 

characteristics under both point loading (3-point bending) and uniform loading (Islam et 

al. 2009; Islam and Aravinthan 2010). One-way and two-way spanning panels measuring 

950 mm (37.4 in) square were supported by hardwood joists spaced 450 mm (17.7 in) on 

center, simulating a deck-type installation. The panels were screw fastened with and 

without glue adhesive to the perimeter members and primary interior support joist. 

Interestingly, none of the panels failed under uniform loading, despite large 

deflections being noted. Instead, the supporting hardwood joist supports failed due to 

excessive lateral rotation. It appears nothing was used to hold the hardwood joists in 

place during testing and they were free to rotate laterally as the panel displaced 

 When subjected to point loading tests, the panels all failed by shear cracking of 

the core. Failure by core cracking occurred at a load of about 21 kN (4700 lb). The panels 

fared well in terms of ultimate capacity, failing at a load around 35 kN (7900 lb). 

The authors indicated that there was no real benefit from applying glue adhesive 

to the joint connections in combination with fasteners, as the panels connected only with 

fasteners performed about the same. However, in studying the load-deflection curves, this 

statement is only true when discussing the core cracking failure load. The panel 

connected to the hardwood joist supports by screws only displayed an ultimate failure 

load just beyond the core cracking load. The panel connected by both glue and screws to 

the supports displayed an ultimate failure load approximately 50% greater than the core 

cracking load, at a displacement around 230% more than at the core cracking load. This 
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clearly indicates a significant difference in ductility at ultimate failure between the two 

connection systems. 

Finally, the authors found that the FRP sandwich panels did not meet the 

deflection requirements (span/300) when subjected to a minimum, code required point 

load of 2.1 kN (470 lb). However, the panels did not experience any damage at this load. 

The author's recommended that additional analytical and parametric studies be performed 

on this panel to gain further knowledge about its use as a floor system, 

2.5.2 Experimental, Analytical, and Numerical Studies on CarbonLoc
®

 

Further research on the CarbonLoc
®
 panel focused on its flexural behavior in flat-

wise and edge-wise configurations. Experimental, analytical, and numerical studies were 

conducted at USQ to evaluate the flexural behavior of CarbonLoc
®
 for out-of-plane and 

in-plane loading when subjected to 4-point bending (Manalo et al. 2010). 

2.5.2.1 Experimental Study 

Two beam geometries were cut from the CarbonLoc
®
 panel to create four beam 

specimens for testing. All beams measured 50 mm (2.0 in) wide, yet had two different 

thicknesses and two different lengths. Two specimens were 18 mm (0.71 mm) thick, 

spanning 300 mm (11.8 in). Two specimens were 20 mm (0.79 in) thick, spanning 400 

mm (15.8 in). One of each specimen was tested flat wise, while the other was tested 

edgewise. 
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To change both length and thickness between the test samples is bizarre. There 

can be no direct comparison of the experimental data between relevant samples because 

both their lengths and thicknesses are different. The authors have instead chosen to 

represent flat wise and edgewise loading results on the same graph for specimens of the 

same geometry. It appears that the main objective of the experimental tests was to 

directly compare the test results with analytical and numerical models, with no interest in 

comparing test results between different test specimens. Worth emphasizing is that the 

panel thicknesses used in this study are greater than the 15 mm (0.59 in) panel thickness 

used in the inaugural study, suggesting an attempt to address excessive deflection 

concerns with the original studies. 

Out-of-plane bending tests revealed a brittle failure mode of shear cracking of the 

core, while in-plane tests revealed a ductile failure mode. In reviewing the load-deflection 

curves, the sandwich panel beams experienced a generally linear behavior to failure. Of 

interest is that the authors do not reflect on the lack of stiffness of these tests specimens. 

Using span/240 as a deflection requirement, the allowable deflection for a beam spanning 

300 mm (11.8 in) is 1.25 mm (0.049 in). The load corresponding to this deflection for the 

flat-wise beam specimen is a mere 0.5 kN (112 lb). At the ultimate load of 4.6 kN (1034 

lb), the deflection is approximately 13 mm (0.51 in), which corresponds to a span to 

deflection ratio of 23. 
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2.5.2.2 Analytical Study 

Using classical beam theory, failure load, stress-strain relationships, and load-

deflection relationships were predicted for the experimental specimens. Mechanical 

properties used in the predictions were determined through coupon testing of the FRP and 

core materials. A series of equations were presented for predicting 1) skin failure in both 

tension and compression, 2) core failure in both tension and compression, and 3) core 

shear failure. The ultimate failure load was taken as the lesser of the three. 

The author's discovered that by using the principles of classic beam theory, the 

failure load was overestimated by 25% for the flat-wise beam configuration spanning 300 

mm (11.8 in). The failure load was underestimated by 25% for the flat-wise beam 

configuration spanning 400 mm (15.8 in). The author's used both the elastic modulus and 

shear modulus as variables to predict the panel's failure load and claimed that using the 

shear modulus was more accurate. They found good agreement with experimental results 

for stress-strain relationships and load-displacement relationships. The authors noted that 

the primary controlling factor in predicting the failure mode of the panels was the 

compressive strength of the FRP skins. 

2.5.2.3 Numerical Study 

Numerical simulations were performed on the test specimens using a computer 

software FE modeling program called Strand7. Mechanical properties for the materials 

used in the program were obtained from coupon tests. A nonlinear analysis was used 

considering the linear elastic behavior of the FRP skins and the nonlinear behavior of the 
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core. The FRP skins were modeled as a linear elastic orthotropic material to failure. In 

tension, the stress-strain relationship of the skins was linear. In compression the stress-

strain relationship of the skins was bi-linear. The skins were assumed to be perfectly 

bonded to the core material. 

Numerical results were found to be in good agreement with both analytical and 

experimental behavior. Computer simulations of the test specimens accurately predicted 

both the failure mode and failure load, and accurately represented the stress-strain and 

load-deflection behaviors. 

2.5.3 Optimizing the CarbonLoc
®
 Panel 

Researchers from USQ also worked on numerical methods to optimize the 

CarbonLoc
®
 panel for both one-way and two-way spanning conditions (Awad et al. 2011; 

Awad et al. 2011). Multi objective design optimization for material weight and cost were 

studied using FE simulation (ABAQUS) and a Genetic Algorithm. In these studies 

however, deflections under service loads were considered, as the author's limited 

deflections to span/250. For cost optimization, the author's assumed the cost of the GFRP 

skins to be five times that of the core material. The authors began with a 600 mm (23.6 

in) square by 18 mm (0.71 in) thick panel having two layers of 0/90° GFRP each face for 

a total skin thickness of 3.6 mm (0.14 in) and a core thickness of 14.4 mm (0.567 in). The 

core to skin thickness ratio for this configuration was 4. 

Following optimization for the one-way spanning panel, the core to skin thickness 

ratio was 8.54, with the skins consisting of one layer each of 0/90° GFRP. This resulted 
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in an overall panel thickness of 21.8 mm (0.856 in) having the capability of meeting both 

deflection and service load criteria. 

Following optimization for the two-way spanning panel, the core to skin thickness 

ratio was 8.28, with the skins consisting of one layer each of ±45° GFRP. This resulted in 

an overall panel thickness of 20 mm (0.79 in) having the capability of meeting both 

deflection and service load criteria. 

2.5.4 Skin/Core Interface Studies on CarbonLoc
®

 

USQ conducted further research on CarbonLoc
®
 in an attempt to gain a better 

understanding of the interaction at the skin to core interface. These particular panels were 

fabricated in one stage without the use of an adhesive to bond the skins to the core. In 

attempting to determine the shear strength of the GFRP sandwich panel through coupon 

tests (ASTM C 273), the authors found that the shear strength of the panel could not be 

obtained because the testing grip repeatedly separated from the GFRP skin prior to failure 

of the panel. Because the modified phenolic core material has a very high shear strength, 

the existing ASTM test methods for determining in-plane shear strength were found to be 

inadequate. Therefore, the authors developed a new method to determine the in-plane 

shear strength of the skin/core interface (Awad et al. 2012). The authors were able to 

isolate a shear section of the panel, creating five coupon test specimens to obtain in-plane 

shear strength data for use in computer simulation modeling. The stress-strain 

relationship for the interaction at the core -laminate interface was obtained and plotted for 

three of the five specimens and was found to be linear. The ultimate strength was 
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determined for the remaining two specimens by testing to failure. The authors noted that 

failure occurred by complete separation of the skins from the core, with no residual core 

material on the FRP laminates. 

Three panels were fabricated for testing. The one-way spanning test panels 

measured 600 mm (23.6 in) square, having an overall thickness of 15 mm (0.59 in) and a 

density of 1050 kg/m
3
 (65.6 lb/ft

3
). The density of the phenolic core material was 850 

kg/m
3
 (53 lb/ft

3
). The authors categorized the core as high-density in comparison to 

typical lightweight sandwich panels. Their intent with the high-density core was to 

enhance the panel's performance under point loading. The panels were tested in three 

point bending. 

The three panels were compared with FE computer simulations using ABAQUS 

software. The linear load-deflection plots revealed initial failure loads around 9 kN (2000 

lb) at a deflection of about 18 mm (0.71 in) for the three test specimens and the numerical 

model, which showed they were in good agreement. The panels continued to sustain 

additional load up to about 20 kN (4496 lb) at deflections around 42 mm (1.65 in). Of 

note, the span to deflection ratio at the initial failure load was approximately 33. 

The authors concluded that the nonlinear FE simulations were in good agreement 

with the experimental tests. Their studies showed that the interaction stress at the core 

interface did not play a significant role in the failure of this panel, as the allowable shear 

stress for the interface was greater than the allowable shear and tensile stress of the core. 

Ultimate failure of the panels occurred by complete core cracking, followed by 

delamination of the bottom skin. 
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2.5.5 Free Vibration Study on CarbonLoc
®

 

USQ also performed an extensive free vibration study on the CarbonLoc
®
 panel 

(Awad et al. 2012). In floor applications, floor systems not only must meet strength 

requirements, but also serviceability requirements, which include deflections and 

vibrations. Certain frequency ranges can produce unwanted vibrations perceptible to 

humans. According to the authors, this range is between 4-8 Hz. The goal of their 

research was to experimentally evaluate the panel's free vibration response subjected to 

several variables and compare the results to FE model simulations using ABAQUS 

software. The exhaustive list of variables include span length, single-span condition, two-

span continuous condition, three different support restraints/connections, and GFRP 

laminate fiber orientation. The panels were supported on wood joists. The three support 

connections consisted of simple support (resting on joists), screw fastened, and glue 

adhesive. The GFRP fiber orientations consisted of 0/90° and ±45°. In all, 42 panels were 

tested. The authors are the first to perform studies on the free vibration response of 

composite sandwich floor panels supported and connected, as done so in practice. 

18 mm (0.71 mm) thick square panels measuring 400 mm, 600 mm, 800 mm, and 

1000 mm (15.8 in, 23.6 in, 31.5 in, and 39.37 in) were fabricated with 3 mm (0.118 in) 

thick 0/90° woven GFRP laminates each face. Also included were 600 mm (23.6 in) 

square panels with ±45° woven GFRP laminates each face. 

The experimental results were compared with FE simulations, in which the 

authors included the first mode shape as part of the output. They found that the numerical 

simulations were in very good agreement with experimental results, and that all 
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frequencies obtained were greater than 20 Hz. In general (and as expected), the natural 

frequencies decreased with a decrease in panel stiffness. This was shown not only with an 

increase in span length, but also with GFRP fiber orientation. The 0/90° fiber orientation 

produced the highest frequency in the one-way panels while the ±45° fiber orientation 

produced the highest frequency in the two-way panels. In terms of the three restraint 

conditions, the glue adhesive connection had the highest frequency across the board. In 

reviewing the plots, the natural frequency of the panels decreased rapidly for the simple 

span condition as the span length increased from 400 mm (15.8 in) to 1000 mm (39.37 

in), suggesting significant sensitivity in the frequency for increasing span lengths of one-

way and two-way single-span panels. This was not the case for the two-span continuous 

panels, as the frequency remained relatively stable for all spans tested. The frequencies 

were also greater for these panels as compared to the single span cases. 

2.5.6 Effect of Geometry and Restraints on CarbonLoc
®

 

Most recently, studies were done at USQ to evaluate various aspect ratios for 

panels subjected to point loading (Awad et al. 2013). The variables in this study included: 

one-way and two-way spanning panels, 0/90° and ±45° GRFP skins, panel thickness, 

panel aspect ratio, and panel support restraints.  

One 15 mm (0.59 in) thick, 600 mm (23.6 in) square panel with 0/90° GRFP skins 

was fabricated for direct comparison with an 18 mm (0.71 mm) thick panel of the same 

size. The remaining panels were all 18 mm (0.71 mm) thick. Six panels measuring 600 

mm (23.6 in) square, two measuring 600x900 mm (23.6x35.4 in), and two measuring 
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600x1200 mm (23.6x47.2 in) were tested. Each of the variables indicated above were 

included in the tests. 

The panels were supported on traditional wood joists located at each end of the 

panels for the one-way panels and at all four edges for the two-way panels. Three one-

way square panels were constructed using 0/90° GRFP skins, one 15 mm (0.59 in) thick 

and two 18 mm (0.71 in) thick. The remaining eight panels were two-way panels. Only 

two panels were fabricated with ±45° GRFP skins. Both of these were square. The panels 

were connected to the joists using screws spaced at 275 mm (10.8 in) on center, or simply 

rested on the joists with no direct mechanical connection. A concentrated load was 

applied at the center of the panels using a 100 mm (3.94 in) square plate. 

The authors found that the one-way panels tested were less than half as strong as 

the two-way panels. As they went from square to more rectangular aspect ratios, the 

ultimate strength of the panels decreased, while the stiffness remained similar. For two-

way square geometries, GFRP fibers at ±45° provided the greatest strength and stiffness. 

The 18 mm (0.71 in) thick panel was twice as strong as the 15 mm panel and 30% stiffer. 

Lastly, the author's indicated that screw-type restraint connections did not have a 

significant effect on the panel's performance when compared to a simple, unrestrained 

support. 

In reviewing the load-deflection curves, all panels exhibited a generally linear 

response with an initial failure represented by core cracking, indicated by a slight drop in 

the curves. The initial failure load was around half of the ultimate failure load. At 

ultimate failure, a sudden drop in load occurred, indicating a brittle failure. The 18 mm 
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(0.71 in) thick one-way panels failed at an ultimate load of approximately 38 kN (8,500 

lb) at a deflection around 50 mm (2 in). The square two-way panels with 0/90° GRFP 

skins failed at an ultimate load of about 80 kN (18,000 lb) at a deflection around 55 mm 

(2.17 in). The square two-way panels with ±45° GRFP skins failed at an ultimate load of 

about 78 kN (17,500 lb) at a deflection around 57 mm (2.24 in). Failure mode 

characteristics were difficult to decipher from this article. Therefore, an attempt at 

interpreting the characteristics is not made. 

2.5.7 Summary of CarbonLoc
®

 Studies 

Extensive studies were performed on the CarbonLoc
®
 panel covering nearly all 

aspects of its design. Despite these efforts, there appears to be a lack of direction with the 

research. The authors repeatedly refer to this panel as being suitable for use as floors 

without ever mentioning diaphragm action, which is inherent in all floors. Not one study 

mentioned the topic of horizontal diaphragms or the need for their study. Also concerning 

is the lack of attention paid to meeting basic deflection requirements. The proposed panel 

routinely displayed evidence of being very flexible, with any attempt at meeting 

deflection requirements being strictly limited to a questionable span ratio. A floor deck 

should not deflect to the point of perception. It should be much stiffer than the supporting 

joists, beams, and girders. 

In terms of material selection, it is odd that E-glass was selected as the 

reinforcement for the laminates. Glass is cheaper than other reinforcing materials, but it 

has limitations. It has been shown in the literature to creep, degrade in UV light, lose its 
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strength under fatigue loading, and generally lack stiffness for certain structural 

applications. The properties and characteristics of glass fibers pale in comparison to 

carbon fibers. Their use is questionable for high performance applications such as floor 

systems where large forces from wind and earthquakes can be developed throughout the 

floor. In addition, when designing for most construction projects, long term reliability is 

paramount because the service life of structures can be 50-100 years or more. The authors 

indicated the CarbonLoc® panel is anticipated to last 50-100 years. However, the 

performance of the glass fibers may not. 

The good agreement between experimental studies and computer FE modeling 

simulations throughout the studies is very encouraging in light of the difficulty in 

properly analyzing and testing this type of floor systems for the design loads required by 

the model building code. 

2.6 Additional Beam Behavior Studies on FRP Sandwich Panels 

Authors from the Technical University of Lisbon in Lisbon, Portugal studied 

GFRP sandwich panels having polyurethane foam and polypropylene honeycomb cores 

for structural applications in civil engineering (Correia et al. 2012). The focus was on 

comparing the performance of different cores, and then studying the effects of 

introducing strengthening ribs. 

The sandwich panels measured 2.5 m (8.2 ft) long, 500 mm (19.7 in) wide, and 

104 mm (4.09 in) thick, spanning 2.3 m (7.5 ft). They were prepared using the hand lay-

up method. The GFRP laminate skins consisted of nine plies of three types of mats in a 
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polyester resin matrix; surface veil mats (40 g/m
2
), chopped strand mats (300 g/m

2
), and 

0/90° woven fabric mats (800 g/m
2
). The following stacking sequence was used: 

[SV/CS/WF/CS/WF]s. The thickness of the laminate skins was 7 mm (0.28 in). The 

density of the PU foam core was 70 kg/m
3
 (4.37 lb/ft

3
) and the density of the PE 

honeycomb core was 110 kg/m
3
 (6.87 lb/ft

3
). 

Four test panels were fabricated, two with and two without strengthening ribs. 

The strengthening ribs were made by wrapping the top two plies of the top laminate 

around the panel edges and overlapping the bottom laminate about 150 mm (5.9 in), 

essentially closing off or capping the panel edges. The author's studied strength, stiffness, 

and dynamic characteristics for the variables introduced utilizing experimental and 

numerical methods. In terms of dynamic response, they found all panels to have a 

flexural frequency above 25 Hz. The strengthening ribs had the effect of increasing the 

frequency of the honeycomb core panels by 21% and the foam core panels by 25%. In 

terms of strength and stiffness, the un-strengthened panels did not meet deflection criteria 

required for typical office floor service loads. However, both panels did meet these 

criteria when reinforced with the strengthening ribs. The ribs had the effect of resisting a 

significant amount of shear force, thereby reducing the typical demands imposed upon 

the core material to resist shear. Overall, the ribs dramatically improved both strength and 

stiffness. Each panel tested exhibited a linear load-deflection relationship to failure. The 

ultimate strength of the ribbed panels was governed by debonding of the compression 

laminate. In estimating deflections, the authors note that it is important to include the 

contributions from shear deformations to achieve results that are more accurate. As with 
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most all studies, the numerical FE simulations were found to correlate well with the 

experimental results, particularly with service load conditions. 

2.7 A Hybrid Composite Floor Plate System (HCFPS) 

Researchers from Queensland University of Technology in Brisbane, Australia 

developed a new, innovative hybrid-composite floor plate system (HCFPS) intended for 

use in commercial and residential floors (Abeysinghe et al. 2011b). The HCFPS mimics 

that of a precast concrete double tee beam, with slight variations in web geometries. The 

HCFPS is composed of a PU core encased by a glass reinforced cement (GRC) skin 

system. The authors incorporated a perforated steel plate at the bottom flanges of the tee 

section to increase strength in the tensile region. In general, the objective with developing 

this new floor system is to replace traditional steel deck composite floor systems with a 

lighter, more cost effective, and more sustainable floor system. 

2.7.1 Initial Studies on the HCFPS 

Initial research on the HCFPS focused on load-deflection behavior, natural 

frequency, self-weight, and cost (Abeysinghe et al. 2011a; Abeysinghe et al. 2011b). The 

authors first studied the integral deck portion of the HCFPS. The integral deck was a one-

way composite sandwich panel with GRC skins and a PU foam core. The design of the 

sandwich panel required verifying its core-to-skin interface performance characteristics 

through experimental testing. Strength and serviceability criteria were evaluated under 

service load conditions and the core-skin interface behavior characteristics were obtained. 
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Preliminary studies of the HCFPS system only involved the use of FE modeling 

(ABAQUS) and one of the assumptions made in the modeling was that there was a 

perfect bond at the interface of the core and skin materials. The authors were able to 

verify that this assumption was accurate through experimental testing. 

