HYBRID MEMBERS EMPLOYING FRP SKIN
REINFORCEMENT FOR BEAMS AND CLADDING
WALL APPLICATIONS

by

Waleed Shawkat
A thesis submitted to the Department of Civil Engineering
in conformity with the requirements for the degree of
Master of Science (Engineering)

Queen’s University
Kingston, Ontario, Canada
December, 2008

Copyright © Waleed Shawkat, 2008

Abstract

ABSTRACT
This thesis explores two hybrid systems employing a core material reinforced by an
external skin, namely, cladding walls composed of polyurethane foam core sandwiched
between fibre-reinforced polymer (FRP) skins, and beams composed of concrete-filled
FRP or steel tubes. The walls were studied in two phases. In phase I, the polyurethane
foam core was injected between two carbon-FRP (CFRP) skins. Ten panels were tested to
investigate their structural performance and failure modes. Test parameters included
quality control in terms of reproducibility of test results, moment-shear ratio, and the
orientation of an architectural masonry-like coating. The study showed that design is
governed by stiffness and not strength and that the CFRP was underutilized. Also, quality
control was shown to be poor for this method of fabrication. As such, in phase II, ten
panels were fabricated by laminating glass-FRP (GFRP) skins to prefabricated
polyurethane foam blocks. Similar flexural testing was carried out to investigate two
different densities of foam, and moment-shear ratio. The study showed evidence of high
quality control and that the density of the foam core significantly affected flexural capacity

and stiffness.
Rectangular concrete-filled tubes (CFTs), with either steel or pultruded GFRP tubes were
fabricated and tested as beams in three-point bending, at different shear span-to-depth
(a/d) ratios of 1 to 5 to examine crack patterns, strength and failure modes. It was shown
that the critical (a/d) ratio, at which moment capacity drops, is between 4 and 5 for CFTs
with GFRP tubes and between 1 and 2 for CFTs with steel tubes. It was also shown that
ductility is drastically reduced at (a/d) ratios below 3 for steel tubes. Crack pattern and
size were highly dependent on the magnitude of slip between the concrete and tube. A
major full depth flexural crack developed in all CFTs with GFRP tubes. However, when
i
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internal steel rebar was added, major diagonal cracks were formed in addition to fine
flexural cracks. In CFTs with steel tubes, fine flexural cracks developed, except at a/d =
1, where fine diagonal cracks were predominant. A strut-and-tie model was developed
and provided reasonable agreement with test results.
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NOTATIONS
a

Shear span of a beam or panel

A

One half of the cross-sectional area of a GFRP tube

A

Cross sectional area of the internal steel reinforcement

A

One half of the cross-sectional area of a steel tube

C

Compression force in the tie

f

s

st

CFFT Concrete-filled FRP tube
CFT

Concrete-filled tube

d

Effective depth of a hybrid section

E

Young’s modulus

Ec

Core’s modulus of elasticity in a sandwich panel

E

Elastic modulus of a GFRP tube

Es

Skin’s modulus of elasticity in a sandwich panel

f

Yield strength of the internal steel reinforcement

f

f

y

yt

Yield strength of a steel tube

Gc

Core’s modulus of rigidity in a sandwich panel

I

Transformed moment of inertia of a sandwich panel section

L

Span length of a specimen

Mu

Ultimate moment a specimen can reach before failure occurs

n

Full span-to-depth ratio in a hybrid section

P

Concentrated load

Pu

Ultimate concentrated load a specimen can carry before failure occurs

t

Thickness of the sandwich panel

T

Tension force in the tie
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w

Estimated uniform distributed load

Z

Depth of the truss model

δ

Global deflection of a specimen

δu

Ultimate Global deflection a specimen may reach before failure occurs

ε

Strain in the bottom fibre of a GFRP tube at failure

ε

Strain at the centroid of the lower half of the cross-section of a tube (or the
transformed section for hybrid reinforcement)