The sandwich panel spanned 1000 mm (39.37 in) between the double tee web 

members and cantilevered out beyond the web members 500 mm (19.69 in). Four 

sandwich panels were fabricated for testing. Type A panels were 56 mm (2.2 in) thick 

with 10 mm (0.39 in) thick skins. Type B panels were 45 mm (1.77 in) thick with 8 mm 

(0.31 in) thick skins. The sandwich panels were tested using the impact hammer test to 

obtain the natural frequencies. They were then tested to failure to obtain load-deflection 

relationships. FE simulations were performed on these same geometries in an attempt to 

validate the FE model with the experimental results. The authors found very good 

agreement between the experimental data and simulation data. 

Following validation of the FE model, the authors optimized the sandwich panel 

for prescribed residential and office floor loads. They found that sandwich panels 

measuring 60-80 mm (2.36-3.15 in) thick would support the prescribed floor loads for the 

proposed spans of the sandwich panel. The natural frequencies were found to be no less 

than 20 Hz. Consequently, the authors adopted the proposed panel spans for FE modeling 

of different section types of the HCFPS (Abeysinghe et al. 2011a). 

Three different section types were modeled in this study, each having an overall 

deck depth of 60 mm (2.36 in), a web depth of 140 mm (5.51 in), and a span length of 3.2 

m (10.5 ft). Type A has a rectangular web cross-section measuring 100 mm (3.94 in) 
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wide. Type B has a tapered web cross-section, measuring 100 mm (3.94 in) wide at the 

base and 150 mm (5.91 in) wide at the top. Type C was the same as Type A, but does not 

have an integral deck. Type C was used as the basis. The width of the integral deck for 

Type A & B sections was 2000 mm (78.74 in). The spacing of the webs was as 

determined through the initial studies (Abeysinghe et al. 2011b). 

The GRC skin system was a 10 mm (0.39 in) thick layer or coating of ordinary 

Portland cement, with around 5% of the wet weight volume being random, chopped glass 

fibers. It had a density of 1800 kg/m
3
 (112.4 lb/ft

3
). The density of the PU foam core 

material was 200 kg/m
3
 (12.5 lb/ft

3
). The perforated steel plate was 3 mm (0.118 in) thick 

by 1000 mm (39.37 in) wide. 

Computer FE modeling showed that the proposed geometry of the HCFPS met 

both strength and serviceability requirements when subjected to prescribed residential 

and office floor loads. Deflections were limited to a span/360 for the study. The authors 

incorporated previous research data for the load-displacement relationship of concrete on 

composite steel deck to compare with the results from FE modeling data. In reviewing 

the load-displacement data, the authors found that section Type A was significantly 

stiffer than Type B. They found section Type A to be slightly stiffer than the composite 

steel deck, while Type B was found to be quite a bit less. The authors indicated section 

Type A showed promise for use in floor applications, as it outperformed traditional 

composite steel deck in terms of strength and stiffness. The final HCFPS design weighed 

approximately 1/4 of the weight of conventional concrete on composite steel deck floor 
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systems and the cost analysis showed the HCFPS to be slightly cheaper than traditional 

material costs (Abeysinghe et al. 2011b). 

2.7.2 Experimental Studies on HCFPS 

Following the initial FE modeling studies, experimental studies were performed 

on the HCFPS, along with additional FE modeling, to further evaluate the performance of 

the proposed floor system. A comprehensive study was undertaken to experimentally 

evaluate the mechanical properties for all of the constituent materials used in fabricating 

the HCFPS. The 3.2 m (10.5 ft) long test specimens were ultimately tested in the lab in 

six point bending to simulate uniform loading. Although in earlier studies the authors 

concluded that the rectangular web cross-section (Type A) performed best and that the 

Type A cross-section would be used for future studies, they selected the tapered web 

cross-section of Type B for the experimental research. Slight modifications were 

incorporated into the design of test specimens, such as increasing the thickness of the 

GRC to 15 mm (0.59 in) at the bottom face of the web and adding GRC at the bearing 

support locations  (Abeysinghe et al. 2013). 

The experimental tests showed good correlation with FE modeling. The authors 

concluded they were able to develop a panel geometry that meets both strength and 

serviceability requirements for residential and commercial floor loading. Failure of the 

HCFPS occurred near mid-span and was characterized as ductile, having a deflection 

ductility of four. The authors indicated that the new HCFPS could be used for shorter 

spans, but that further research should be conducted on longer spans due to its 
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acceleration response. Custom lengths could be accommodated by modifying component 

materials. The final product was estimated to weigh approximately 50-70% less than 

traditional floor systems. 

2.7.3 Dynamic Characteristics of HCFPS 

The same researchers also studied the effects of human induced loading on larger 

scale HCFPS (Abeysinghe et al. 2013). 3.2 m (10.5 ft) span HCFPS were subjected to 

experimental heel impact tests to determine their vibration response for serviceability 

requirements. The tests were compared to FE simulations, which were found to correlate 

well with the experimental data. The test results showed the natural frequency for the 

plate system was greater than 10 Hz, which should avoid a resonance condition. The 

authors classified the HCFPS as a high frequency floor system, having a damping ratio 

conservatively measured to be around 5%. They conclude that HCFPS can provide an 

acceptable level of floor vibration performance for residential and commercial floor 

applications, going so far as to say, "…HCFPS can be used as a viable alternative for 

conventional floor systems". 

2.7.4 Summary of HCFPS Studies 

Researchers from Queensland University of Technology developed a new hybrid 

composite floor plate system for use in office and residential floor construction. Their 

exhaustive experimental and numerical simulation studies provide great insight into the 

process involved with developing a new system. Although their product was shown to 
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meet certain requirements, not all aspects of the design of floors were addressed. In 

addition, the selection of materials used for the system, as well as the geometry, is 

somewhat disconcerting. 

To begin, the decision to use a perforated steel plate on the bottom face of the 

webs seems counterintuitive to the intent of the project. Using a heavy (and traditional) 

material like steel instead of a high-strength, lightweight composite laminate made of 

carbon fibers adds a significant amount of unnecessary weight to the system. Although 

steel plates provide ductility through yielding, they do not truly incorporate the concept 

of lightweight composite systems. The proposed system amounts to a steel plate bonded 

to the bottom of PU foam surrounded by a cementitious layer. Failure of the steel plate 

could be a substantial hazard. As a minimum, the steel plate should be substituted with a 

CFRP laminate. 

Next, the geometry of this system takes after precast, prestressed concrete tee 

beams. Tee beams were developed to make concrete beam shapes more efficient due to 

their excessive self-weight. There is no reason to incorporate this geometrical concept 

when using PU foam as a core material, except to incorporate a tensile force resisting 

element at a specific zone, such as the perforated steel plate. The gain in core material 

weight reduction from this geometry is minimal, while the increase in fabrication costs 

and supplemental materials is unwarranted. Strength and stiffness can be obtained using 

sandwich panel theory, with minimal increase in core material costs. The geometry 

selected by the authors actually increases the surface area of the system, thereby 

increasing the amount of GRC used and the dead weight or the system. A skin system is 
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being utilized for the HCFPS regardless of the design specifics. The skin system should 

serve to resist as much of the design forces as practical. Instead of the need for a 

perforated steel plate to resists the tension forces, and a complex geometry to 

accommodate the plate, a simple sandwich panel composed of rigid PU foam and CFRP 

laminate skins seems more appropriate. A standard sandwich panel allows for the most 

efficient use of the constituent materials and provides for ease in manufacturing. The FRP 

laminates can be used to resist both tension and compression forces, while the core can be 

used to resist tension, compression, shear, and bearing forces. 

The cost of the HCFPS system was said to be more economical than traditional 

flooring systems. These costs are directly comparing material costs and do not include 

fabrication and installation costs. There is no mention of connections or how this floor 

system is to be installed with the supporting structural system. Precast concrete double 

tee beams typically rest on a concrete support shelf through direct bearing on the bottom 

face of the web. Several items must be taken into account for the design of this 

connection, Therefore, it is difficult to judge if the proposed floor system is truly more 

economical than traditional concrete on composite steel deck. 

Lastly, the authors do not mention the topic of lateral forces on floor systems, or 

how floor systems behave as horizontal diaphragms. In order for the proposed system to 

be deemed suitable for use in residential and commercial floors, the system will need to 

be studied for the in-plane loading associated with lateral loading from wind and 

earthquakes. Diaphragm connections would also need to be developed. 
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2.8 Delamination Studies on GFRP Sandwich Panels 

Few studies on lightweight FRP sandwich panels have been done outside of 

Australia. Researchers from North Carolina State University evaluated the effects of 

introducing through-thickness fibers in typical GFRP sandwich panels to create a new, 

3D lightweight GFRP sandwich panel (Reis and Rizkalla 2008). The study focused on 

bonding GFRP skins together using perpendicular fibers with the premise of overcoming 

delamination problems that may be associated with using sandwich panels in structural 

applications. The authors first conducted numerous experimental tests on the panel's 

constituent materials for tension, shear, and compression response. They then tested 112 

sandwich panels for flexural response in three-point bending. The panels had various 

spans, thicknesses, and through-fiber patterns and densities. They compared the 

experimental results to computer FE modeling using ANSYS software and found good 

agreement with the modeling simulations. 

The sandwich panels consisted of GFRP laminates and a thermoset foam core. 

The GFRP  laminates were fabricated using woven 0/90° E-glass fabric having a density 

of 2540 kg/m
3
 (158.6 lb/ft

3
). No mention of the matrix material was made. The core 

material was polyurethane modified polyisocyanurate; aka polyiso, ISO board, or rigid 

insulation. The sandwich panels were fabricated using the pultrusion process.  

Although the author's indicated that they designed a 3D panel to overcome 

delamination issues common with sandwich panels, no mention of any improvement in 

delamination was noted. In addition, no control samples (without through-thickness 

fibers) were tested in order to compare the effects of introducing them. There is no 
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indication of the benefit of using this technology over standard panels, particularly when 

considering the added cost in materials and fabrication, which also was not addressed. 

The valuable element that can be taken from this study, as with all previous studies, is 

that FE modeling was accurate in simulating the response of the panels. 

Researchers from France also studied a method to connect FRP sandwich panel 

skins together by incorporating diagonal fiber stitches through the core (Lascoup et al. 

2006). The purpose of the study was to determine if the stitches were effective in 

improving the bond at the core interface and enhancing the overall strength and stiffness 

of the sandwich panel. 

The sandwich panels were made using GFRP laminate skins and two types of 

rigid foam core material. The GFRP skins consisted of two plies of 440 g/m
2
, 0/90° 

woven fabric. One panel was made with a polyethylene (PE) foam core, while the 

remaining five panels were made with PU foam. The foam core thickness was 20 mm 

(0.79 in). The foam core densities are unknown. The six test panels measured 540 mm 

(21.3 in) long, 50 mm (2.0 in) wide, and 22 mm (0.87 in) thick. One of the test panels 

was used as the control specimen. The control panel was fabricated with PU foam and 

without stitching. Using vacuum assisted RTM, dry sandwich panel preforms were 

impregnated with polyester resin. All panels were tested in four-point bending. 

Various stitch patterns were evaluated and incorporated into the sandwich panels 

in rows spaced at 24 mm (0.95 in). In general, stitches were oriented 45° from horizontal 

and formed an X shaped pattern whose "step" spacing varied. The authors found that 

dramatic increases in modulus and stress properties (up to 10 fold) could be achieved 
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using stitches and acknowledged that the increases come at the expense of panel weight, 

stitching material quantity, and panel ductility. In a direct comparison of foam core 

materials, the authors found that PU outperformed PE by 40%. 

2.9 Composite Sandwich Panel Diaphragms 

In 2003 and 2005, researchers from the University at Buffalo, State University of 

NY underwent studies to evaluate the response of GFRP sandwich panels subjected to 

monotonic and cyclic loading (Aref and Jung 2003; Jung and Aref 2005). The studies 

involved evaluating lightweight infill wall panels used as vertical diaphragms inside 

structural steel moment frames with the purpose of having applications in seismic 

retrofitting. The authors conducted analytical, numerical, and experimental studies to 

evaluate the performance of the GFRP infill sandwich panels, providing design 

parameters and a simplified analysis model in an attempt to predict a panel's maximum 

strength. Critical design parameters included the stacking sequence for the polymer-

matrix composite skins and the aspect ratio of the composite panel, both of which affect 

the panel's performance under cyclical loading. 

2.9.1 Initial Studies on GFRP Infill Wall Panels 

Initial studies on GFRP Infill Wall Panels focused on the energy dissipating 

response of a multi-layer, lightweight FRP sandwich infill panel in comparison to a 

standard, unfilled moment frame (Aref and Jung 2003). The authors compared 

experimental tests with numerical simulations using computer FE modeling software 
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(ABAQUS). The sandwich panels were made of 0/90° plain weave E-glass fabric and 

polyvinylchloride (PVC) foam core. The sandwich panels were created using a multi-

layer approach, incorporating a visco-elastic honeycomb layer between the solid core 

inner and outer panels at the columns. The honeycomb layer was meant to enhance 

energy dissipation by allowing shear deformation. The solid core inner panel had an 

overall thickness of 60 mm (2.36 in). The honeycomb layer and outer core panels were 

each 10 mm (0.39 in) thick. 

Two moment frame test specimens were fabricated for testing, one with an epoxy 

grout around the perimeter of the inner core FRP sandwich panel and one without. The 

first specimen used an epoxy grout to seal the gap at the interface of the sandwich panel 

and the steel moment frame. The second test specimen had a 1.5 mm (0.06 in) gap around 

the perimeter. These test specimens were compared with an unreinforced moment frame. 

The authors stated that FE simulations matched experimental data for static tests. 

The authors noted a threefold gain in stiffness in the second test specimen over that of the 

unreinforced frame, although the gap that was present between the steel moment frame 

and the FRP infill panel had the effect of reducing the stiffness. The stiffness of the first 

test specimen was 1.43 times greater than the stiffness of second test specimen. The 

infilled frames had three times the capacity of the unfilled frame to dissipate energy. Any 

gaps around the perimeter of the FRP infill panel should be avoided as much as practical 

due to a drop in stiffness. 
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2.9.2 Additional Studies on GFRP Infill Wall Panels 

Studies continued at the University at Buffalo, State University of NY by 

introducing a single, solid, lightweight FRP infill sandwich panel and comparing it to the 

previously studied multi-layer FRP infill sandwich panel and unfilled steel moment frame 

(Jung and Aref 2005). The experimental tests were compared to a proposed analytical 

equation and to FE simulations using ABAQUS and were found to show good 

correlation. The authors were able to accurately predict the buckling load of an FRP infill 

panel using a simple analytical expression. The authors also studied the effects of 

different aspect ratios in the FE simulations to gain a better understanding of the behavior 

of various FRP infill panel configurations. They found that the aspect ratio of the panel is 

a significant factor in studying the design parameters for the panel.  

This research contributes significantly to the advancement of lightweight FRP 

sandwich panels for use in structural applications. It has shown that FRP sandwich panels 

are highly effective in dissipating energy and that they have very good in-plane stiffness 

when acting as a diaphragm. It also has shown that FE modeling is accurate in simulating 

the response of FRP sandwich panels. 

2.10 Summary of Literature Review 

To date, this research has shown that lightweight FRP sandwich panels utilizing 

PU foam cores have potential for use in floor system applications. Multiple studies have 

been performed to evaluate the out-of-plane characteristics of these types of panels. 

These include point loading and uniform loading studies, as well as dynamic analysis and 
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free-vibration. However, several key elements remain to be studied. First, floor systems 

must be designed for lateral loading. This involves in-plane shear forces that are a result 

of diaphragm action. Second, connection systems must be addressed. The research thus 

far does not address connections, which are critical to any building system. Lastly, the 

thickness of the sandwich panels studied could only be used for applications with shorter 

spans, such as in light-frame construction. This technology must advance to 

accommodate a wider variety of building systems, including those with beams spaced 

around 3.1-4.6 m (10-15 ft) on center. One of the benefits of sandwich structures is the 

tremendous increases in strength and stiffness achieved simply by thickening the core. 

Instead of the very thin panels that are currently being studied, research should focus on 

panel thicknesses that mimic those of more traditional floor systems. 

In reviewing the literature, it is clear that the use of FE modeling software is 

invaluable to the design process. All of the research has shown that it can accurately 

predict ultimate failure loads and accurately represent failure modes. In creating the 

CarbonLoc® panel, researchers from Australia utilized FE modeling exclusively to 

develop the concept and the product. Once developed through computer simulations, they 

were able to fabricate the panel and test it with foresight into its likely behavior. The 

research presented herein will parallel their method for developing the CarbonLoc® 

panel . This research seeks to develop a new lightweight, CFRP sandwich panel floor 

system. It will utilize computer FE modeling exclusively to develop panel geometry and 

evaluate service load stresses. A factor of safety of three will be applied to the design for 
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service level loading. The study will aim to predict the ultimate loads for the final FRP 

sandwich panel design. 
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CHAPTER 3 

CFRP SANDWICH PANELS & MATERIAL CONSTITUENTS 

3.1 CFRP Sandwich Panels 

The CFRP sandwich panels selected for this study consisted of carbon fiber 

reinforced polymer laminate skins in combination with a rigid PU foam core. The CFRP 

sandwich panels were treated as one-way spanning panels, primarily due to 

manufacturing, construction, and transporting limitations. The gravity analysis panels 

were modeled as 304.8 mm (12 in) wide strips of floor slab, which is typical in the design 

of one-way slabs. The lateral analysis panels have an aspect ratio of 3:1, representing a 

benchmark for diaphragm dimensions. Two foam densities were evaluated for identical 

sandwich panel geometries to determine the effect of simply doubling the core density. 

The purpose for this variation lies within floor construction. In constructing floors, it is 

common for certain areas of the floor to require a change in elevation, such as at exterior 

balconies or at bathrooms and showers. Generally speaking, these floor areas are 

depressed to allow for water drainage. Evaluating higher density foam while holding all 

other factors constant allows for design insight into the ability to solve problems that 

arise as a result of construction requirements, such as depressed floor areas. Table 3.1 and  

Table 3.2 below summarize the geometries and makeup of the CFPR sandwich 

panels studied. 
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Table 3.1 CFRP Sandwich Panel Geometry/Makeup (Gravity) 

Mark 
Skin Thickness 

mm (in) 

Core Density 

kg/m
3
 (lb/ft

3
) 

Panel Span 

m (ft) 

Panel Width 

m (ft) 

FR-6710 1.0 (0.04) 160 (10) 3.1 m (10 ft) 0.305 m (1.0 ft) 

FR-6720 1.0 (0.04) 320 (20) 3.1 m (10 ft) 0.305 m (1.0 ft) 

 

Table 3.2 CFRP Sandwich Panel Geometry/Makeup (Lateral) 

Mark 
Skin Thickness 

mm (in) 

Core Density 

kg/m
3
 (lb/ft

3
) 

Panel Span 

m (ft) 

Panel Width 

m (ft) 

FR-6710 1.0 (0.04) 160 (10) 3.1 m (10 ft) 1.05 m (3.33 ft) 

FR-6720 1.0 (0.04) 320 (20) 3.1 m (10 ft) 1.05 m (3.33 ft) 

 

3.1.1 CFRP Laminate Skins 

Because of the higher cost associated with CFRP material, a minimal thickness of 

material was selected for the CFRP laminate skins; a thickness typically manufactured for 

use in a wide variety of applications. The CFRP material selected is standard, 0/90° 

woven carbon fiber fabric. The intent was to determine the performance and geometry 

required for a CFRP sandwich panel utilizing minimal CFRP material. The option to 

increase or decrease the thickness of the material is always available, as is the option to 

manipulate the strength of the fibers. The laminate thickness was held constant for all 

panels. Table 3.3 below summarizes the properties used in modeling the CFRP laminates. 
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Table 3.3 Properties of CFRP Laminate Skins 

0/90° Carbon Fiber Fabric Laminate/Epoxy Resin 

Vf = 50% 

Property SI USCS Test Method 

Thickness 1.0 mm 0.04 in  

Elastic Modulus 70.0 GPa 10,200 ksi ASTM D 1622 

In-Plane Shear Modulus 5.0 GPa 730 ksi 

ASTM D 1621 
Major Poisson's Ratio 0.1 0.1 

Ult. Tensile Strength 600 MPa 87,000 psi 

Ult. Comp. Strength 570 MPa 82,700 psi 

Ult. In-Plane Shear Strength 90.0 MPa 13,100 psi 
ASTM D 1623 

Ult. Tensile Strain (%) 0.85 0.85 

Ult. Comp. Strain (%) 0.8 0.8 

ASTM C 273 Ult. In-Plane Shear Strain (%) 1.8 1.8 

Density 1600 kg/m
3
 100 lb/ft

3
 

 

 

The properties listed in Table 3.3 reflect values provided by Performance 

Composites, Ltd., as published on their website (http://www.performance-

composites.com/carbonfibre/mechanicalproperties_2.asp). These properties are 

representative of typical values for an all-purpose 0/90° woven carbon fiber fabric 

utilizing an epoxy matrix and having a fiber volume fraction of 50%. In general, the 

mechanical properties of carbon fiber laminates can vary and can be tailored to meet the 

requirements for specific applications. The ability to achieve significantly higher tensile 

strengths with significantly better mechanical properties is always an option. However, 

this added performance would clearly increase costs. The intent with this study is to 

evaluate a design that does not require the use of ultra-high strength carbon fiber 
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laminates, but allows for their use should they be needed in high-end or high-load 

applications, such as for storage areas, equipment housing, or reading rooms. 