εu

Ultimate strain of the GFRP tube in tension

y

Distance between the centroid of the lower half of the cross-section of a tube (or
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INTRODUCTION
1.1

General

1.1.1

Sandwich Construction

Sandwich construction involves structural panels composed of light weight material, such
as foam, sandwiched between two skins, which are typically metallic. The concept was
first recognized by the British structural engineer Sir William Fairbairn (1789 - 1874).
Extensive use of this concept first started during World War II, when the British forces
implemented this technology in their aircraft. Later, the concept was widely used in
naval, aerospace, automotive and sports equipment. The concept allows for the efficient
use of materials and at the same time results in relatively light weight components. These
advantages have encouraged structural designers and engineers to apply the sandwich
construction concept to the structural engineering field.
Generally, sandwich construction consists of the combination of two or more materials
assembled to form one component. The final product has enhanced and more desirable
properties than its constituents. In this study, in sandwich wall panels, Fibre Reinforced
Polymer (FRP) was used to resist tensile and compressive stresses. Due to the high cost
of FRP, thin layers were used to form the skins of the sandwich structure. These skins
were spaced apart by a filling material, which is relatively inexpensive. The filling
material used was Polyurethane (PUR) foam. The system offers high capacity-to-weight
ratio, corrosion resistance and enhanced acoustic and thermal insulation features. On the
other hand, the limitations of this system include a relatively low flexural stiffness and
limited fire resistance, unless insulated.

1
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Introduction

Concrete Filled Tubes

Concrete Filled Tubes (CFT) is another intelligent hybrid system. It consists of a tube
with a relatively thin wall, made of high performance material, such as steel or FRP, that
is filled with concrete. From a constructability point of view, the tube eliminates the need
for formwork and protects the concrete from the external environment. It also helps retain
the moisture within, reducing the effect of drying shrinkage cracking. Structurally, the
tube acts as longitudinal and transverse reinforcement and provides confinement of the
concrete, which improves the axial resistance capacity.
The role of the concrete in this system is broad and depends on the CFT application.
Generally, the concrete increases the compressive strength and reduces the tendency for
local buckling of the tube. The concrete increases the flexural rigidity and the stiffness of
the system when the CFT is used as a flexural element.
This hybrid system is suitable for bridge piers, piles and highway light poles.
Additionally, rectangular CFTs provide a potential replacement of steel and precast
concrete girders, especially, when horizontal curved girders are required or a structural
element is subjected to flexure and axial stresses, as in rigid frame bridges and arch
bridges. CFTs with FRP tubes are now already being used as fender piles in marine
applications because of their corrosion resistance.
1.2

Objectives and Scope

This research program explores novel hybrid systems as a replacement for conventional
structural materials and systems. In particular, the study addresses two specific systems,
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namely sandwich wall panels with FRP skins and polyurethane foam cores, as well as
rectangular concrete filled FRP tubes.
The former is intended to be used for cladding of buildings (i.e. subjected to wind
loading), therefore are tested in flexure, with emphasis on stiffness and strength. The
latter is studied for girder applications with emphasis on varying the shear span-to-depth
ratio, as well as a comparison with concrete filled steel tubes.
For the sandwich wall panels, a preliminary study is first presented (chapter 3) where the
foam core is injected between carbon-FRP skins. The study focused on assessment of the
quality control of this fabrication method, in terms of repeatability of test results, the
effect of 3- and 4-point bending, the effect of orientation of an architectural polymeric
texture of a masonry coating, being in compression or tension (i.e. simulating wind
compression and suction), and the effect of moisture absorption on flexural response.
Based on the results, of the first study, a second study (chapter 4) is carried out on similar
sandwich panels but with glass-FRP skins. In this case, the skins were laminated to
prefabricated PUR foam blocks. The study also addresses repeatability of test results, 3and 4-point bending and uniform loading, as well as different densities of foam core and
low cycle fatigue.
For the rectangular concrete filled tubes (chapter 5) the study examines glass-FRP tubes
filled with concrete and compares them to concrete filled steel tubes for different shear
span-to-depth ratios as well as the effect of adding internal longitudinal steel bars in the
concrete filled FRP tubes (CFFT) on structural performance.