3.1.1.1 Polymer Resin Matrix 

The polymer resin matrix is critical to the overall design and performance of 

CFRP sandwich panel floor systems. It serves to bind the carbon fibers together to act as 

a unit, and transfer forces between the fibers and the substrate. A significant amount of 

research has been performed to determine proper combinations of polymer matrix 

materials for use with various applications involving fiber reinforcing. Ultimately, the 

polymer matrix must bond well with the substrate material, be strong enough to 

adequately transfer loads, and tough enough to avoid brittle failure. 

Although epoxy resin is indicated in Table 3.3 as being utilized for determining 

the mechanical properties of the CFRP laminates, epoxy is inappropriate for interior 

applications where fire exposure is a concern, as it releases excessive smoke and toxins 

when exposed to fire. In environments where fire exposure is a concern, phenolic resins 

might be the most appropriate resin matrix because of their excellent fire, smoke, and 

toxicity (FST) characteristics. In addition, their mechanical properties rival those of 

epoxy. One drawback with using phenolic resins is their curing conditions, which require 

elevated temperatures and elimination of water byproduct.  
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3.1.1.1.1 Phenolic Resins 

Phenolic resins are a thermoset resin predominantly utilized in aerospace, 

military, automotive, and various other market driven applications where exposure to fire 

is a primary concern. FST properties of materials used in building construction are also of 

primary concern. When phenolic resins are used as a matrix material for FRP composites, 

they can be formulated to exhibit mechanical properties comparable with epoxy, having 

the added benefit of superior FST performance characteristics. (Gardziella, A., Pilato, 

L.,Knop, A., 2000). 

Advanced composites systems utilized phenolic resins due to their excellent 

dimensional stability and resistance to chemical, moisture, and heat exposure. They 

typically provide a constant use temperature range of 180-200°C (356-392 °F), while 

retaining up to 70% of their strength at 300°C (572°F) (Gardziella, A., Pilato, L.,Knop, 

A., 2000). Phenolic resins are used in combination with carbon fibers to form composites 

that are used in the exit nozzles of rockets. These composites are exposed to temperatures 

as high as 3300°C (6000°F). As the phenolic resin degrades, it turns into char. This char 

has superior thermal insulating characteristics, measuring temperature differentials of 

1927°C (3500°F) only 12.7 mm (0.5 in) away from the char surface (Strong 2008). 

One drawback with using phenolic resins is that they cure at higher temperatures. 

For CFRP sandwich panel applications utilizing rigid PU foam, the higher cure 

temperatures may limit manufacturing techniques. Cure temperatures required for FRP 

laminates utilizing phenolic resins can reach 160°C (320°F). These temperatures are 

required not only for cross-linking of phenol and formaldehyde, but also to evaporate the 



80 

 

 

water by-product created from the condensation polymerization reaction. Therefore, 

careful consideration must be made with respect to manufacturing and curing 

temperatures when considering phenolic resins for use with rigid PU foam cores, where 

the glass transition temperature (Tg) of the foam may be less than the curing temperature 

for the resin. 

3.1.1.1.2 Geopolymers 

One potential and likely alternative to the use of phenolic resins is to utilize silica 

based geopolymers for the matrix and bonding material. As indicated in the literature 

review, geopolymer resins have been shown to possess the necessary mechanical and 

physical characteristics for use with FRP composite laminates, while also providing 

outstanding fire resistance characteristics. 

Geopolymers are networks of mineral based molecules that are linked through 

covalent bonds. The hardened material is amorphous at normal temperatures, but 

becomes crystalline at temperatures above 500°C. The term "geopolymer" was created in 

the late 1970's by Joseph Davidovits, who invented and developed geopolymerization. 

The term geopolymer was used as a way to classify the geosynthesis that produces 

inorganic polymeric materials used in a variety of industrial applications. Mr. Davidovits 

also created a logical scientific terminology based on different chemical units for silicate 

and aluminosilicate materials by classifying them according to their Si:Al atomic ratio. 

The polymeric character and application fields for geopolymeric material are determined 

by their atomic ratio. A low atomic ratio (1,2,3) creates a very rigid 3D network, whose 



81 

 

 

application technologies include bricks, ceramics, and low CO2 cements and concretes. 

As the molecular ratio increases, the polymeric character transitions to a 2D network, 

whose application technologies include high temperature sealants, superplastically 

formed (SPF) aluminum toolings, and fire and heat resistant fiber composites. Fire and 

heat resistant fiber composites are made from geopolymeric materials having an atomic 

ratio in the range of 20:1<Si:Al<35:1. The scientific terminology created by Mr. 

Davidovits is as follows (Geopolymer Institute 2012): 

Si:Al = 0, siloxo 

Si:Al = 1, sialate (acronym for silicon-oxo-aluminate of Na, K, Ca, Li) 

Si:Al = 2, sialate-siloxo 

Si:Al = 3, sialate-disiloxo 

Si:Al > 3, sialate link. 

 

The molecular units (or chemical groups) of geopolymers are as follows 

(Geopolymer Institute 2012): 

-Si-O-Si-O- siloxo, poly(siloxo) 

-Si-O-Al-O- sialate, poly(sialate) 

-Si-O-Al-O-Si-O- sialate-siloxo, poly(sialate-siloxo) 

-Si-O-Al-O-Si-O-Si-O- sialate-disiloxo, poly(sialate-disiloxo) 

-P-O-P-O- phosphate, poly(phosphate) 

-P-O-Si-O-P-O- phospho-siloxo, poly(phospho-siloxo) 

-P-O-Si-O-Al-O-P-O- phospho-sialate, poly(phospho-sialate) 

-(R)-Si-O-Si-O-(R) organo-siloxo, poly-silicone 

-Al-O-P-O- alumino-phospho, poly(alumino-phospho) 

-Fe-O-Si-O-Al-O-Si-O- ferro-sialate, poly(ferro-sialate) 

 

There are currently 10 main classes of geopolymeric materials currently being 

developed and applied. They are as follows (Geopolymer Institute 2012): 

1) Waterglass-based geopolymer, poly(siloxonate), soluble silicate, Si:Al=1:0. 

2) Kaolinite/Hydrosodalite-based geopolymer, poly(sialate) Si:Al=1:1. 

3) Metakaolin MK-750-based geopolymer, poly(sialate-siloxo) Si:Al=2:1. 

4) Calcium-based geopolymer, (Ca, K, Na)-sialate, Si:Al=1, 2, 3. 

5) Rock-based geopolymer, poly(sialate-multisiloxo) 1< Si:Al<5. 
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6) Silica-based geopolymer, sialate link and siloxo link in poly(siloxonate) Si:Al>5. 

7) Fly ash-based geopolymer. 

8) Ferro-sialate-based geopolymer. 

9) Phosphate-based geopolymer, AlPO4-based geopolymer. 

10) Organic-mineral geopolymer. 

 

Research on geopolymers is relatively new, extending back a mere 25 years. Very 

few research papers have been published up until about the last 10 years. Since then, the 

number of scientific research papers published has grown exponentially. The following 

figure shows a graphical representation of the evolution of geopolymer research _. 

 

 

Figure 3.1 Evolution of Geopolymer Research 
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3.1.2 Rigid Polyurethane Foam Core 

Three different foam densities were selected for evaluating the FRP sandwich 

panels. The rigid PU foam used in this study is a commercially available product 

manufactured by General Plastics Manufacturing Company. General Plastics offers a 

wide variety of rigid polyurethane foams for various applications, including an aerospace 

grade foam, which is the grade of foam selected for this study. According to General 

Plastics' website, their FR-6700 Series foam is designed to satisfy the physical property, 

flammability performance, and processing requirements of multiple aerospace and 

military specifications. These include Boeing BMS 8-133, McDonnell-Douglas DMS-

1937, and Federal Aviation Regulation FAR 25.853(a). The flame retardant aerospace 

grade foam is available in densities ranging from160-400 kg/m
3
 (10-25 lb/ft

3
). Table 3.4 

and Table 3.5 below summarize the properties for each of the three foam densities 

selected. The properties listed in these tables reflect values provided by General Plastics, 

as published on their website (https://www.generalplastics.com/fr-6700.html). 
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Table 3.4 Properties of FR-6710 Rigid PU Foam Core 

LAST-A-FOAM® FR-6710 

Property SI USCS Test Method 

Density 160 kg/m
3
 10 lb/ft

3
 ASTM D 1622 

Comp. Strength (YZ) 2424 kPa 352 psi 

ASTM D 1621 
Comp. Strength (XY) 2322 kPa 337 psi 

Compressive Modulus (YZ) 75514 kPa 10952 psi 

Compressive Modulus (XY) 57505 kPa 8340 psi 

Tensile Strength (YZ) 2088 kPa 303 psi 
ASTM D 1623 

Tensile Strength (XY) 2114 kPa 307 psi 

Shear Strength (YZ) 1751 kPa 254 psi 

ASTM C 273 
Shear Strength (XY) 1650 kPa 239 psi 

Shear Modulus (YZ) 22032 kPa 3195 psi 

Shear Modulus (XY) 19465 kPa 2823 psi 

Flexural Strength (YZ) 2800 kPa 406 psi 

ASTM D 790 
Flexural Strength (XY) 3308 kPa 480 psi 

Flexural Modulus (YZ) 78938 kPa 11449 psi 

Flexural Modulus (XY) 96645 kPa 14017 psi 

Poisson's Ratio 0.3 0.3 Literature 

Glass Transition Temperature, Tg 135°C 275°F ASTM E 1824 
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Table 3.5 Properties of FR-6720 Rigid PU Foam Core 

LAST-A-FOAM® FR-6720 

Property SI USCS Test Method 

Density 320 kg/m
3
 20 lb/ft

3
 ASTM D 1622 

Comp. Strength (YZ) 8903 kPa 1291 psi 

ASTM D 1621 
Comp. Strength (XY) 8836 kPa 1282 psi 

Compressive Modulus (YZ) 255625 kPa 37074 psi 

Compressive Modulus (XY) 212663 kPa 30843 psi 

Tensile Strength (YZ) 5642 kPa 818 psi 
ASTM D 1623 

Tensile Strength (XY) 6204 kPa 900 psi 

Shear Strength (YZ) 4864 kPa 705 psi 

ASTM C 273 
Shear Strength (XY) 4976 kPa 722 psi 

Shear Modulus (YZ) 68576 kPa 9946 psi 

Shear Modulus (XY) 70676 kPa 10250 psi 

Flexural Strength (YZ) 7471kPa 1083 psi 

ASTM D 790 
Flexural Strength (XY) 8895 kPa 1290 psi 

Flexural Modulus (YZ) 283466 kPa 41112 psi 

Flexural Modulus (XY) 297273 kPa 43114 psi 

Poisson's Ratio 0.3 0.3 Literature 

Glass Transition Temperature, Tg 135°C 275°F ASTM E 1824 

 

3.2 FRP Sandwich Panel Dimensions 

Construction techniques using this new type of floor system are limited by the 

size of FRP sandwich panels that can be manufactured and transported. In addition to the 

common in-stock sizes of the rigid polyurethane foam cores investigated, custom widths 

and lengths can be made, ranging in thicknesses from 3.2 mm to 457 mm (0.125 in to 18 

in). Based on typical office building column grid spacing's of 9.1 m (30 ft), panel widths 
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should be 1.5-1.8 m (5-6 ft) with a length around 9.1 m (30 ft). In this scenario, the FRP 

sandwich panels would be three-span continuous over the supports. 

For the purpose of this study, simple span conditions were assumed critical for 

design, as building floor geometries will naturally require simple span conditions. A span 

length of (10 ft) was investigated for the overall performance of a typical floor panel. 

3.2.1 FRP Sandwich Panel Aspect Ratio 

In an effort to control in-plane displacements and gauge the in-plane flexibility of 

an FRP sandwich panel diaphragm, a maximum length-width or aspect ratio was selected 

as a benchmark. An aspect ratio of 3:1 was chosen, generally following the guidelines 

outlined in the 2012 IBC for unblocked plywood diaphragm construction. 

3.2.2 FRP Sandwich Panel Thickness 

The FRP sandwich panel thickness was optimized for each of the three panel 

densities to support the required design loads. 

3.3 FRP Sandwich Panel Connections 

In selecting the type of connection to be used for attaching CFRP sandwich panels 

to structural steel support beams, several factors must be considered. First, the 

performance of the connection must be reliable. Second, the connection must be cost 

effective, as opposed to cost prohibitive. Finally, connection must facilitate ease of 

construction. Although often overlooked, ease of construction plays a significant role in 
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the adaptation of any construction system. Contractors are continually searching for 

building methods that make construction easier. 

After carefully evaluating each of these factors, it was decided that a simple, 

bonded adhesive connection would be most appropriate when considering all three. To 

begin, traditional methods of attaching FRP composite laminates to substrate materials 

involve the use of epoxy adhesive alone. Mechanical fasteners are generally not utilized. 

Prior research has shown that FRP composite laminates are effective for strengthening 

existing reinforced concrete and structural steel members. In strengthening these 

members, laminates are bonded directly to their surfaces using an epoxy adhesive. 

Although debonding can and does occur, it typically occurs at failure loads that are well 

above the design or service load range. 

Mechanical fasteners were originally proposed in the form of threaded studs 

welded to the top flange of the structural steel wide flange support beams. To 

accommodate these studs, the CFRP sandwich panels would require holes near the ends 

of the panels at the supports. These holes would need to be oversized to facilitate panel 

installation. The void spaces surrounding the studs would then need to be filled with a 

high strength polymeric resin material to ensure adequate bonding and proper load 

transfer from the panel into the studs. To properly fill the void spaces surrounding the 

studs, a resin chamber and injection system, complete with port fittings, would be 

required. The resin chamber and port fittings would also need to be fabricated into the 

ends of the CFRP sandwich panel. 
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To avoid the additional cost and labor associated with using mechanical fasteners, 

to facilitate ease of construction, and to follow in the tradition of strictly bonding FRP 

laminates to substrates, it was decided that a polymeric resin-based bonded connection 

would be studied for this application. 
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CHAPTER 4 

METHODOLOGY 

4.1 SolidWorks 

SolidWorks is a robust commercial 3D finite element (FE) solid modeling and 

simulation software package that, according to the company's website, is used by over 

182,300 organizations worldwide. It is utilized by over 80% of the world's top 

engineering schools and is made available for student research use at the University of 

Arizona. 

4.1.1 SolidWorks Capabilities 

The SolidWorks suite provided for use at the University of Arizona contains all 

modules offered by the software package. The software is capable of performing 3D 

finite element solid modeling for use in linear stress analysis, non-linear stress analysis, 

plastic, rubber, and composite part analysis, thermal structural analysis, dynamic 

analysis, and frequency analysis, to name a few. 

This study utilizes finite element solid modeling for linear analysis and design 

optimization of composite parts and includes a frequency analysis check of the final 

design. 

4.1.2 SolidWorks Stress Criteria 

The failure criteria offered by SolidWorks that are applicable to this study include 

Maximum von Mises Stress Criterion, Mohr-Coulomb Stress Criterion, and Maximum 
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Stress Criterion. Maximum Stress Criterion is applicable to composites and is discussed 

in the following section on composites. 

Maximum von-Mises stress criterion is based on the von-Mises-Hencky theory, 

also known as the Shear-energy theory or the maximum distortion energy theory. Von-

Mises stress is expressed as follows (Dassault 2013): 

           √
(     )

  (     )
  (     )

 

 
 (4.1) 

 

The theory states that a material will fail when the von-Mises stress becomes 

equal to the material's stress limit. The theory is commonly used for ductile materials and 

generally associates failure with a material's yield stress limits. However, the software 

will allow for the use of the ultimate strength of the material as its stress limit. 

Mohr-Coulomb stress criterion is based on the Mohr-Coulomb theory also known 

as the Internal Friction theory. This criterion is used for brittle materials having dissimilar 

compressive and tensile strengths. The theory predicts failure when the combinations of 

maximum and minimum principle stresses surpass the stress limits of the material. For 

ordered principle stresses such as |σ1| > |σ2| > |σ3|, the Mohr-Coulomb theory predicts 

failure to occur in the following cases (Dassault 2013): 



91 

 

 

Table 4.1 Mohr-Coulomb Failure Criteria for Brittle Materials 

State of Priciple Stresses Failure Criterion Factor of Safety (FOS) 

σ1 > 0 and σ2 > 0 σ1 > σTensile Limit (σ1 / σTensile Limit)
-1

 

σ1 < 0 and σ3 < 0 |σ1| > σCompressive Limit (|σ1| / σCompressive Limit)
-1

 

σ1 > 0 (tension) 

σ3 < 0 (compression) 

σ1 / σTensile Limit + |σ3| / 

σCompressive Limit > 1 

(σ1 / σTensile Limit + 

|σ3| / σCompressive Limit)
-1

 

σ1 < 0 (compression) 

σ3 > 0 (tension) 

|σ1|/ σCompressive Limit + σ3 / 

σTensile Limit > 1 

(|σ1| / σCompressive Limit + 

σ3 / σTensile Limit)
-1

 

 

 

4.1.3 SolidWorks for Composites 

SolidWorks recognizes the concept of composite formulation, in that composites 

are formed using two or more materials containing separate phases; a matrix phase and a 

reinforcing phase. Composites are formulated as thin shell elements containing from 2-50 

plies. Each ply is assigned its own material properties and the composite is modeled as a 

linear elastic orthotropic material. The fiber orientation or ply angle can be varied from 0-

90°for each ply. 

4.1.3.1 SolidWorks Stress Criteria for Composites 

SolidWorks offers three different stress failure criteria for composite laminates: 

Tsai-Hill, Tsai-Wu, and Maximum Stress. Composite laminates are modeled as 2D shell 

elements in a state of planes stress. 

The Tsai-Hill criterion is an interactive failure theory that considers the distortion 

energy in comparison to the total strain energy that is stored in a body due to loading. In 
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simpler terms, the criterion considers the 2D shape change of an element in relation to the 

2D volume or area change (dilation) of an element. The Tsai-Hill criterion cannot predict 

different failure modes including fiber failure, matrix failure, and fiber-matrix interface 

failure. It also does not distinguish between compressive and tensile failure strengths. 

The Tsai-Wu criterion considers the total strain energy of a body for predicting 

failure. This includes both distortion and dilation energy. The criterion is applied in the 

program to determine the factors safety of composite laminates. The Tsai-Wu failure 

criterion cannot predict different failure modes including fiber failure, matrix failure, and 

fiber-matrix interface failure. 

The Maximum Stress criterion is used to predict failure in one of the principle 

material directions. Failure occurs when the stress in any principle direction is greater 

than the allowable stress in that direction. This criterion predicts specific failure modes 

because the stress in each principle direction is compared with the material strength in 

each principle direction. This criterion does not take into account the interaction between 

different stress components. The Maximum Stress criterion was selected for use in this 

study. The failure index for this criterion is computed as follows: 

 

        (
  

  
 
  

  
 |
   

   
|) (4.2) 

 

Where: 

 

X1 = the tensile strength in material direction 1. 

X2 = the tensile strength in material direction 2. 

S12 = the shear strength. 
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4.1.3.2 SolidWorks Factor of Safety Check 

Failure criteria typically predicts the failure of a material under a multi-axial state 

of stress. The factor of safety check assesses the safety of the model based on the selected 

failure criterion for stress. As previously mentioned, the rigid PU foam is checked using 

the Mohr-Coulomb Stress Criterion and the CFRP composite laminates are checked using 

the Maximum Stress Criterion. 