3
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1.3

Introduction

Outline of thesis

Briefly, the contents of this thesis are as follows:
Chapter 2: presents a literature review of previous relevant research on sandwich
structures and CFT with a concentration on their uses in the structural engineering field.
Chapter 3: presents the first study on the flexural behavior of sandwich wall panels with
injected polyurethane foam core between carbon-FRP skins.
Chapter 4: presents the second study on flexural behavior of sandwich wall panels
composed of glass-FRP skins laminated to prefabricated foam core blocks.
Chapter 5: presents a study on rectangular concrete filled FRP and steel tubes tested as
beams with different shear span-to-depth ratios.
Chapter 6: presents the conclusions of the two studies on sandwich wall panels and the
study on concrete filled FRP and steel tubes.
References
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CHAPTER 2
LITERATURE REVIEW
2.1

Sandwich Panels

2.1.1

General

Previous studies on sandwich panels highlighted the use of this concept in various
engineering applications, including naval, aerospace, and mechanical engineering. The
use of sandwich panels in structural engineering is relatively new due to the higher cost
of this technology. In civil engineering, sandwich panels have the potential to be used in
buildings as walls or slabs, and in bridges as innovative alternatives to conventional
decks. Davies (1987) presented a comprehensive literature study about first generation
sandwich panels used in structural applications. This early sandwich panel study included
methods of analysis, modes of failure, testing methods, and factors influencing their
behaviour.
In general, sandwich panels are either hard-cored or soft-cored. For example, each type
has its own advantages and disadvantages, which make it suitable for certain applications.
Both sandwich panel types have been investigated by researchers in order to better
understand their behavior, maximize their benefits and minimize their limitations.
This chapter briefly outlines some of the previous research conducted on sandwich panels
to investigate their suitability for structural applications. This includes previous work
conducted on rigid-core and soft-core sandwich panels subjected to various loading
schemes and their corresponding failure modes. The effects of various factors on the
performance of sandwich panels are also discussed.
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Materials

Skin
Metals and FRP are the current most favourable options for sandwich panel skins, as
these materials have proven to have high strength and stiffness. The characteristics of
these materials fit well in the sandwich panel matrix. The high tensile strength, low
density, and low thermal expansion make these materials very popular and endorse their
use for the skin in the sandwich panel. The high Young’s Modulus of these materials
contributes substantially to the flexural capacity of the sandwich panel. Most FRP
materials are considered as corrosion free materials, which makes them suitable for
applications where moisture, deicers, or harsh environments are present.
Unlike FRP, some metals are sensitive to harsh environments. However, most of the
common metals used for the skin are readily available in all markets, and alteration in any
of these metals is relatively easier than alteration in FRP, especially when insert
installation or field work is required.
Core
The core of the tested specimens in this research is made from a cellular material, which
is also referred to as rigid foam. The material list of cellular cores includes polyurethanes
(PUR or PU), polystyrenes (PS), polyvinyl-chlorides (PVC), polymethacryl-imides
(PMI), polyether-imides (PEI) and polyphenolics (PF).
Due to its properties, PUR is commonly identified as a rigid-foam. Additionally, the
density, rigidity, and shape of this material are easy to control. Cores made from PUR can
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be foamed in situ. Sandwich panels with PUR cores are referred to as soft-cored
sandwich panels. Due to the insulative properties of the foam core, a sandwich panel is
characterized by outstanding thermal insulation and acoustic damping.
2.1.3