4.2 CFRP Sandwich Panel Model 

The CFRP sandwich panel was modeled using rigid PU foam for the core and 

CFRP composite laminates for the skins. The CFRP sandwich panel is supported on 

W16x26 beams, which are fixed along the surface of their web ends. There is a 50.8 mm 

(2 in) wide bearing surface provided along each end of the panel at the W beam. This 

represents the minimum recommended width of bearing for panel attachment. The 

bearing surfaces are modeled as fully bonded. Figure 4.1 below shows a graphical 

representation of the gravity analysis model. 
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Figure 4.1 Gravity Design Model 

 

4.3 Sandwich Panel Design Variables 

In selecting the panel geometry and make-up, the goal was to minimize the use of 

CFPR. A single layer of typical 0/90° CFRP fabric was chosen for the top and bottom 

skins of the sandwich panel. The thickness selected was a dimension typically fabricated 

in industry production and was held constant for this study. The intent in choosing one 

layer of CFRP was to determine a corresponding thickness of PU foam needed to meet 

floor loading design criteria using the minimum, standard amount of CFRP. 

Consequently, the thickness of the CFRP sandwich panel was the first variable. 
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The second variable in this study was the density of the PU foam. The intent was 

to evaluate the lightest commercially available, high-end, rigid PU foam. As previously 

mentioned, the foam selected is an aerospace grade foam suitable for use in aircraft 

components. The goal was to apply minimal CFRP reinforcement to a lightweight, high-

end rigid foam core and optimize the thickness of the foam for prescribed building code 

floor loads. After optimizing the first panel, a higher density rigid PU foam core was 

substituted to determine its effects on the original design. Therefore, the density of the 

foam core material was the second variable. 

4.3.1 Gravity Load Design and Optimization 

The first step in developing a lightweight CFRP sandwich panel involves its 

design for both strength and serviceability requirements under prescribed gravity loads. A 

base foam thickness of 152.4 mm (6 in) was initially analyzed, and then optimized for 

thickness to meet maximum prescribed deflection requirements. The maximum deflection 

for floor members is Span/240 for combined dead plus live loading per Table 1604.3 of 

the 2012 IBC. This amounts to a maximum deflection of 12.7 mm (0.5 in) for a 3.05 m 

(10 ft) span. The minimum uniformly distributed live load selected for the design of the 

sandwich panel is based on office building loads per Table 1607.1 of the 2012 IBC. The 

most restrictive conditions is for lobbies, where the minimum uniform live load is 488 

kg/m
2
 (100 psf). The minimum concentrated live load is 907.2 kg (2000 lb) distributed 

over an area of 762 mm (2.5 ft) square. Table 4.2 below summarizes the designed dead 

loads used in this study. 
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It was assumed that the structural steel support frame, not the CFRP sandwich 

panel, is used to support dead loads from mechanical, plumbing, and electrical 

equipment, as well as the dead loads from suspended acoustical tile ceilings and 

sprinklers. These items can be supported between structural steel beams using unistrut. 

Unistrut is the name given to structural shapes made with light gauge structural steel 

material that are used to suspend nonstructural equipment from structural framing. The 

dead weight of the CFRP sandwich panel materials is included in the FE analysis as 

gravity loads based on the material densities specified. 

Table 4.2 GravityDesign Loads 

Floor Loads (kPa) (psf) 

   

Floor Covering (Ceramic Tile) 0.575 12.0 

Fireproofing (Geopolymer Paste) 0.048 1.0 

Miscellaneous 0.096 2.0 

   

Total Superimposed DL 0.718 15.0  

Total Superimposed LL 4.788 100.0 

Total Loads (DL+LL) 5.506 115.0 

 

 

A working stress (or allowable stress) design approach was selected and used to 

determine the total loading on the sandwich panel. Dead and live loads were combined 

per Section 1605.3.1 of the 2012 IBC.  
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4.3.1.1 Free Vibration Analysis Check 

Following design optimization of each CFRP sandwich panel, the free vibration 

response was checked to verify the designs were outside the perceptible range of 

vibration. Previous research has shown this range to be between 4-8 Hz (Awad et al. 

2012). The free vibration analysis represents one portion of the serviceability criteria that 

must be met according to the 2012 IBC. The other portion is deflection, for which each 

panel was optimized. 

4.3.2 Combined Gravity and Lateral Load Design Check 

When designing structures, each portion of the structure shall be designed to resist 

the load combinations prescribed by Section 1605 of the 2012 IBC. The basic load 

combinations for allowable stress design include combining the effects of dead loads + 

live loads + wind loads or earthquake loads. Consequently, both gravity and lateral loads 

must be applied to the CFRP sandwich panels simultaneously and the resulting design 

stresses and deflections must be checked. A working stress (or allowable stress) design 

approach was selected and used to determine the total combined loading on the sandwich 

panel. Dead, live, and earthquake loads were combined per Equation 16-14 of Section 

1605.3.1 of the 2012 IBC (see Chapter 5). For simplicity, Seismic Load Effects and 

Combinations per Section 12.4 of ASCE 7-10 were not included. Excluding the seismic 

load effect is justified, as floors will not be designed for the heavier "lobby" floor live 

loads used in this study throughout the entire building. The additional loading provided 

by using lobby loads accounts for the additional vertical loading from seismic effects. For 
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the cases where lobby loads are present, the CFRP sandwich panel has sufficient capacity 

to meet seismic design requirements. Table 5.11 in Chapter 5 summarizes the design 

loads used in the load combination for combined dead, live, and earthquake loads. 

When evaluating the deflections due to a combination of loads, the deflections of 

structural members shall not exceed the more restrictive of the limitations set forth in 

Section 1604.3 of the 2012 IBC. In the category for wind loading, floor members do not 

have any limitations. In-plane deflections of floor diaphragms are addressed in a different 

manner in the building codes. In general, diaphragms can be flexible and are free to 

displace laterally, provided the structural elements supporting it take this displacement 

into account in their design. Of course, large lateral displacements are undesirable due to 

column buckling issues that can arise (among others). Therefore, limiting lateral 

displacements clearly has its advantages. It is also important in determining how a 

diaphragm is to be analyzed. 

In order to analyze a diaphragm, they must first be classified as to their type, 

which is dependent on their in-plane stiffness characteristics. Diaphragms that possess 

high in-plane stiffness characteristics are classified as rigid diaphragms. Diaphragms with 

lower in-plane stiffness characteristics, such as plywood, are classified as flexible. This 

classification determines the type of analysis to be used for diaphragms. 

As an example, concrete floors are classified as rigid diaphragms and require a 

rigid diaphragm analysis in order to properly distribute the lateral loads to the vertical 

lateral force resisting elements (i.e. moment frames). Lateral forces are distributed 

through rigid diaphragms based on the center of mass and rigidity of the floor system, as 
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well as the rigidity of the moment frames. Conversely, plywood diaphragms are classified 

as flexible diaphragms and require a flexible diaphragm analysis in order to properly 

distribute the lateral loads. In the case of a flexible diaphragm, lateral loads are 

distributed to the vertical lateral force resisting elements based on tributary area to those 

elements. 

In evaluating the lateral deflection of the CFRP sandwich panels, it was important 

to set a benchmark to force some control over the flexibility of this new system. As 

previously mentioned, an aspect ratio of 3:1 was selected as a benchmark for evaluating 

the flexibility of the CFRP sandwich panels. The selected aspect ratio follows the general 

trend set forth for plywood diaphragms in the building code, which limits the diaphragm 

aspect ratios for wood construction. By controlling the aspect ratio, buildings of all sizes 

and shapes can be constructed, provided the floor plan adheres to maximum diaphragm 

aspect ratio requirements. Ultimately, the objective was to evaluate the flexibility of this 

system in order to provide some guidance for properly classifying this type of diaphragm, 

thereby allowing for a more proper diaphragm analysis. 
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CHAPTER 5 

RESULTS OF FE SIMULATION STUDY 

5.1 General 

The results of the FE analysis are presented in this chapter. Included are data and 

images showing the overall performance of the system. Each phase of the design is 

presented in its own section and in the order in which it was designed. The sections 

include gravity design, free vibration response, gravity plus lateral design, and lateral 

loading only. Lateral loading only pertains to the evaluation of in-plane deflections and 

diaphragm flexibility. 

5.2 Gravity Design of CFRP Sandwich Panels 

Following design optimization for panel thickness, the CFRP sandwich panel had 

an overall factor of safety of three. In reviewing the stresses for the sandwich panel 

components, the CFRP laminates reached stress levels significantly below the allowable 

values, corresponding to a factors safety around 10. As stated earlier, a minimal amount 

of 0/90° CFRP fabric was selected for this study, representing thicknesses typically being 

manufactured in the market today. It should be noted that a variety of CFRP fabric types 

and thicknesses are available, either in stock or by custom order. This is one of the 

tremendous benefits of CFRP fabric material. It can be tailored to accommodate project 

specific requirements. In terms of floor design, it would be prudent to maintain low stress 

levels in the CFRP laminates. As stress levels increase, problems may develop with 

delamination. In addition, a significant amount of reserve capacity should be provided for 
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fire exposure. If CFRP sandwich panels are exposed to fire, and depending on the fire's 

severity, there should be a method to evaluate the damage incurred while providing a 

minimum level of confidence in its evaluation. Prior research has shown CFRP laminates 

can sustain about 63% of their original design strength at temperatures near 800°C when 

utilizing geopolymers (Giancaspro et al. 2004). If the exposure temperature can be 

determined, CFRP sandwich panels can be evaluated in terms of this data. 

The results of the gravity design portion of the FE simulation study are shown in 

the figures and tables that follow. The gravity design studies are provided in two separate 

sections for clarity. The first section includes the results for the initial study of the CFRP 

sandwich panel using a rigid PU foam density of 160 kg/m
3
 (10 lb/ft

3
). The second 

section includes the results for the study of the CFRP sandwich panel using a rigid PU 

foam density of 320 kg/m
3
 (20 lb/ft

3
). 

Sensors are used within the study to monitor design parameters such as stress, 

strain, and displacement. Sensors can be thought of as strain gages and LVDT's used in 

actual experimental testing that are applied to the FE model to monitor or measure the 

material's response to the applied loads. Sensors can also measure mass and frequency 

properties. General model information and images are provided first, followed by sensor 

information tables and results image plots. 

Figure 5.1 below is a graphical representation of the FE model used in this study. 

It shows an applied vertical pressure over the surface of the panel, representing the 

combined deal and live loads. Gravity acting on the panel materials is also included in the 

design. The support beams are W16x26 structural steel shapes that are assumed to be 
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fixed along the web faces at each end. They represent a small W section that might be 

used in typical office building floor framing. A smaller section was selected to check the 

flange bending action associated with supporting CFRP floor panels in areas of higher 

floor live loads such as lobbies. This smaller/lighter section has a thinner top flange than 

typical floor beams (W18x35) and a narrower flange width. When smaller sections are 

used in floor framing, they limit the available bearing surface for which to rest the CFRP 

panels on. By studying a minimum 50.8 mm (2 in) wide bearing surface, it allows for 

building floor framing to consist of W sections having a flange width down to 101.6 mm 

(4 in), which is a typical flange width for smaller sections. 

 



103 

 

 

 

Figure 5.1 Gravity Design Model - Panels FR-6710/FR-6720 

 

A summary of the element meshing information for the FE simulation model is 

provided below in Table 5.1, along with an image of the meshing in Figure 5.2. 
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Table 5.1 FE Mesh - Gravity Design - Panel FR-6710/FR-6720 

Mesh type Mixed Mesh 

Mesher Used Curvature based mesh 

Jacobian points 4 Points 

Jacobian check for shell On 

Maximum element size 50.8 mm (2 in) 

Minimum element size 10.2 mm (0.4 in) 

Mesh Quality High 

Total Nodes 91,129 

Total Elements 54,214 

 

 

 

Figure 5.2 Gravity Design Model Mesh - Panels FR-6710/FR-6720 
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5.2.1 Gravity Design of Panel FR-6710 

Table 5.2 below lists the physical properties of the components used in the model. 

The components used in the model consist of CFRP laminate skins, a rigid PU foam core, 

and structural steel support beams. The CFRP laminates consist of two plies of 0/90° 

fabric, each of which is 0.5 mm (0.02 in) thick. Together they form one 1 mm (0.04 in) 

thick laminate skin, which is bonded to each face of the rigid PU foam core. Reference 

Table 3.1 for the overall panel dimensions used in the gravity design study. 
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Table 5.2 Panel FR-6710 Volumetric Properties 

Mass-CFRP Panel Value: 17.9 kg (39.5 lb) 

Solid Bodies 

Name Treated As Properties (SI) Properties (USCS) 

Foam Core Solid Body 

Thickness: 101.6 mm 

Mass: 14.91 kg 

Volume: 93209.6 cm
3
 

Density: 160 kg/m
3
 

Thickness: 4.0 in 

Mass: 32.9 lb 

Volume: 5688 in
3
 

Density: 10 lb/ft
3
 

W Beam 

Support 
Solid Body 

Mass: 11.89 kg 

Volume: 1510.7 cm
3
 

Density: 7870 kg/m
3
 

Mass: 26.2 lb 

Volume: 92.2 in
3
 

Density: 491 lb/ft
3
 

Composite Bodies 

Name Laminate Properties 

CFRP 

Total number of Plies: 2 

Symmetric: Yes 

 

Properties (SI) 

Ply 
Thickness

(mm) 

Area 

(cm
2
) 

Volume 

(cm
3
) 

Density 

(kg/m
3
) 

Mass 

(kg) 

1 0.508 9174.2 466 1600 0.746 

2 0.508 9174.2 466 1600 0.746 

 

 

Properties (USCS) 

Ply 
Thickness

(in) 

Area 

(in
2
) 

Volume 

(in
 3

) 

Density 

(lb/ft
3
) 

Mass 

(lb) 

1 0.02 1422 28.4 100 1.65 

2 0.02 1422 28.4 100 1.65 
 

 

 

Relevant sensor data for each of the model components is provided in Table 5.3, 

Table 5.4, and Table 5.5 below. 
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Table 5.3 Panel FR-6710 Sensor Data - CFRP Laminates 

Sensor name Sensor Details 

Max Y-Displacement 

Value: 11.9 mm (0.47 in) 

Component: UY: Y Displacement 

Criterion: Min over Selected Entities 

Stress-CFRP Top 

Z Normal Max 

Value: 2.82 kg/cm
2
 (40.1 psi) 

Component: SZ: Z Normal Stress 

Criterion: Max over Selected Entities 

Stress-CFRP Top 

Z Normal Min 

Value: -567.7 kg/cm
2
 (-8075 psi) 

Component: SZ: Z Normal Stress 

Criterion: Min over Selected Entities 

Stress-CFRP Bottom 

Z Normal Max 

Value: 210.5 kg/cm
2
 (2995 psi) 

Component: SZ: Z Normal Stress 

Criterion: Max over Selected Entities 

Stress-CFRP Bottom 

Z Normal Min 

Value: -388.2 kg/cm
2
 (-5521 psi) 

Component: SZ: Z Normal Stress 

Criterion: Min over Selected Entities 

Stress-CFRP Top 

XZ-Plane Z-Dir Max 

Value: 0.24 kg/cm
2
 (3.4 psi) 

Component: TYZ-Shear in Z-Dir. on XZ-Plane 

Criterion: Max over Selected Entities 

Stress-CFRP Bottom 

XZ-Plane Z-Dir Max 

Value: 7.76 kg/cm
2
 (110.3 psi) 

Component: TYZ-Shear in Z-Dir. on XZ-Plane 

Criterion: Max over Selected Entities 

Strain-CFRP Top 

Z Normal Max 

Value: 0.0084 

Component: ESTRN-Equivalent Strain 

Criterion: Max over Selected Entities 

Strain-CFRP Bottom 

Z Normal Max 

Value: 0.0074 

Component: ESTRN-Equivalent Strain 

Criterion: Max over Selected Entities 
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Table 5.4 Panel FR-6710 Sensor Data - W Beams 

Sensor name Sensor Details 

Max Stress W Beams 

Value: 3206.4 kg/cm
2
 (45,606 psi) 

Component: VON: von Mises Stress 

Criterion: Max over Selected Entities 

 

Table 5.5 Panel FR-6710 Sensor Data - Rigid PU Foam 

Sensor name Sensor Details 

Stress-PU Foam-Average 

Value: 2.7 kg/cm
2
 (38.0 psi) 

Component: VON: von Mises Stress 

Criterion:Average of Selected Entities 

Stress-PU Foam-P1 Max 

Value: 334.0 kg/cm
2
 (4750 psi) 

Component: P1-1st Principal Stress 

Criterion:Max over Selected Entities 

Stress-PU Foam-P1 Min 

Value: -6.1 kg/cm
2
 (-87.2 psi) 

Component: P1-1st Principal Stress 

Criterion: Min over Selected Entities 

Stress-PU Foam-P2 Max 

Value: 55.3 kg/cm
2
 (786.3 psi) 

Component: P2-2nd Principal Stress 

Criterion:Max over Selected Entities 

Stress-PU Foam-P2 Min 

Value: -50.0 kg/cm
2
 (-711.1 psi) 

Component: P2-2nd Principal Stress 

Criterion: Min over Selected Entities 

Stress-PU Foam-P3 Max 

Value: 32.0 kg/cm
2
 (455.6 psi) 

Component: P3-3rd Principal Stress 

Criterion:Max over Selected Entities 

Stress-PU Foam-P3 Min 

Value: -92.9 kg/cm
2
 (-1322 psi) 

Component: P3-3rd Principal Stress 

Criterion: Min over Selected Entities 

Strain-PU Foam-Average 

Value: 0.0010 

Component: ESTRN-Equivalent Strain 

Criterion: Average of Selected Entities 
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The following image plots provide insight into the behavior of the CFRP 

sandwich panel when subjected to gravity floor loading. Some of the plots have been 

scaled to accentuate the stress/strain imaging (for example) and do not necessarily 

represent maximum ranges. 
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Figure 5.3 Gravity Design FR-6710-Factor of Safety 

 

Figure 5.4 Gravity Design FR-6710 Equivalent Strain 
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Figure 5.5 Gravity Design FR-6710 Displacement-Y-Dir. (SI) 

 

Figure 5.6 Gravity Design FR-6710 Displacement-Y-Dir. (USCS) 
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Figure 5.7 Gravity Design FR-6710 Stress Z-Dir. (SI) 

 

Figure 5.8 Gravity Design FR-6710 Stress Z-Dir. (USCS) 
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Figure 5.9 Gravity Design FR-6710 Stress Z-Dir. Beneath (SI) 

 

Figure 5.10 Gravity Design FR-6710 Stress Z-Dir. Beneath (USCS) 
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Figure 5.11 Gravity Design FR-6710 Stress Y-Dir. (SI) 

 

Figure 5.12 Gravity Design FR-6710 Stress Y-Dir. (USCS) 
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Figure 5.13 Gravity Design FR-6710 Strain Z-Dir. 

 

Figure 5.14 Gravity Design FR-6710 Strain Y-Dir. 
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Figure 5.15 Gravity Design FR-6710 I.L. Shear XZ-Plane (SI) 

 

Figure 5.16 Gravity Design FR-6710 I.L. Shear XZ-Plane (USCS) 
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5.2.2 Gravity Design of Panel FR-6720 

Table 5.6 below lists the physical properties of the components used in the model. 

As with Panel FR-6710, the components used in this model consist of CFRP laminate 

skins, a rigid PU foam core, and structural steel support beams. The CFRP laminates 

consist of two plies of 0/90° fabric, each of which is 0.5 mm (0.02 in) thick. Together 

they form one 1 mm (0.04 in) thick laminate skin, which is bonded to each face of the 

rigid PU foam core.  

The meshing for panel FR-6720 is identical to the mesh used for panel FR-6710. 

Refer to Figure 5.2 Gravity Design Model Mesh for a graphical representation of the 

meshed model and Table 5.1 FE Mesh  for information concerning the mesh. Reference 

Table 3.1 for the overall panel dimensions used in the gravity design study. 
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Table 5.6 Panel FR-6720 Volumetric Properties 

Mass-CFRP Panel Value: 17.9 kg (78.9 lb) 

Solid Bodies 

Name Treated As Properties (SI) Properties (USCS) 

Foam Core Solid Body 

Thickness: 101.6 mm 

Mass: 29.83 kg 

Volume: 93209.6 cm
3
 

Density: 320 kg/m
3
 

Thickness: 4.0 in 

Mass: 65.8 lb 

Volume: 5688 in
3
 

Density: 20 lb/ft
3
 

W Beam 

Support 
Solid Body 

Mass: 11.89 kg 

Volume: 1510.7 cm
3
 

Density: 7870 kg/m
3
 

Mass: 26.2 lb 

Volume: 92.2 in
3
 

Density: 491 lb/ft
3
 

Composite Bodies 

Name Laminate Properties 

CFRP 

 

Total number of Plies: 2 

Symmetric: Yes 

 

Properties (SI) 

Ply 
Thickness

(mm) 

Area 

(cm
2
) 

Volume 

(cm
3
) 

Density 

(kg/m
3
) 

Mass 

(kg) 

1 0.508 9174.2 466 1600 0.746 

2 0.508 9174.2 466 1600 0.746 

 

 

Properties (USCS) 

Ply 
Thickness

(in) 

Area 

(in
2
) 

Volume 

(in
 3

) 

Density 

(lb/ft
3
) 

Mass 

(lb) 

1 0.02 1422 28.4 100 1.65 

2 0.02 1422 28.4 100 1.65 
 

 

 

Relevant sensor data for each of the model components is provided in Table 5.7, 

Table 5.8, and Table 5.9 below. 
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Table 5.7 Panel FR-6720 Sensor Data - CFRP Laminates 

Sensor name Sensor Details 

Max Y-Displacement 

Value: 9.4 mm (0.37 in) 

Component: UY: Y Displacement 

Criterion: Min over Selected Entities 

Stress-CFRP Top 

Z Normal Max 

Value: 9.2 kg/cm
2
 (130.8 psi) 

Component: SZ: Z Normal Stress 

Criterion: Max over Selected Entities 

Stress-CFRP Top 

Z Normal Min 

Value: -533.4 kg/cm
2
 (-7587 psi) 

Component: SZ: Z Normal Stress 

Criterion: Min over Selected Entities 

Stress-CFRP Bottom 

Z Normal Max 

Value: 199.9 kg/cm
2
 (2843 psi) 

Component: SZ: Z Normal Stress 

Criterion: Max over Selected Entities 

Stress-CFRP Bottom 

Z Normal Min 

Value: -391.0 kg/cm
2
 (-5562 psi) 

Component: SZ: Z Normal Stress 

Criterion: Min over Selected Entities 

Stress-CFRP Top 

XZ-Plane Z-Dir Max 

Value: 0.20 kg/cm
2
 (2.83psi) 

Component: TYZ-Shear in Z-Dir. on XZ-Plane 

Criterion :Max over Selected Entities 

Stress-CFRP Bottom 

XZ-Plane Z-Dir Max 

Value: 5.37 kg/cm
2
 (76.4 psi) 

Component: TYZ-Shear in Z-Dir. on XZ-Plane 

Criterion: Max over Selected Entities 

 

Table 5.8 Panel FR-6720 Sensor Data - W Beams 

Sensor name Sensor Details 

Max Stress W Beams 

Value: 2605.0 kg/cm
2
 (37,052) psi) 

Component: VON: von Mises Stress 

Criterion: Max over Selected Entities 
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Table 5.9 Panel FR-6720 Sensor Data - Rigid PU Foam 

Sensor name Sensor Details 

Stress-PU Foam-Average 

Value: 3.8 kg/cm
2
 (54.5 psi) 

Component: VON: von Mises Stress 

Criterion: Average of Selected Entities 

Stress-PU Foam-P1 Max 

Value: 480.7 kg/cm
2
 (6837 psi) 

Component: P1-1st Principal Stress 

Criterion: Max over Selected Entities 

Stress-PU Foam-P1 Min 

Value: -11.7 kg/cm
2
 (-166.1 psi) 

Component: P1-1st Principal Stress 

Criterion: Min over Selected Entities 

Stress-PU Foam-P2 Max 

Value: 95.7 kg/cm
2
 (1361 psi) 

Component: P2-2nd Principal Stress 

Criterion: Max over Selected Entities 

Stress-PU Foam-P2 Min 

Value: -56.7 kg/cm
2
 (-806.0 psi) 

Component: P2-2nd Principal Stress 

Criterion: Min over Selected Entities 

Stress-PU Foam-P3 Max 

Value: 45.1 kg/cm
2
 (641.8 psi) 

Component: P3-3rd Principal Stress 

Criterion: Max over Selected Entities 

Stress-PU Foam-P3 Min 

Value: -89.4 kg/cm
2
 (-1272 psi) 

Component: P3-3rd Principal Stress 

Criterion: Min over Selected Entities 

Strain-PU Foam-Average 

Value: 0.0005 

Component: ESTRN-Equivalent Strain 

Criterion: Average of Selected Entities 

 

 

The following image plots provide insight into the behavior of this CFRP 

sandwich panel when subjected to gravity floor loading. Some of the plots have been 

scaled to accentuate the stress/strain imaging (for example) and do not necessarily 

represent maximum ranges. 
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Figure 5.17 Gravity Design FR-6720-Factor of Safety 

 

Figure 5.18 Gravity Design FR-6720 Equivalent Strain 
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Figure 5.19 Gravity Design FR-6720 Displacement-Y-Dir. (SI) 

 

Figure 5.20 Gravity Design FR-6720 Displacement-Y-Dir. (USCS) 
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Figure 5.21 Gravity Design FR-6720 Stress Z-Dir. (SI) 

 

Figure 5.22 Gravity Design FR-6720 Stress Z-Dir. (USCS) 
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Figure 5.23 Gravity Design FR-6720 Stress Z-Dir. Beneath (SI) 

 

Figure 5.24 Gravity Design FR-6720 Stress Z-Dir. Beneath (USCS) 
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Figure 5.25 Gravity Design FR-6720 Stress Y-Dir. (SI) 

 

Figure 5.26 Gravity Design FR-6720 Stress Y-Dir. (USCS) 



126 

 

 

 

Figure 5.27 Gravity Design FR-6720 Strain Z-Dir. 

 

Figure 5.28 Gravity Design FR-6720 Strain Y-Dir. 
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Figure 5.29 Gravity Design FR-6720 I.L. Shear XZ-Plane (SI) 

 

Figure 5.30 Gravity Design FR-6720 I.L. Shear XZ-Plane (USCS) 
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5.2.3 Free Vibration of CFRP Sandwich Panels 

Following the gravity design optimization of Panel FR-6710 and the comparative 

study with Panel FR-6720, the free vibration of each CFRP sandwich panel was 

analyzed. As previously mentioned, it is important to understand the free vibration 

response for floor decks in an attempt to prevent unwanted vibrations that might be 

perceptible to humans. This range was indicated in the literature to be 4-8 Hz (Awad et 

al. 2012). The results of the study are summarized in Table 5.10 below, followed by 

graphical images for each mode shape. 

 

Table 5.10 Free Vibration Response of CFRP Sandwich Panels 

Mode Shape 
Frequency (Hz) 

FR-6710 FR-6720 

1 28.01 23.7 

2 62.75 51.5 

3 71.54 62.7 
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Figure 5.31 Free Vibration FR-6710 - Displacement - Mode Shape 1 

 

Figure 5.32 Free Vibration FR-6710-Displacement-Mode Shape 2 
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Figure 5.33 Free Vibration FR-6710 - Displacement - Mode Shape 3 

 

Figure 5.34 Free Vibration FR-6720 - Displacement - Mode Shape 1 



131 

 

 

 

Figure 5.35 Free Vibration FR-6720 - Displacement - Mode Shape 2 

 

Figure 5.36 Free Vibration FR-6720 - Displacement - Mode Shape 3 
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5.3 CFRP Sandwich Panel Lateral Design Check 

This section evaluates the gravity design in terms of lateral load by taking into 

account the combined loading effects due to dead, live, and earthquake forces. 

Earthquake forces are largely a function of the building's geometry and geographical 

location. Not only can seismic forces vary greatly in different orthogonal directions for a 

particular building, they can also vary greatly from building to building. Even identical 

building geometries can have large variations in seismic forces, simply because of 

geographical location. 

A case study is presented in Chapter 6 for a general 5-story office building 

assumed to be located in Eureka, CA, which is a very active seismic region that has 

experienced several large earthquakes. The intent of utilizing CFRP sandwich panels as a 

floor system is to reduce seismic loads on typical office buildings. Seismic forces are 

directly proportional to the mass of a building, so reducing its mass will reduce the code 

prescribed seismic forces. To evaluate the effectiveness of this new floor system, the 

CFRP sandwich panels should be subjected to the forces that would be generated in these 

higher seismic regions. It should be obvious that seismic forces in geographical areas of 

low seismic risk will be very low using this system in comparison to traditional concrete-

on-steel-deck systems. It is likely that wind forces could control the lateral design of the 

building, particularly in hurricane prone regions. Therefore, the intent is to evaluate the 

effectiveness of the CFRP sandwich panel floor system when subjected to high seismic 

forces. 



133 

 

 

The fictitious building of the case study has plan dimensions with an aspect ratio 

of 3:1. The building utilizes a Moment-Resisting Frame System with steel special 

moment frames, as defined in Table 12-2.1 of ASCE 7-10 (American Society of Civil 

Engineers., 2010). Using the dead load of a CFRP sandwich panel floor system, the 

largest seismic force generated at any level was found to be around 23.4 kN/m (1600 

lb/ft). The precision of this number is not too important in that this building typifies a 

general office building in a high-seismic region of the United States. The forces are 

representative of diaphragm loads that can be expected in this region of the country for a 

basic office building having regular plan dimensions. The maximum diaphragm force 

occurred at level 5 and was the force applied to the CFRP sandwich panel for the lateral 

design check. The allowable stress load combination used was Equation 16-14 of the 

2012 IBC, which reads as follows: 

 

D + 0.75(0.7E) + 0.75L (5.1) 

 

Where, 

 

D = Dead Load 

L = Live Load 

E = Earthquake Load 

 

 

Table 5.11 below summarizes the load combination design loads used for the 

lateral design check of Panel FR-6710 and Panel FR-6720.  
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Table 5.11 Design Loads for Lateral Design Check (Unfactored) 

Load Type  Applied Load (SI) Applied Load (USCS) 

Dead (vertical) 67 N/m
2
 15 psf 

Live (vertical) 334 N/m
2
 75 psf 

Total (vertical) 400 N/m
2
 90 psf 

Earthquake (horizontal) 23.36 kN/m 1600 lb/ft 

 

 

Figure 5.37 below is a graphical representation of the design model for the lateral 

design checks. It shows the vertical loading, gravity loading, and lateral loading on the 

CFRP sandwich panel, which has an aspect ratio of 3:1. It also shows the fixity at the end 

faces of the W beam web members. 
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Figure 5.37 Lateral Design Check Model 

 

A summary of the element meshing information for the FE simulation model is 

provided below in along with an image of the meshing in Figure 5.2. 
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Table 5.12 FE Mesh - Lateral Design Check - Panels FR-6710/FR-6720 

Mesh type Mixed Mesh 

Mesher Used Curvature based mesh 

Jacobian points 4 Points 

Jacobian check for shell On 

Maximum element size 101.6 mm (4 in) 

Minimum element size 20.4 mm (0.8 in) 

Mesh Quality High 

Total Nodes 72,980 

Total Elements 40,001 

 

 

Figure 5.38 Lateral Design Check Model Mesh - Panels FR-6710/FR-6720 
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5.3.1 Lateral Design Check of Panel FR-6710 

A summary of general sensor data for the lateral design check model is provided 

in Table 5.13 below. 

Table 5.13 Panel FR-6710 Sensor Data - Lateral Design Check 

Sensor name Sensor Details 

 

FOS PU Foam 1.7 

FOS CFRP Laminates 

(Worst Case) 
5.8 

 

Max Y-Displacement 

Value : 13.7 mm (0.538 in) 

Component :UY: Y Displacement 

Criterion :Min over Selected Entities 

Max X-Displacement 

Value : 1.91 mm (0.075 in) 

Component :UY: Y Displacement 

Criterion :Min over Selected Entities 

Max Y-Displacement 

Deflection Ratio L/223 

Max X-Displacement  

Deflection Ratio 
L/1597 

 

Stress-CFRP Top 

XZ-Plane Z-Dir Max 

Value : 0.13 kg/cm
2
 (1.79 psi) 

Component : TYZ-Shear in Z-Dir. on XZ-Plane 

Criterion :Max over Selected Entities 

Stress-CFRP Bottom 

XZ-Plane Z-Dir Max 

Value : 4.21 kg/cm
2
 (59.9 psi) 

Component : TYZ-Shear in Z-Dir. on XZ-Plane 

Criterion :Min over Selected Entities 

 

 

The following image plots provide insight into the behavior of CFRP sandwich 

panel FR-6710 when subjected to gravity floor loading and lateral seismic loading. Some 
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of the plots have been scaled to accentuate the imaging and do not necessarily represent 

maximum ranges indicated in the legend. 

 

 

Figure 5.39 Lateral Design Check FR-6710-Factor of Safety- 
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Figure 5.40 Lateral Design Check FR-6710 Equivalent Strain 

 

Figure 5.41 Lateral Design Check FR-6710 Equivalent Strain Beneath 
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Figure 5.42 Lateral Design Check FR-6710 - Displacement - Y-Dir. (SI) 

 

Figure 5.43 Lateral Design Check FR-6710 - Displacement - Y-Dir. (USCS) 
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Figure 5.44 Lateral Design Check FR-6710 - Displacement - X-Dir. (SI) 

 

Figure 5.45 Lateral Design Check FR-6710 - Displacement - X-Dir. (USCS) 
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Figure 5.46 Lateral Design Check FR-6710 - Stress Z - Dir. (SI) 

 

Figure 5.47 Lateral Design Check FR-6710 - Stress Z - Dir. Beneath (SI) 
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Figure 5.48Lateral Design Check FR-6710 - Stress Z - Dir. (USCS) 

 

Figure 5.49Lateral Design Check FR-6710 - Stress Z - Dir. Beneath (USCS) 
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Figure 5.50 Lateral Design Check FR-6710 I.L. Shear Z - Dir. Beneath (SI) 

 

Figure 5.51 Lateral Design Check FR-6710 I.L. Shear Z - Dir. Beneath (USCS) 

 



145 

 

 

5.3.2 Lateral Design Check of Panel FR-6720 

A summary of general sensor data for the lateral design check model is provided 

in Table 5.14 below. 

Table 5.14 Panel FR-6720 Sensor Data - Lateral Design Check 

Sensor name Sensor Details 

 

FOS PU Foam 3.1 

FOS CFRP Laminates 

(Worst Case) 
7.1 

 

Max Y-Displacement 

Value : 11.4 mm (0.450 in) 

Component :UY: Y Displacement 

Criterion :Min over Selected Entities 

Max X-Displacement 

Value : 1.40 mm (0.055 in) 

Component :UY: Y Displacement 

Criterion :Min over Selected Entities 

Max Y-Displacement 

Deflection Ratio L/267 

Max X-Displacement  

Deflection Ratio 
L/2177 

 

Stress-CFRP Top 

XZ-Plane Z-Dir Max 

Value : 0.10 kg/cm
2
 (1.48 psi) 

Component : TYZ-Shear in Z-Dir. on XZ-Plane 

Criterion :Max over Selected Entities 

Stress-CFRP Bottom 

XZ-Plane Z-Dir Max 

Value : 2.40 kg/cm
2
 (34.1 psi) 

Component : TYZ-Shear in Z-Dir. on XZ-Plane 

Criterion :Min over Selected Entities 

 

 

The following image plots provide insight into the behavior of CFRP sandwich 

panel FR-6720 when subjected to gravity floor loading and lateral seismic loading. Some 
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of the plots have been scaled to accentuate the imaging and do not necessarily represent 

maximum ranges indicated in the legend. 

 

 

Figure 5.52 Lateral Design Check FR-6720 - Factor of Safety 
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Figure 5.53 Lateral Design Check FR-6720 Equivalent Strain 

 

Figure 5.54 Lateral Design Check FR-6720 Equivalent Strain Beneath 
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Figure 5.55 Lateral Design Check FR-6720 - Displacement - Y-Dir. (SI) 

 

Figure 5.56 Lateral Design Check FR-6720 - Displacement - Y-Dir. (USCS) 
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Figure 5.57 Lateral Design Check FR-6720 - Displacement - X-Dir. (SI) 

 

Figure 5.58 Lateral Design Check FR-6720 - Displacement - X-Dir. (USCS) 
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Figure 5.59 Lateral Design Check FR-6720 - Stress Z-Dir. (SI) 

 

Figure 5.60 Lateral Design Check FR-6720 - Stress Z-Dir. Beneath (SI) 
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Figure 5.61 Lateral Design Check FR-6720 - Stress Z-Dir. (USCS) 

 

Figure 5.62 Lateral Design Check FR-6720 - Stress Z-Dir. Beneath (USCS) 
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Figure 5.63 Lateral Design Check FR-6720 - I.L. Shear - Z-Dir. Beneath (SI) 

 

Figure 5.64 Lateral Design Check FR-6720 - I.L. Shear - Z-Dir. Beneath (USCS) 
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5.3.3 Final Design of Panel FR-6710-6 

In evaluating the performance of the 101.6 mm (4 in) thick CFRP sandwich 

panels under combined gravity and earthquake loading, the vertical deflection was an 

area that needed to be addressed further. Although Panel FR-6720 met floor deflection 

requirements (using higher than typical floor live loads), it is impractical to double the 

PU foam density, particularly when increasing the panel thickness of the 160 kg/m
2
 (10 

lb/ft
3
) density PU foam is an option. Taking advantage of the principals of sandwich 

panel technology is preferred if available to do so. By increasing the panel thickness, 

significant increases in out-of-plane panel stiffness can be achieved. The thickness of 

Panel FR-6710 could be increased to up to 203.2 mm (8 in) thick without weighing more 

than Panel FR-6720, which was 101.6 mm (4 in) thick.  

Under the application of significantly large seismic forces, in combination with 

gravity loads, Panel FR-6710 failed to meet deflection requirements (barely). 

Consequently, it was decided to use Panel FR-6710 and increase its thickness to 152.4 

mm (6 in). Ultimately, the panel's final design should be fairly stiff, as floor decks should 

not deflect easily or noticeably due to human perception. 

The following section provides a brief overview of the design results for Panel 

FR-6710-6, which represents a 152.4 mm (6 in) thick CFRP sandwich panel using a 160 

kg/m
2
 (10 lb/ft

3
) density rigid PU foam core. 

A summary of the element meshing information for the FE simulation model is 

provided below in Table 5.15, along with an image of the meshing in Figure 5.65. 
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Table 5.15 FE Mesh - Panel FR-6710-6 

Mesh type Mixed Mesh 

Mesher Used Curvature based mesh 

Jacobian points 4 Points 

Jacobian check for shell On 

Maximum element size 101.6 mm (4 in) 

Minimum element size 20.4 mm (0.8 in) 

Mesh Quality High 

Total Nodes 81,671 

Total Elements 46,319 

 

 

Figure 5.65 Model Mesh - Panel FR-6710-6 
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A summary of basic sensor data for the final design of CFRP sandwich panel FR-

6710-6 is provided in Table 5.16 below. 

Table 5.16 Panel FR-6710-6 Basic Sensor Data - Final Design  

Sensor name Sensor Details 

 

Mass-CFRP Panel 

Per 304.8 mm (12 in) width Value : 28.4 kg (62.5 lb) 

 

FOS PU Foam 2.3 

FOS CFRP Laminates 

(Worst Case) 
6.5 

 

Max Y-Displacement 

Value : 7.08 mm (0.279 in) 

Component :UY: Y Displacement 

Criterion :Min over Selected Entities 

Max X-Displacement 

Value : 1.85 mm (0.073 in) 

Component :UY: Y Displacement 

Criterion :Min over Selected Entities 

Max Y-Displacement 

Deflection Ratio L/431 

Max X-Displacement  

Deflection Ratio 
L/1648 

 

 

The following images show the results for the final design of CFRP sandwich 

panel FR-6710-6 subjected to gravity floor loading and lateral seismic loading. The 

scaling used for the legends is adjusted to accentuate the imaging and do not necessarily 

represent maximum ranges. 
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Figure 5.66 Final Design Panel FR-6710-6 Factor of Safety 

 

Figure 5.67 Final Design Panel FR-6710-6 Factor of Safety Beneath 
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Figure 5.68 Final Design Panel FR-6710-6 Equivalent Strain 

 

Figure 5.69 Final Design Panel FR-6710-6 Equivalent Strain Beneath 
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5.3.4 Concentrated Load Design Check of Panel 6710-6 

The 2012 IBC requirements for office building floor live loads also include the 

application of a concentrated force spread over a square area that can be located 

anywhere along the member so as to create the maximum (worst) loading effect.  

Per code requirements, Panel FR-6710-6 was subjected to a concentrated floor 

load of 907.2 kg (2000 lb) spread over an area of 0.762x0.762 m (2.5x2.5 ft) square. First 

the loaded area was placed near the end of the panel span, where its edge was positioned 

at a location corresponding to the edge of the W beam flange. Second, the load was 

placed at the midspan of the panel. The model was analyzed for both conditions and the 

results are provided below. The first section contains image plots for when the 

concentrated load is near the end of the panel span. The second section contains image 

plots for when the concentrated load is at the midspan of the panel span. 
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Figure 5.70 Panel FR-6710-6 Model - Concentrated Load at End 

 

Figure 5.71 Panel FR-6710-6 Model - Concentrated Load at Midspan 
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Table 5.17 FE Mesh - Panel FR-6710-6 - Concentrated Load 

Mesh type Mixed Mesh 

Mesher Used Curvature based mesh 

Jacobian points 4 Points 

Jacobian check for shell On 

Maximum element size 101.6 mm (4 in) 

Minimum element size 20.4 mm (0.8 in) 

Mesh Quality High 

Total Nodes 29,168 

Total Elements 16,429 

 

 

Figure 5.72 Panel FR-6710-6 Model Mesh - Concentrated Load 
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5.3.4.1 Concentrated Load at End 

The following image displays the results of the first design condition, where the 

concentrated load acts near the end of the CFRP sandwich panel. The factor of safety for 

the rigid PU foam is 6.1, while the factor of safety for the CFRP laminates is 26.4. 

 

 

Figure 5.73 Panel FR-6710-6 FOS - Load at End 

 

5.3.4.2 Concentrated Load at Midspan 

The following images display the results of the second design condition, where 

the concentrated load acts at the midspan of the CFRP sandwich panel. The factor of 

safety for the rigid PU foam is 5.8, while the factor of safety for the CFRP laminates is 

14.2. The maximum vertical deflection is 8 mm (0.31 in), which meets deflection criteria. 
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Figure 5.74 Panel FR-6710-6 FOS - Load at Midspan 

 

Figure 5.75 Panel FR-6710-6 Displ. - Y-Dir. - Load at Midspan (SI) 
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Figure 5.76 Panel FR-6710-6 Displ. - Y-Dir. - Load at Midspan (USCS) 

5.3.5 Free Vibration of Panel 6710-6 

The free vibration response was evaluated for Panel 6710-6 and was found to 

have a fundamental natural frequency of 30.3 Hz, which is outside the range of 4-8 Hz 

recommended in the literature. Figure 5.77 below is a graphical representation of the first 

fundamental mode shape. 
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Figure 5.77 Free Vibration Response of Panel FR-6710-6 - Mode Shape 1 
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CHAPTER 6 

CASE STUDY OF A 5-STORY OFFICE BUILDING 

6.1 General Overview 

The following case study is presented to evaluate the significance of floor dead 

load reduction in a multi-story office building, and how a building's mass plays a primary 

role in seismic force generation. 

A fictitious 5-story structural steel moment frame office building was invented for 

this study and was assumed to be located in Eureka, CA. Eureka, CA was selected 

because it is a very active seismic region that has experienced several large earthquakes. 

The International Building Code generated seismic forces in this region of the United 

States are as large as for any location in the continental U.S. The primary intent of 

utilizing lightweight CFRP sandwich panels as a floor system is to reduce seismic loads 

on typical office buildings. Reducing a building's mass will reduce the code prescribed 

seismic forces. The intent of this case study was to show how much the seismic forces 

can be reduced for one particular building in a high seismic risk region by using a 

lightweight CFRP sandwich panel floor system. 

This case study evaluated the different seismic forces generated on a 5-story 

office building, both from a traditional floor system comprised of concrete over steel 

deck, and from a CFRP sandwich panel floor system. Floor and roof dead loads were 

determined for each floor system and then used to calculate the building's corresponding 

seismic base shear. The base shear was then distributed to each floor level and roof. The 
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seismic forces generated from the traditional floor system were applied to a structural 

steel moment frame and the frame was designed to withstand those forces. Then, the 

seismic forces generated from the CFRP sandwich panel floor system were applied to the 

same moment frame design, and a comparison of the change in the moment frame's 

stresses and lateral displacement is made. 

6.1.1 Design Methodology  

The seismic loads were distributed to each floor of the building based on ASCE 7-

10. As mentioned previously, the seismic force generation procedure did not include 

Seismic Load Effects and Combinations per Section 12.4 of ASCE 7-10. The effects 

from accidental building torsion were also ignored, as any increase in force from 

accidental torsion would be proportional to the system and would not change the 

objective of the case study. Due to building symmetry, each moment frame incurred the 

same lateral seismic force at each respective level. In addition, vertical gravity loads were 

not calculated nor applied to the moment frame. Loading was restricted to seismic forces 

only. 

The moment frame was designed utilizing Allowable Stress Design (ASD) for 

structural steel per the 14th edition of the Steel Construction Manual, which is published 

by the American Institute of Steel Construction (AISC). 

The moment frame was modeled and analyzed using Risa3D computer software, 

which is a commonly used commercial structural design software. The results of the 

moment frame design are presented at the end of this chapter, along with a comparison of 
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the response of the frame from the two loading conditions representing the different floor 

systems. 

6.2 Office Building Geometry and Layout 

The fictitious office building has a rectangular plan geometry of 27.4x82.3 m 

(90x270 ft) and story heights of 4.6 m (15 ft). The plan geometry selected correlates to a 

diaphragm aspect ratio of 3:1, which allowed for the generation of proportional forces for 

use in the lateral design check conducted on the CFRP sandwich panels of Chapter 5. 

Typical column grid spacing's of 9.1 m (30 ft) were selected to create three bays of floor 

framing along the depth of the building and nine bays of floor framing along the length of 

the building. It was assumed that the building utilizes a Moment-Resisting Frame System 

with Steel Special Moment Frames, as defined in Table 12-2.1 of ASCE 7-10 (American 

Society of Civil Engineers., 2010). It was also assumed that the moment frames were 3-

bay frames located along each end of the short dimension of the building. Refer to Figure 

6.1 below for a partial floor framing plan depicting one end of the building, which shows 

the location of the moment frame. Figure 6.2 shows an elevation view of the structural 

steel moment frame. 
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Figure 6.1 Fictitious Building Partial Floor Framing Plan - All Levels 
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Figure 6.2 Moment Frame Elevation 
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Table 6.1 Summary of Building Geometry 

Building Information 

Description 
Units 

(SI) (USCS) 

Building Length 82.3 m 270 ft 

Building Depth 27.4 m 90 ft 

Wall Heights 4.6 m 15 ft 

 

6.3 Office Building Design Dead Loads 

Typical design dead loads were determined based on the construction materials 

used to build the floor system. 

The first floor system consisted of a traditional concrete-on-steel-deck floor 

typically used in the construction of multi-story structural steel buildings. The steel deck 

selected is known as a composite steel deck and is used in conjunction with W beams and 

headed shear studs to form composite concrete floor systems. The concrete thickness and 

composite steel deck selected meet floor live load requirements for floors with W beams 

spaced at 3.05 m (10 ft) on center. 

The second floor system consisted of a lightweight CFRP sandwich panel floor, 

the subject of this research. The dead loads for each of the floor system components were 

tabulated and are provided below. A minimum code prescribed dead load for interior 

partitions was included, as required by ASCE 7-10. 
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Table 6.2 Design Dead Loads - Concrete/Steel Deck Floor 

Floor Component (N/m
2
) (lb/ft

2
) 

   

Floor Covering (Ceramic Tile) 53.4 12.0 

3" Conc. on 3"x20 Ga. Stl. Deck 252.2 56.7 

Leveling Concrete 22.2 5.0 

W Beams 22.2 5.0 

MP&E 6.7 1.5 

Susp. Acoustic Ceiling 8.0 1.8 

Sprinklers 6.7 1.5 

Misc. 11.1 2.5 

Partitions 44.5 10.0 

Total Dead Load: 427 96.0 

   

Weight of Walls 66.7 15.0 

Table 6.3 Design Dead Loads - CFRP Sandwich Panel Floor 

Floor Component (N/m
2
) (lb/ft

2
) 

   

Floor Covering (Ceramic Tile) 53.4 12.0 

CFRP Panels (10 pcf - 6 in thick) 22.2 5.0 

W Beams 22.2 5.0 

MP&E 6.7 1.5 

Susp. Acoustic Ceiling 8.0 1.8 

Sprinklers 6.7 1.5 

Misc. 9.8 2.2 

Partitions 44.5 10.0 

Total Dead Load: 173.5 39.0 

   

Weight of Walls 66.7 15.0 
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Table 6.4 Design Dead Loads - Steel Deck Roof 

Floor Component (N/m
2
) (lb/ft

2
) 

   

Built up Roof 11.1 2.5 

Rigid Insulation (1") 6.7 1.5 

Steel Deck (20 ga.) 10.2 2.3 

Steel Joists at 6' oc 11.1 2.5 

Susp. Acoustic Ceiling 8.0 1.8 

MP&E 6.7 1.5 

Sprinklers 6.7 1.5 

Misc. 10.7 2.4 

Total Dead Load: 71.2 16.0 

   

Weight of Walls 66.7 15.0 

 

Table 6.5 Design Dead Loads - CFRP Sandwich Panel Roof 

Floor Component (N/m
2
) (lb/ft

2
) 

   

Built Up Roof 11.1 2.5 

CFRP Panels (10 pcf - 4 in thick) 14.8 3.3 

W Beams 13.3 3.0 

MP&E 6.7 1.5 

Susp. Acoustic Ceiling 8.0 1.8 

Sprinklers 6.7 1.5 

Misc. 10.7 2.4 

Total Dead Load: 71.2 16.0 

   

Weight of Walls 66.7 15.0 
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Figure 6.3 Gravity Design Dead Loads (SI) 

 

 

Figure 6.4 Gravity Design Dead Loads (USCS) 

0

50

100

150

200

250

300

350

400

450

Floor (N/m^2) Roof (N/m^2)

Concrete/Steel Deck

CFRP Panel

0

10

20

30

40

50

60

70

80

90

100

Floor (psf) Roof (psf)

Concrete/Steel Deck

CFRP Panel



174 

 

 

6.4 Office Building Seismic Base Shear 

The following tables summarize the calculations performed to generate and 

distribute the seismic base shear for each of the floor systems. The loads are applied to 

the building perpendicular to the long direction. As mentioned previously, the seismic 

forces were calculated according to ASCE 7-10, neglecting the effects of torsion. Seismic 

load effects and combinations per section 12.4 were also neglected. 

The equation for seismic base shear is as follows: 

 

V = CsW (6.1) 

 

Where, 

 

W = the effective seismic weight 

 

and 

 

Cs = seismic response coefficient 

Cs = SDS/(R/Ie) (6.2) 

Cs =0.26 

 

Where, 

 

SDS = five-percent damped design spectral response acceleration at short periods 

SDS = 2.084g 

 

R = response modification coefficient 

R = 8 

 

Ie = seismic importance factor 

Ie =1 

 

Below shows a summary map report for the seismic ground motion parameters for 

Eureka, CA. The map and values shown can be obtained  through the United States 

Geological Survey's (USGS) website using a Java-based Ground Motion Parameter 
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Calculator. This is a wonderful service provide by the USGS as part of their Earthquake 

Hazards Program. 

 

 

Figure 6.5 USGS Seismic Ground Motion Parameter Map - Eureka, CA 

 

 In calculating the seismic base shear for the building, a 0.3048 m (1 ft) wide strip 

of building was used across the depth of the building for the floor load, and vertically 

from mid-height of floor-to-floor for the wall load. The total load was calculated by 
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multiplying the floor weight by the length of the building and adding it to weight of the 

exterior walls multiplied by the perimeter length of the building. 

Table 6.6 Seismic Base Shear - Concrete/Steel Deck (SI) 

Level 
Floor Weight Wall Weight Total Weight (W) Base Shear (V) 

(kN/m) (kN/m) (kN) (kN) 

     

R 21.0 1.64 2090 543 

5 126.1 3.28 11,097 2885 

4 126.1 3.28 11,097 2885 

3 126.1 3.28 11,097 2885 

2 126.1 3.28 11,097 2885 

Totals 46,479 12,085 

 

Table 6.7 Seismic Base Shear - Concrete/Steel Deck (USCS) 

Level 
Floor Weight Wall Weight Total Weight (W) Base Shear (V) 

(lb/ft) (lb/ft) (kips) (kips) 

     

R 1440 112.5 470 122 

5 8640 225 2495 649 

4 8640 225 2495 649 

3 8640 225 2495 649 

2 8640 225 2495 649 

Totals 10,449 2,717 
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Table 6.8 Seismic Base Shear - CFRP Floor Panels (SI) 

Level 
Floor Weight Wall Weight Total Weight (W) Base Shear (V) 

(kN/m) (kN/m) (kN) (kN) 

     

R 21 1.64 2090 543 

5 51.2 3.28 4936 1283 

4 51.2 3.28 4936 1283 

3 51.2 3.28 4936 1283 

2 51.2 3.28 4936 1283 

Totals 21,834 5,677 

 

Table 6.9 Seismic Base Shear - CFRP Floor Panels (USCS) 

Level 
Floor Weight Wall Weight Total Weight (W) Base Shear (V) 

(lb/ft) (lb/ft) (kips) (kips) 

     

R 1440 112.5 470 122 

5 3510 225 1110 289 

4 3510 225 1110 289 

3 3510 225 1110 289 

2 3510 225 1110 289 

Totals 4,909 1,276 
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Figure 6.6Seismic Base Shear (SI) 

 

 

Figure 6.7 Seismic Base Shear (USCS) 
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6.4.1 Vertical Distribution of Seismic Forces 

The equation for vertical distribution of seismic forces is provided in Equation 6.3 

below. These are the design forces applied to the moment frame for its design. 

Fx = CvxV (6.3) 

 

Where, 

 

Fx = the lateral seismic force induced at any level 

 

and 

 

     
    

 

∑     
  

   

 (6.4) 

 

Where, 

 

wi and wx = the portion of the total effective seismic weight of the structure (W) located 

or assigned to Level i or x 

 

hi and hx = the height (ft or m) from the base to Level i or x 

 

k = an exponent related to the structure period 

 

 

The exponent k was calculated to be 1, with the building having a calculated 

fundamental period of 0.5 seconds. The period for the building was determined by 

equation 12.8-8 of ASCE 7-10. The equation for the approximate fundamental period 

(Ta) is as follows: 

 

Ta = 0.1N (6.5) 

 

Where, 

 

N = number of stories above the base. 
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Table 6.10 Vertical Base Shear Distribution - Concrete/Steel Deck (SI) 

Level 
wx hx wxhx Cvx Fx 

(kN) (m) (kN-m) - (kN) 

      

R 543 22.9 12421 0.09 1040 

5 2885 18.3 52767 0.37 4418 

4 2885 13.7 39575 0.27 3313 

3 2885 9.1 26383 0.18 2209 

2 2885 4.6 13192 0.09 1104 

      

Σ = 12,085 Σ = 144,337 Σ = 12,085 

 

 

Table 6.11 Vertical Base Shear Distribution - Concrete/Steel Deck (USCS) 

Level 
wx hx wxhx Cvx Fx 

(kips) (ft) (k-ft) - (kips) 

      

R 122 75 9161 0.09 234 

5 649 60 38919 0.37 993 

4 649 45 29189 0.27 745 

3 649 30 19459 0.18 497 

2 649 15 9730 0.09 248 

      

Σ = 2,717 Σ = 106,458 Σ = 2,717 
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Table 6.12 Vertical Base Shear Distribution - CFRP Floor Panel (SI) 

Level 
wx hx wxhx Cvx Fx 

(kN) (m) (kN-m) - (kN) 

      

R 543 22.9 12421 0.17 992 

5 1283 18.3 23471 0.33 1874 

4 1283 13.7 17603 0.25 1406 

3 1283 9.1 11735 0.17 937 

2 1283 4.6 5868 0.08 469 

      

Σ = 5,677 Σ = 71,098 Σ = 5,677 

 

Table 6.13 Vertical Base Shear Distribution - CFRP Floor Panel (USCS) 

Level 
wx hx wxhx Cvx Fx 

(kips) (ft) (k-ft) - (kips) 

      

R 122 75 9161 0.17 223 

5 289 60 17311 0.33 421 

4 289 45 12984 0.25 316 

3 289 30 8656 0.17 211 

2 289 15 4328 0.08 105 

      

Σ = 1,276 Σ = 52,439 Σ = 1,276 
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Figure 6.8 Vertical Distribution of Seismic Forces (SI) 

 

Figure 6.9 Vertical Distribution of Seismic Forces (USCS) 
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6.4.2 Diaphragm Design Forces 

Diaphragm design forces are calculated according to Equation 12.10-1 in ASCE 

7-10. The equation reads as follows: 

 

     
∑   
 
   

∑   
 
   

    (6.6) 

 

Where, 

 

Fpx = The diaphragm design force at Level x 

Fi = The design force applied to Level i 

wi = The weight tributary to Level i 

wpx = The weight tributary to the diaphragm at Level x 

 

 

A summary of the calculated diaphragm forces is provided in the tables below. 

The purpose of calculating the diaphragm forces in this section was to complete the 

lateral force distribution procedure, while obtaining a better understanding of the 

magnitude of diaphragm loads that can be expected for an office building in a high 

seismic region. Once these diaphragm loads were calculated and evaluated, a general 

diaphragm force was selected for use in the lateral design check of the CFRP sandwich 

panel presented in Chapter 5. 
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Table 6.14 Diaphragm Design Forces - Concrete/Steel Deck 

Level 
(SI) 

Fi (kN) wi (kN) wpx (kN) Fpx (kN) 

R 4000 2090 2090 4000 

5 20992 13187 11097 17665 

4 33735 24285 11097 15416 

3 42231 35382 11097 13246 

2 46479 46479 11097 11097 

Level 
(USCS) 

Fi (kip) wi (kip) wpx (kip) Fpx (kip) 

R 234 470 470 234 

5 1227 2965 2495 1033 

4 1972 5459 2495 901 

3 2468 7954 2495 774 

2 2717 10449 2495 649 

Table 6.15 Diaphragm Design Forces - CFRP Floor Panel 

Level 
(SI) 

Fi (kN) wi (kN) wpx (kN) Fpx (kN) 

R 3814 2090 2090 3814 

5 11022 7026 4936 7744 

4 16428 11962 4936 6779 

3 20032 16898 4936 5852 

2 21834 21834 4936 4936 

Level 
(USCS) 

Fi (kip) wi (kip) wpx (kip) Fpx (kip) 

R 223 470 470 223 

5 644 1580 1110 453 

4 960 2689 1110 396 

3 1171 3799 1110 342 

2 1276 4909 1110 289 
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Figure 6.10 Diaphragm Design Forces (SI) 

 

Figure 6.11 Diaphragm Design Forces (USCS) 
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6.5 Office Building Moment Frame Design 

The following moment frame designs are based on the lateral seismic loads 

generated from the traditional concrete/steel deck floor system and the lightweight CFRP 

sandwich panel floor system. The frames were designed to meet strength and story drift 

criteria per the 2012 IBC. The allowable story drift at each level is 0.020 times the story 

height (hsx), which equates to 91.4 mm (3.6 in) for a 4.57 m (15 ft) high story. This limit 

is substantially greater than the drift obtained from the design of the moment frames. 

Subsequently, story drift forces were not determined, as they do not control the design of 

the frame. In designing the moment frames, it was assumed that both the top and bottom 

flange of the moment frame girders were laterally braced at 3.05 m (10 ft) on center 

along the full length of the girders. 

Following the design of the moment frames, the resulting W-shape sizes were 

compared, along with interstory drift, story stiffness, and frame bending moment 

reactions. 
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Figure 6.12 Moment Frame Design - Concrete/Steel Deck 
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Figure 6.13 Moment Frame Code Check (Unity) - Concrete/Steel Deck 

 



189 

 

 

 

Figure 6.14 Moment Frame Design - CFRP Floor Panels 
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Figure 6.15 Moment Frame Code Check (Unity) - CFRP Floor Panels 

6.5.1 Moment Frame Material Takeoff 

It is clear from the design data above that substantial savings in the weight of 

structural steel can be realized by utilizing a lightweight CFRP sandwich panel floor 

system in regions of high seismic risk. A material takeoff was performed for the 

structural steel shapes obtained in the design of the moment frames to determine the 

difference in weight of the two floor systems. Table 6.16 and Table 6.17 below 

summarize the total weight of structural steel for the moment frames used to support each 
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type of floor system. At $1/lb for steel, this building would save $224,000 on the weight 

cost of structural steel used for the moment frames. 

 

Table 6.16 Moment Frame Material Takeoff (SI) 

Total Weight of Structural Steel (kN) 
Weight Savings (kN) 

Concrete/Steel Deck CFRP Floor Panels 

1117 618 498 

 

Table 6.17 Moment Frame Material Takeoff (USCS) 

Total Weight of Structural Steel (kips) 
Weight Savings (kips) 

Concrete/Steel Deck CFRP Floor Panels 

251 139 112 

 

6.5.2  Moment Frame Stiffness 

Column stiffness calculations were performed for the moment frames based on 

the derived story shears and calculated interstory drifts. Table 6.18 and Table 6.19 below 

summarize the column stiffness calculations performed for both types of floor systems. 

The calculated column stiffnesses are used in the following section to obtain the 

structure's circular natural frequency and corresponding fundamental period in an effort 

to compare how the period of the structure is effected by the two different types of floor 

systems. 
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Table 6.18 Moment Frame Column Stiffness - Concrete/Steel Deck 

Concrete/Steel Deck 

(SI) 

Level Fx Story Shear Δ Rel. Δ k 

 
(kN) (kN) (cm) (cm) (kN/cm) 

R 547 547 17.70 4.57 120 

5 2318 2866 13.13 3.07 932 

4 1740 4606 10.06 3.76 1225 

3 1161 5767 6.30 3.51 1645 

2 579 6346 2.79 2.79 2271 

(USCS) 

Level Fx Story Shear Δ Rel. Δ k 

 
(kip) (kip) (in) (in) (k/in) 

R 123 123 6.97 1.80 68 

5 521 644 5.17 1.21 532 

4 391 1035 3.96 1.48 699 

3 261 1296 2.48 1.38 939 

2 130 1426 1.10 1.10 1296 
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Table 6.19 Moment Frame Column Stiffness - CFRP Floor Panels 

CFRP Floor Panels 

(SI) 

Level Fx Story Shear Δ Rel. Δ k 

 
(kN) (kN) (cm) (cm) (kN/cm) 

R 521 521 17.70 4.57 114 

5 983 1504 13.13 3.07 489 

4 739 2243 10.06 3.76 597 

3 494 2737 6.30 3.51 781 

2 245 2982 2.79 2.79 1067 

(USCS) 

Level Fx Story Shear Δ Rel. Δ k 

 
(kip) (kip) (in) (in) (k/in) 

R 117 117 6.97 1.80 65 

5 221 338 5.17 1.21 279 

4 166 504 3.96 1.48 341 

3 111 615 2.48 1.38 446 

2 55 670 1.10 1.10 609 

 

Figure 6.16 and Figure 6.17 below show the resulting decrease in story stiffness 

for the moment frame when substituting CFRP sandwich panels for traditional concrete 

on steel deck floors. The stiffness of the moment frames supporting concrete on steel 

deck is slightly more than twice the stiffness of the CFRP sandwich panel floor system, 

which is expected. A decrease in building stiffness may lead to an increase in building 

period, depending on the change in the mass of the system. A basic free vibration 

analysis was performed for the two different moment frame designs to check this 

phenomenon, and is presented in the following section. 
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Figure 6.16 Moment Frame Stiffness Comparison (SI) 

 

 

Figure 6.17 Moment Frame Stiffness Comparison (USCS) 
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6.5.3 Office Building Free Vibration Analysis 

In evaluating the free vibration of a shear building, the circular natural frequency 

can be determined according to the following characteristic equation: 

 

   |[ ]    [ ]|    (6.7) 

 

Where, 

 

k = stiffness (k/in) 

m = mass  (k∙s
2
/in) 

ω = circular natural frequency (rads/s) 

 

The mass and stiffness matrices for the moment frame supporting the concrete on 

steel deck floor are as follows: 
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Evaluating the determinant of the above equation and solving for the roots of the 

circular natural frequency yields the following values of frequency (f) and period (T) for 

the concrete on steel deck floor structure, as provided in Table 6.20 below: 

Table 6.20 Building Period - Concrete/Steel Deck Floor 

Free Vibration Analysis 

Mode ω (rads/s) f (Hz) T (s) 

1 3.93 0.63 1.60 

2 7.9 1.23 0.82 

3 12.1 1.78 0.56 

4 17.5 2.61 0.38 

5 21.7 3.45 0.29 

 

The mass and stiffness matrices for the moment frame supporting the CFRP 

sandwich panel floor are as follows: 

[ ]  
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From Equation (6.7), 
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Again, evaluating the determinant of the above equation and solving for the roots 

of the circular natural frequency yields the following values of frequency (f) and period 

(T) for the CFRP sandwich panel floor structure, as provided in Table 6.21 below: 

 

Table 6.21 Building Period - CFRP Sandwich Panel Floor 

Free Vibration Analysis 

Mode ω (rads/s) f (Hz) T (s) 

1 3.83 0.61 1.64 

2 7.9 1.26 0.80 

3 12.1 1.93 0.52 

4 17.5 2.78 0.36 

5 22.5 3.59 0.28 

 

In evaluating the fundamental building period for the two types of floor systems, 

it was discovered that changing to a lightweight CFRP sandwich panel floor system did 
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not have much of an effect on the period of the building. In reviewing Figure 6.18 below, 

which summarizes the free vibration analysis for the building, there was only a slight 

increase in the fundamental period of the structure. All subsequent periods for the 

remaining modes decreased slightly. Therefore, while a significant reduction in weight 

and structure stiffness occurred when going from traditional concrete on steel deck to a 

CFRP sandwich panel floor system, there was very little change in the fundamental 

period of the structure. 

 

Figure 6.18 Free Vibration Analysis - Structure Period (T) 
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Table 6.22 Moment Frame Reactions - Concrete/Steel Deck 

Column 

Reaction (SI) Reaction (USCS) 

Vert. 

(kN) 

Horiz.  

(kN) 

Moment 

(kN-m) 

Vert. 

(kips) 

Horiz.  

(kips) 

Moment 

(k-ft) 

C1 -2724 -1430 4143 -612 -322 3056 

C2 922 -1771 4599 207 -398 3392 

C3 -210 -1766 4565 -47 -397 3367 

C4 3128 -1376 4063 703 -309 2997 

 

Table 6.23 Moment Frame Reactions - CFRP Floor Panels 

Column 

Reaction (SI) Reaction (USCS) 

Vert. 

(kN) 

Horiz.  

(kN) 

Moment 

(kN-m) 

Vert. 

(kips) 

Horiz.  

(kips) 

Moment 

(k-ft) 

C1 -1361 -671 1913 -306 -150 1411 

C2 490 -831 2137 110 -187 1576 

C3 -109 -831 2126 -24 -186 1568 

C4 1598 -647 1889 359 -147 1393 
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Figure 6.19 Moment Frame Reactions - Bending Moment (SI) 

 

 

 

Figure 6.20 Moment Frame Reactions - Bending Moment (USCS) 
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6.6 Summary of Case Study 

This basic case study of a 5-story office building has shown that substantial 

savings in structure materials can be realized by utilizing a lightweight floor system. The 

reduction in magnitude of seismic forces generated at each level, frames stiffness, and 

subsequent moment frame reactions was nearly proportional to the reduction in the mass 

of the floor system. A significant reduction in mass and stiffness of the structure did not 

lead to a significant change in the fundamental frequency of the structure. In fact, the 

fundamental frequency of the structure barely changed. 
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CHAPTER 7 

CONCLUSIONS & DISCUSSION 

7.1 General 

This research has revealed that lightweight CFRP sandwich panels have the 

design capacity to be utilized as floor systems in structural steel framed buildings. In 

terms of gravity loads, maximum code prescribed uniform and concentrated floor live 

loads were used for the design of the CFRP sandwich panel. In terms of lateral loads, 

code prescribed seismic forces were used based on a region of high seismic risk. Lateral 

loads were applied to the building using the static procedure of Equivalent Lateral Force 

Analysis per Section 12.8 of ASCE 7-10. This procedure is permitted to be used for 

analysis of a wide variety of building structures up to and over 160 feet in height, 

depending on the building's structural irregularities, if any, and the building's period.  

A low density, rigid polyurethane foam of aerospace grade was selected as the 

core material. Following optimization of the thickness of the CFRP sandwich panel, the 

density of the polyurethane foam core was doubled and the effects were noted. CFRP 

sandwich panels of both foam core densities were then subjected to combined gravity and 

lateral loading to check the adequacy of the design. It was found that simply doubling the 

foam density was sufficient to meet all design criteria. However, it was decided to utilize 

the lower density polyurethane foam and increase the thickness of the CFRP sandwich 

panel, which better utilizes sandwich panel technology. 
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7.2 CFRP Sandwich Panel Design 

The final design of the CFRP sandwich panel had a minimum overall factor of 

safety greater than 2, which occurred in the rigid polyurethane foam core at the W beam 

supports near the corners of the panel. The CFRP laminates had a minimum overall factor 

safety greater than 6. This suggests that further modifications can be made to the 

thickness of the CFRP laminates in an attempt to increase the material's design 

efficiency. However, the thickness of the laminates selected for this research were 

already minimal and represents a common thickness used in structural applications. It is 

likely that the thickness of the CFRP laminates could be reduced by half, as the design 

stresses were quite low. However, increasing the stress in the CFRP may lead to 

delamination problems and is an area that should be evaluated further through 

experimental research. Conducting experimental research that includes both gravity and 

lateral loads may be quite challenging. Computer simulation may be the best option for 

this loading condition. At a minimum, it would be extremely beneficial to experimentally 

test the proposed CFRP sandwich panel for out-of-plane uniform and concentrated 

gravity loading requirements, and then conduct separate tests for in-plane lateral loading. 

It is important to understand that the design stresses and corresponding factor of 

safety were calculated for maximum anticipated loading conditions occurring at critical 

regions within the floor system. A 101.6 mm (4 in) thick CFRP sandwich panel utilizing 

160 kg/m
3
 (10 lb/ft

3
) density rigid polyurethane foam had a factor of safety of 3.9 for its 

design stresses. The factor of safety was reduced to 1.7 upon introducing uniform lateral 

loading from seismic forces. The uniform lateral loading represents an in-plane shear 
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force that varies linearly from maximum shear values at the location of the moment 

frames to a zero shear value at the diaphragm's midspan. Therefore, a large majority of 

the floor area would not be subjected to high in-plane shear forces and could be designed 

utilizing a less dense rigid polyurethane foam core. In addition, if the edges of a CFRP 

sandwich panel are wrapped with carbon fiber fabric, the fabric would resist the higher 

stresses that formed in the polyurethane foam at the corners of the panel. The end result 

could be a significant reduction in the density of the rigid polyurethane foam core 

material used in the design of the CFRP sandwich panels. At a minimum, higher density 

foam would only be required in regions of high shear, such as at moment frames and 

collector elements. 

7.2.1 CFRP Sandwich Panel Connections 

In the original concept for the design and connection of lightweight CFRP 

sandwich panels to structural steel support members, it was proposed to use headed shear 

studs as a means of connecting the panels to the W beams. After careful consideration, it 

was decided that the panels could be directly bonded to the top flange of the W beams 

using a polymer resin. There have been several applications involving the use of CFRP 

laminates to retrofit or strengthen structural steel members. All of these applications 

involve properly preparing the structural steel surface and then bonding the laminates 

directly to the surface. The bond strength achieved for this application is exceptionally 

strong, around the order of 13,790 kN (2000 psi). It can be readily determined when 
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evaluating high seismic diaphragm shear forces that the bond strength is significantly 

larger than the applied stress. 

7.2.1.1 Bonded Connection at Structural Steel Supports 

The use of polymer resins to bond CFRP sandwich panels to structural steel 

support members is an easy and efficient method of connection. The only special 

requirements necessary for this type of connection is preparation of the structural steel 

surface. In this research, a 50.8 mm (2 in) minimum bearing surface was provided at the 

W beams to support the CFRP sandwich panels. This bearing surface width is adequate to 

support the prescribed design loads used for this research, while allowing for CFRP 

sandwich panels to be attached to wide-flange beams having a flange width down to101.6 

mm (4 in). 

The use of polymer resins eliminates the need for headed shear studs, which saves 

a significant amount of time and money in structural steel fabrication. Typical concrete 

composite floor systems utilize thousands of headed shear studs in their construction. 

Eliminating this one element of construction for structural steel buildings would be a 

tremendous benefit. 

7.2.1.2 Edge-to-Edge Lengthwise Connection 

In reviewing the data, it is interesting to note that the bottom CFRP laminate can 

act primarily as the diaphragm, with the remaining materials acting as support. In this 

scenario, providing diaphragm continuity across lengthwise panel joints can be achieved 
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from beneath the floor deck. Strips of CFRP fabric can be applied across the joint from 

the underside of a floor from beam to beam. The width of the strip need only be enough 

to meet lap splice requirements for development of CFRP laminates. According to 

Section 13.2 of ACI 440.2 R-08, Guide for the Design and Construction of Externally 

Bonded FRP Systems for Strengthening Concrete Structures, the required lap splice 

depends on the tensile strength and thickness of the FRP material system and on the bond 

strength between adjacent layers of FRP laminates. Additionally, the required overlap for 

an FRP System should be provided by the material manufacture and substantiated 

through testing that is independent of the manufacture. It is anticipated that the lap splice 

length for this particular application would be minimal. 

7.2.1.3 End-to-End Butted Connection 

There does not appear to be a need to provide continuity across the joint created at 

butted end connections, where two panels rest opposite one another on a W beam 

support. If the bottom CFRP laminate primarily acts as the diaphragm and is connected 

together from beneath a floor as described above, there should be no need for requiring 

continuity across this joint. 

Because the CFRP sandwich panel designed in this study was modeled as a single 

span panel, lengthening the panel to form a two or three span continuous panel would 

increase its flexural performance. It is possible that providing continuity across the top 

CFRP laminate could serve to do the same, provided an adequate lap splice length was 

used. In addition, providing continuity across this joint might be needed to control crack 
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formation along the joint. However, introducing an additional layer of carbon fiber fabric 

in the form of a strip might create an undesirable bump in the floor surface unless a 

depression is manufactured into the CFRP sandwich panels to accommodate the strip of 

fabric. This process would likely increase the cost of manufacturing the panels, so there 

should be a genuine need for continuity across the joint, which should be investigated 

through additional research. The effects of applying a thin layer of fire protection 

geopolymer paste over the entire floor surface should also be studied for this particular 

detailing issue. 

7.3 CFRP Sandwich Panels vs. Concrete-on-Steel-Deck 

The results of this study show there is a clear advantage to using CFRP sandwich 

panels over concrete/steel deck for multi-story office building construction. The seismic 

forces generated for the 5-story office building were dramatically reduced by using the 

lightweight floor system. The tangible benefits of a lightweight CFRP sandwich panel 

floor system can be observed in the results of the case study presented. Significant 

reductions in material weight and design forces are realized, as expected. 

In terms of construction, the CFRP sandwich panels would require significantly 

less physical effort to install vs. a concrete-on-steel deck floor system, something that is 

highly desired by general contractors. Instead of the laborious process of welding steel 

deck to the structural steel beams, an adhesive resin layer could be rolled onto the top 

flange of the W beams, similar to painting. Should levelness of the support beams be a 

problem, a thin layer of varying thickness adhesive mortar could be applied to the top 
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flange of the W beams, similar to the construction of the first course of a masonry wall on 

top of an unlevel concrete foundation. In addition, the use of headed shear studs that are 

utilized in concrete and steel composite floors would not be required, saving a 

tremendous amount time in labor and cost in headed shear stud material. Finally, the 

overall speed and ease of construction would be significantly increased due to the nature 

of premanufactured-type plank installation. 

7.4 CFRP Sandwich Panel Diaphragm Action 

When Panel FR-6710-6 was subjected to combined gravity and lateral loading, 

the lateral deflection revealed a deflection ratio of L/1648 for a panel span length of 3.05 

m (10 ft) having an aspect ratio of 3:1. The lateral loads used in the design of the CFRP 

sandwich panel were derived from the largest force calculated at any floor level, which 

occurred at level 5. Level 5 diaphragm deflections are be expected to be approximately  

51 mm (2.0 in) for the case study building presented. The in-plane stiffness of the CFRP 

sandwich panel indicates this system can be classified as a rigid diaphragm floor system. 

The results show that the CFRP sandwich panel designed possesses excellent diaphragm 

action characteristics. 

7.5 Fire Protection 

Fire protection is a tremendous concern when building structures using flammable 

composite materials. Previous research has shown that geopolymers can be used not only 

to construct carbon fiber composites, but also to protect them from temperatures around 
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1000°C. Tests have shown that a 1.8 mm thick layer of geopolymer paste is sufficient in 

meeting FAA heat release and smoke toxicity requirements for interior aircraft 

applications, and that thicker layers can be used in applications that require greater fire 

resistance. 

Although phenolic resins were evaluated for use in CFRP sandwich panel floor 

systems, geopolymer resins are a much more attractive option. Geopolymers, in 

combination with carbon fiber composites, have been shown to have good mechanical 

performance and bonding capabilities. Their ability to cure at room temperatures via 

additions of a hardener is a tremendous benefit, as curing temperatures can be a problem 

when using the phenolic resins. Finally, geopolymers are a cost effective and sustainable 

alternative to other resins, as they are produced using materials that are natural and in 

abundance. Research has proved that fire protection of composite sandwich panels is 

possible by utilizing geopolymer resins. Clearly, geopolymers should be utilized for use 

with lightweight CFRP sandwich panel floor systems. 

7.6 Floor Depressions and Penetrations 

One primary requirement in using CFRP sandwich panels as floors is that the 

floor framing remains at the same plane in the areas bounded by the vertical lateral force 

resisting elements. In order to achieve diaphragm action with this system, the diaphragm 

cannot step up and down at will. The diaphragm must be continuous on a horizontal plane 

over the area bounded by the resisting elements. Consequently, floor depressions would 

need to be addressed. Typical floor depressions are 101.6 mm (4 in) deep and are used for 
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washroom drains or showers, etc. These types of areas are not heavily loaded and can 

likely be performed using the 50.8 mm (2 in) panel thickness that remains. 

Floor penetrations would need to be addressed on a per case basis. Small openings 

can be reinforced locally around the penetration using small strips of CFRP bonded to the 

underside of the floor panel. Limitations in penetration location would need to be 

established to allow for lap splice lengths of CFRP fabric around the openings such that 

they do not interfere with the W beam framing. Larger openings could simply be framed 

out around their perimeter using structural steel shapes. 

7.7 Structural Support of MP&E Equipment 

The support of mechanical, plumbing and electrical equipment should be 

accomplished through the structural steel floor framing and not the CFRP sandwich 

panel. Light gauge framing such as unistrut can be used to suspend and brace this 

equipment in areas between W beam framing. Often, this type of equipment is suspended 

by small hanger rods, wires, and screws all of which should not be used to attach to the 

CFRP material. It is important to maintain the integrity of the fibers for this composite 

sandwich panel. 

7.8 Wind vs. Seismic Loading 

One of the primary goals of this research was to show how significant reductions 

in seismic generated forces could be achieved by utilizing a lightweight CFRP sandwich 

panel floor system. For multi-story office building construction utilizing traditional 
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construction materials, seismic forces will generally govern the design throughout most 

regions of the United States. Therefore, utilizing a lightweight floor system can greatly 

benefit the seismic design of a building, leading to a significant reduction in construction 

materials and their corresponding cost. However, in hurricane prone regions, or when 

dealing with tall, skyscraper-type buildings, wind may control the design of the structure. 

What, therefore, might be the advantage to using a lightweight CFRP sandwich panel 

floor system if wind controls the design? 

It has been shown in the case of seismic loading that the stiffness of a building is 

significantly reduced by incorporating a lightweight floor system. It was also shown that 

the fundamental period of the building hardly changed due to a closely proportional 

reduction in the building's mass. Because seismic loads are proportional to the mass of 

the building, they are reduced as the mass of the building is reduced. The same is not true 

for wind loads. When wind loads control the design of the building, reducing the mass of 

the floors does not reduce the applied lateral design forces. Subsequently, the building's 

stiffness requirements under wind loading remain constant, while the mass of the 

building is reduced. The result of this phenomenon is an increase in the building's natural 

frequency, or a reduction in the building's fundamental period, something the structural 

engineer should be aware of and should take into account during design. In general, 

increasing a building's natural frequency will increase its acceleration response, thereby 

increasing the lateral forces. The magnitude of this change in building frequency depends 

on several factors, but is most sensitive to a building's height. However, a change in 

building stiffness is not the only factor affecting the dynamic response of a building. The 
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frequency of the earth supporting the structure also plays a significant role in a building's 

response to dynamic forces. Bedrock tends to filter out long period motions, while softer 

soils tend to be unable to transmit high frequency motions. In the latter case, a stiff 

building would have less response than a flexible building. The reality of structural 

engineering building design is that each individual building must be uniquely designed to 

accommodate the size and geometry of the building, as well as the site at which it is to be 

located. Therefore, it is difficult to make a determination as to whether decreasing the 

stiffness of a building via a lightweight floor system negatively impacts buildings that are 

governed by wind design, particularly when the damping characteristics of a CFRP 

sandwich panel floor system are not fully understood. The damping characteristics of a 

CFRP sandwich panel floor system may turn out to be particularly favorable over those 

of a traditional floor systems. It is possible this floor system could help skyscrapers to 

stabilize more quickly under wind loading than other floor systems. However, because a 

rational methodology concerning damping theory does not exist, knowledge of the 

damping characteristics of a CFRP sandwich panel floor system can only be gained 

through experimental testing of an actual building. Only then can comments be made 

regarding this new floor system's benefit or detriment to buildings whose design is 

governed by wind. 

The benefits for using a CFRP sandwich panel floor system with buildings whose 

design is controlled by wind are the same benefits previously mentioned, with the 

exception of reduced seismic forces. These include, ease of construction, speed of 

construction, increases in energy efficiency, simplified rescue operations, and 
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significantly reduced dead loads. One of the primary challenges in building taller 

buildings is minimizing dead loads while controlling lateral drift, a.k.a. minimizing the P-

delta effect. As the height of a building increases, column stability begins to play a major 

role because lateral stiffness requirements are inherently fixed. These requirements 

include allowable story drift and allowable drift based on human perception of motion. 

Tall buildings may have a rather large allowable drift limit, but the human perception of 

motion generally will not allow for it. Significant sway at the upper floors can cause 

motion sickness for its occupants. Therefore, controlling perceptible motions at the upper 

floor levels is the primary goal in the design of tall buildings. For fixed drift limitations, 

stability can be improved by reducing the dead loads of the building, thereby reducing the 

P-delta effect. This can lead to more efficient column designs. However the overturning 

moment for a tall building may be negatively affected by a reduction in dead load that 

would otherwise be used to resist overturning. It is difficult to speculate on the 

significance of dead load reduction for wind design, as there are numerous factors 

involved that could have an impact on a building's overturning characteristics. When it 

comes to tall buildings whose design is governed by wind loads, each building must be 

thoroughly evaluated before an appropriate decision can be made concerning the type of 

structural system to be used. 
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CHAPTER 8 

FUTURE RESEARCH 

8.1 General 

The research presented herein represents the first step in developing a new floor 

system for use in building construction. The feasibility of using a CFRP sandwich panel 

floor system has been evaluated and the results suggest this new system could be used in 

a variety of different building applications. It is important to understand that building 

plan geometries and heights can vary greatly. No two buildings are exactly alike. In 

addition, some buildings may experience tremendous wind forces, while others 

experience tremendous seismic forces. In general, the magnitude of lateral forces on a 

building are largely dependent on the height of the building. Low rise buildings are 

typically governed by gravity loading strength requirements, while high-rise buildings are 

generally governed by lateral loading strength and stiffness requirements. As the height 

of a building increases, lateral stiffness plays more of a role in its design. 

This research has shown that lightweight CFRP sandwich panels are feasible for 

use in low rise structural steel building construction. The seismic forces applied to the 

case study building represent the largest seismic forces that can be expected to develop in 

a non-essential facility building located in the continental United States. In terms of 

lateral load capacity, CFRP sandwich panels appear to be capable of easily withstanding 

the design loads most common throughout the United States. 
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Future studies should involve experimental work concerning the use of 

geopolymers in combination with rigid polyurethane foam and carbon fabric composites. 

Other foams, such as Styrofoam®, should also be evaluated for use. Studies should 

evaluate the effectiveness of using geopolymer resins for bonding CFRP laminates to 

various types of rigid foam cores, as well as properly prepared structural steel surfaces. If 

this new technology is to advance further, providing adequate fire protection for the 

CFRP sandwich panel is a main priority. Geopolymers have been shown to provide 

adequate fire protection for FRP laminate composites. In addition, research has shown 

that geopolymers have excellent bonding capabilities with balsa wood core sandwich 

panels, while also protecting these wood core panels from fire. Any possible benefits of 

using balsa wood as a core material over rigid polyurethane foam (or other types of rigid 

polymer-based foams) should also be studied. 

As with any new technology, there will be problems to solve as advances are 

made. Most of these problems will likely reside in construction techniques and 

manufacturing methods. With structural steel building framing, most design problems can 

be solved utilizing the structural steel. This is one of the primary benefits of constructing 

with structural steel. Likewise, one of the primary benefits of using CFRP laminate 

materials is their ability to adapt to nearly any shape or configuration. CFRP materials 

can also be tailored to meet most any structural application. The combination of structural 

steel building framing and CFRP composites should allow for tremendous flexibility in 

structural design, leading to a successful implementation of this innovative floor system. 
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A significant amount of additional research must be conducted on this lightweight 

CFRP sandwich panel floor system in an effort to gain further knowledge about its 

performance and its constructability. Before this system can be implemented, detailed 

studies should be performed in a variety of areas covering a variety of topics. The 

following list summarizes the major topics of suggested future research and is presented 

below in order of importance. This research must be performed to effectively advance the 

development of this new lightweight composite floor system. Each item on this list is 

discussed in detail in the sections that follow. 

1. Office Building Floor framing. 

2. Cost analysis. 

3. Fire protection requirements. 

4. Manufacturing methods. 

5. Experimental testing of CFRP sandwich panel materials. 

6. Experimental testing of CFRP sandwich panels. 

7. Construction details. 

8. Experimental testing of an actual building. 

9. High-rise buildings. 

8.2 Office Building Floor Framing 

Research should first be conducted on office building floor framing layout. In 

particular, the W beams used to support the deck should be spaced in such a manner that 

the panel thickness is minimized, while still providing adequate in-plane stiffness for 
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diaphragm action. It was shown through this research that a 4 inch thick CFRP sandwich 

panel provided adequate stiffness for diaphragm action. It was also shown that increasing 

the density of the polyurethane foam core only had minor effects on but performance of 

the panel. In light of the typical column grid spacings used for office building 

construction, it is highly likely that an optimum beam spacing would be7'-6" on center. In 

reducing the beam spacings from 10'-0" to 7'-6" inches on center, a significant increase in 

panel stiffness will be realized. The reduction will also allow for lower density 

polyurethane foam to be used, making the system more cost effective. 

One of the goals of this research was to develop a CFRP sandwich panel under 

worst case loading scenario for a typical office floor framing layout. A uniform live load 

of 100 psf was utilized in the design of the panel, representing the required loading for 

lobby areas. The minimum uniform loading requirements for office building floors is 50 

psf, which is half of that used for the design of the CFRP sandwich panels in this 

research. There is an additional uniform load requirement for corridors, which is 80 psf. 

The intent with this requirement is to increase the standard uniform loading requirements 

in areas where human traffic are likely to be heavy in the event of building evacuation. 

The problem with this requirement is that the layout of an office building floor is subject 

to change over the course of the life of the structure. In addition, many buildings are 

designed as a shell space with no designation of interior partitions, rooms, or corridors. 

One solution to this problem, which is typically adopted by most design firms, is to use 

corridor loading over the entire floor space with the exception of lobby areas. Combining 

corridor loading with a reduced beam spacing will greatly reduce the design demands on 
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the CFRP sandwich panel. Ultimately, the goal would be to reduce the density of the 

rigid polyurethane foam core as much as possible while maintaining a 4" panel thickness, 

as the cost of polyurethane foam heavily depends on its density and thickness. 

8.3 Cost Analysis 

After optimizing the CFRP sandwich panel for a reduced uniform live load and a 

reduced floor beam spacing, a thorough cost analysis should be performed in an attempt 

to compare the cost of this new system with that of a traditional concrete on steel deck 

floor system. Because floor flaming generally does not change from level to level 

throughout an office building, a break-even analysis based on gravity loads alone can be 

performed for multistory buildings two stories and greater. 

In transitioning from a traditional concrete and steel composite floor system to a 

CFRP sandwich panel floor system, savings can be realized in material weight and 

fabrication costs. The use of headed shear studs would no longer be required on all of the 

floor beams. It is likely that cambering of the floor beams is also not required due to the 

lack of heavy dead load on the beams. Side calculations were performed that showed the 

size of the floor beams and girders would not change drastically from those used in 

composite construction. Therefore, a detailed cost analysis can be performed with good 

accuracy for a single bay of floor framing. It is important to show from a construction 

material standpoint that a cost benefit can be achieved by utilizing this new floor system. 
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8.4 Fire Protection Requirements 

One of the most important topics in implementing this new system is fire 

protection. The IBC has strict requirements for the use of plastics in interior 

environments, as they are generally highly combustible. It is suggested that this research 

be performed in a collaborative effort with the department of architecture, as fire 

protection is an architectural element. Knowledge of all the various fire protection 

requirements for building construction requires an expert in the field of architecture. New 

developments have been made using geopolymer resins that have shown them to be very 

effective for fire resistance of composite materials. Geopolymer resins are now being 

implemented in military and aerospace applications due to their excellent fire and toxicity 

characteristics. Specific requirements for composite sandwich structures should be 

evaluated or determined for building construction in an effort to determine if geopolymer 

resins can meet the requirements. 

The use of sprayed fire resistant materials should be evaluated for appropriateness 

with composite sandwich structures. It is possible that the underside of the panels could 

be made fire resistant by using these sprayed on fire resistant materials. 

Once an appropriate fire resistant system is established, the construction system 

must be standardized in the IBC in the same manner as all other approved building 

construction materials. Table 721.1(3) of the IBC lists a standardized floor and ceiling 

construction systems for various types of construction. Ultimately, this table would need 

to be modified to include composite sandwich structures. 
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8.5 Manufacturing Methods 

It is important to determine what manufacturing methods are available for 

producing CFRP sandwich panels. Currently, small panels can be manufactured, such as 

5'x10'sized panels. In transitioning to this new floor system, manufacturing would have to 

allow for mass production of these panels cost effective manner. Ideally, 30 foot long 

continuous panels would be manufactured to match the bay sizes of typical office 

building layouts. 30 foot long continuous panels would facilitate construction greatly as 

compared to 10 foot long panels by reducing the number of panel joints and the number 

of individual panels installed. In addition, three-span continuous panels would be more 

efficient and perform much better than a series of single span panels. 

This research has shown that high stress is developed in the corner areas of the 

interface of the CFRP laminate and polyurethane foam core. In an effort to minimize the 

cost of the polyurethane foam core by reducing the stresses incurred at panel edges or 

corners, it may be possible to wrap the ends of the panels with FRP material so as to 

close out the edges, or create stiffened ribs. The feasibility of creating stiffened ribs in a 

cost effective manner heavily depends on ability to manufacture such panels. Closing out 

the edge of panels must be evaluated regardless, as the exterior edge of the building 

would need this detailing to occur. It must be determined whether this can be 

accomplished when manufacturing the panel or if it must occur in the field as a hand lay-

up procedure. 

Ultimately, manufacturing methods should allow for the production of standard 

CFRP sandwich panel sizes ranging in widths and lengths best suited to accommodate 
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construction. Standard sandwich panel sizes must also accommodate the limitations 

associated with transporting these materials. Limitations exist on maximum width and 

length of payloads on interstate freeways. If these limitations are exceeded, a special 

provisions must be made to transport the panels. 

8.6 Experimental Testing of Constituent Materials 

It is important to perform experimental testing of the constituent materials used to 

create the CFRP sandwich panels. Mechanical properties of these materials are used as 

input for finite element modeling programs. It is imperative that the assumptions made 

and the mechanical properties used in the FE modeling are accurate in order to provide 

realistic results. For example, the stress-strain curve for rigid polyurethane foam is non-

linear and varies based on the type and density of foam. Because the polyurethane foam 

plays a significant role in the design of the CFRP sandwich panels, it is critical that an 

accurate representation of its behavior is implemented. 

The use of geopolymer resins warrants extensive testing of the CFRP laminates 

for tension, compression, in-plane shear, and interlaminar shear. Because geopolymer 

resins are relatively new in development, it is important to understand their performance 

when used as a matrix for carbon fiber fabrics. Additionally, it is critical to evaluate the 

bond strength when using geopolymer resins to bond CFRP laminates to a rigid 

polyurethane foam core. Although the FAA, in collaboration with Boeing Company and 

Rutgers State University, has tested and evaluated the use of geopolymer resins for 
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carbon fiber laminate applications, the proper geopolymer resin formulation for use with 

composite sandwich panels should be evaluated and verified. 

8.7 Experimental Testing of CFRP Sandwich Panels 

Testing of the CFRP sandwich panels should be performed to verify and validate 

the finite element modeling simulations. Testing should first be performed on the effects 

of gravity loading. It is important to determine if debonding of the CFRP laminate is a 

problem under regular service loading conditions. In addition, the ultimate capacity of a 

CFRP sandwich panel should also be determined. 

Testing should also be performed on the in-plane loading characteristics of the 

CFRP sandwich panel. It is likely to be very difficult to combine in-plane and out-of-

plane loading simultaneously during experimental testing. However, in-plane loading 

characteristics are valuable in evaluating the stiffness of the panel in terms of diaphragm 

action. Therefore, basic in-plane loading characteristics should be evaluated as a 

minimum. 

Finally, the ability of a CFRP sandwich panel to resist fire exposure should be 

evaluated through experimental testing. Previous research has shown that geopolymer 

resins are adequate for fire protection of FRP sandwich panels with a balsa wood core. 

The ability of geopolymer resins to protect CFRP sandwich panels utilizing a rigid 

polyurethane foam core should be verified and documented. 
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8.8 Development of Construction Details 

Various construction details must be developed to fully implement this new 

system. The exterior curtain walls of buildings connect directly to the floor system. A 

cost effective method for connecting curtain walls to a CFRP sandwich panel system 

must be developed. The connection detail must allow for vertical movement of each floor 

while providing proper support for out-of-plane loading conditions such as wind. Figure 

8.1 below is an example of a detail for an exterior curtain wall connection at a CFRP 

sandwich floor panel. For reference, a curtain wall is a nonbearing exterior building wall 

that is not supported by the beams or girders of a skeleton frame. As can be seen from the 

detail, an exterior curtain wall can consist of a variety of materials. Often, exterior curtain 

walls are referred to as a building's skin system, as a curtain wall is a specific wall system 

generally designed by a curtain wall manufacturer. The skin system for a building can be 

comprised of stucco on steel studs, masonry veneer on steel studs, glass curtain walls, or 

exterior insulated finished systems (EIFS), to name a few. The use of a CFRP sandwich 

panel wall system is also a possibility and should be evaluated through research. The 

benefit of using a CFRP sandwich panel wall system is realized in the reduction of 

energy costs associated with using an insulating system of this type. Several companies 

are currently promoting the use of a foam insulated wall panel system because of its 

ability to significantly reduce energy costs for the structure. The costs associated with 

energy consumption for large office building structures is significant and methods for 

reducing this cost should be studied. Heating and cooling costs extend over the life of the 

structure, which could be 100 years or more. Although upfront construction costs may be 
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higher when using a CFRP sandwich panel wall system, it is likely that significant 

savings in energy costs could be realized over the course of the life of the structure. 

 

 

Figure 8.1 Curtain Wall Connection Detail Example 

 

Construction details also need to be developed for column closures at interior, 

exterior, and corner conditions. These details would likely follow traditional methods 

used to support concrete on steel deck floor systems, which utilize small steel angles 
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spanning to adjacent W beams. Finally, floor penetrations and depressions must be 

evaluated and detailed for adequate force transfer. It is likely that floor depressions can 

be directly incorporated into the CFRP sandwich panel during manufacturing operations. 

8.9 Experimental Testing of a Framed Building 

Ultimately, a fully framed multi-story structural steel building should be tested on 

a shake table in an effort to evaluate this new floor system's response to earthquake 

loading. There is a wealth of information to be learned about the response of a building of 

this nature to earthquake loading. In particular, how the CFRP sandwich panels hold up 

to excessive lateral displacements and beam rotations. A worst case scenario is that the 

adhesive bond used to attach the CFRP sandwich panels to the structural steel beams fails 

suddenly in one location and rapidly debonds along the remaining areas of the beam. It is 

important that damage incurred at the interface of the W beams and CFRP sandwich 

panel remains localized. The CFRP sandwich panels should not begin to "pop off" at the 

onset of localized failure of the adhesive bond. 

One critical aspect of structural engineering design that must be determined for 

this new type of floor system is how this lightweight composite system affects the 

damping characteristics of a structural steel framed multi-story building. Currently, 

structural engineers assume a percentage of critical damping for the design of building 

structures, without ever verifying its accuracy. The assumption is generally taken to be 

around 2-5% of critical damping. For reference, critical damping is the minimum amount 

of damping required to prevent oscillations. Clearly, this assumption for damping cannot 
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be made for this new type of building system without first evaluating its damping 

characteristics. The damping characteristics of various buildings can vary greatly from 

building to building depending on the materials used for their construction. Vibration 

tests performed on existing structures have shown damping ratios can vary from as low as 

0.005 to as high as 0.075 (Taranath 1988). Subsequently, structural engineers are largely 

playing a guessing game in terms of predicting a building's damping characteristics, 

which may lead to erroneous design results. One reason for this uncertainty in damping 

characteristics is that damping is influenced by a number of sources. The air surrounding 

a building applies external viscous damping, which is generally neglected. The building 

material's viscosity applies internal viscous damping. Friction or Coulomb damping is 

applied due to the friction present in connection points. Hysteresis damping occurs when 

a structure experiences load reversals in the inelastic range, or when inelastic 

deformations of the ground occur adjacent to the foundation system. Finally, the makeup 

of the ground surface a structure is constructed upon applies radiation damping, which is 

energy dissipation that occurs through the earth. Structural engineers generally combine 

all the various damping mechanisms into one type and represent it as viscous damping 

(Taranath 1988). It should be clear as to why it is very difficult to accurately predict a 

building's damping characteristics. Nevertheless, we must gain a feel for the damping 

characteristics of a multi-story structural steel building utilizing a CFRP sandwich panel 

floor system. 
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8.10 High Rise Buildings 

For this research, a point was made to limit the height of the building such that the 

focus remained on low rise buildings. As previously mentioned, the cutoff point between 

low rise and high-rise buildings is defined by the IBC as 75 feet above fire department 

access. Once in a thorough understanding of this new floor system is achieved, and how 

it affects the response characteristics of low rise structural steel buildings, research 

should progress into taller buildings, or those classified as high-rise buildings. Finite 

element models should be developed for a range of building heights to evaluate their 

response to wind and earthquake (dynamic) loading. For instance, comparisons in 

response can be made between 10 story, 50 story, and 100 story buildings having regular 

plan geometries. Limitations may exist for certain plan geometries in combination with 

certain building heights. For example, overturning moments may become excessively 

large for tall buildings with smaller plan geometries because of the lightweight composite 

floor system. However, the lightweight composite floor system may prove to have 

excellent damping characteristics that would greatly benefit taller structures. In designing 

taller structures, one of the primary objectives is to minimize the dead weight of the 

building, which reduces the P-delta effect experienced by the columns. Yet no reference 

is made to exactly how much the dead weight should be minimized. It is likely that 

reducing the dead weight too much (if possible) could be problematic. Therefore, a 

break-even point must exist for reducing the mass or dead weight of a building as the 

building increases in height. Research should be conducted to find this break-even point. 
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