FRP Sandwich Panel Manufacturing

Sandwich panels are manufactured using various techniques depending on such factors as
their components, purpose and cost. This section will focus on the most common
manufacturing methods that utilize rigid foam as a core, as these techniques are more
sophisticated and relevant to the study included in this thesis.
Karlsson and Åström (1997) thoroughly discussed the common techniques of
manufacturing sandwich panels with FRP skin. The discussed methods include wet layup, prepreg lay-up, adhesive bonding, liquid-molding, continuous lamination, and their
subcategories.
Wet lay-up
In this manufacturing technique, the fibres of one skin are placed in the mold manually
and the resin is poured into the mold over the fibres. The core is placed on top of the
fibres and another layer of fibres is placed on top of the core as well before a vacuum bag
is drawn. The vacuum bag is then rolled over, manually, in order to force the air bubbles
out. Finally, the curing process takes place in room-temperature with the use of catalysts.
A hot cure process may also be used.
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Prepreg lay-up
This technique is very similar to the wet lay-up. The main difference is the use of resins
that require high temperature; as a result, an autoclave is commonly used. This technique
also requires a vacuum bag and applied pressure. Prepeg lay-up and wet lay-up
techniques are considered as a one step procedure.
Adhesive bonding
The adhesive bonding technique is very simple and independent of skin and core
materials. Adhesive layers are applied between the skins and the core before the whole
form is subjected to elevated temperature and pressure. Vacuum bags, autoclaves and/or a
hydraulic press are often used to improve the bonding when this technique is used.
Liquid-molding
This technique includes many methods such as Resin Transfer Molding (RTM),
Structural Reaction Injection Molding (SRIM) and Vacuum Injection Molding. In liquid
molding, the skin’s fabric is placed into the mold together with the core. Before starting
the impregnation process, inserts and fasteners may be integrated into the skin’s fabric or
the core. The resin is forced into the mold with the presence of pressure, heat and
vacuum. Infusion is to be stopped, when the liquid resin starts to overflow from the
ventilation holes.
Continuous lamination
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In continuous lamination, the whole sandwich panel is assembled before it is introduced
to a double-belt press. The double-belt press applies the required pressure on the
sandwich panel in order to facilitate the bonding process. Heat is also applied while
pressurizing the panel.
2.1.4

Failure Modes and Various Loading Schemes

Many common failure modes of sandwich panels are due to the hybrid materials which
compile the sandwich panel. The typical failure modes include core shear, metal skin
yielding in tension or compression, face-core interface failure and face wrinkling in
compression (Triantafillou and Gibson, 1989; Zenkert, 1995; Dai and Hahn, 2003).
In the late 1980s, Lingaiah and Suryanarayana (1991) carried out one of the early studies
that compare experimental results to analytical results on sandwich panels. Sandwich
panels with skins made from FRP or aluminum and a core made from aluminum
honeycomb or polyurethane were tested in three-point and four-point bending. The skins
were adhered to the core using Araldite resin. The study showed that a favourable
comparison is established between the flexural stiffness obtained from experimental work
and the theoretical prediction. However, the shear stiffness did not have the same
validation. The difference between the experimental and theoretical shear stiffness varied
from 45% to 55%. In addition, the theoretical calculations showed larger failure loads
than the experimental failure loads. Lingaiah and Suryanarayana (1991) concluded that it
is more precise to design sandwich panels based on experimental failure loads with a
reasonable factor of safety rather than an analytical calculation.
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McCormack et al. (2001) tested sandwich panels with aluminum skins and an aluminum
foam core under three-point bending. They observed both loading and unloading
behaviours. They recorded the load that initiated failure and the peak load at which the
panel failed. Experimental results were compared to analytical ones. Analytical results
could considerably identify the core shear failure and wrinkling of the skin for a given
beam design made from the same materials.
Qiao and Yang (2006) analyzed the flexural response of sandwich beams. An analytical
model was proposed based on the superposition of two separate simply supported
sandwich panels. The loading scheme of the first panel consists of a pair of concentrated
loads acting in the same direction, one is applied to the top skin and the other is applied
to the bottom skin, i.e. the resultant equals twice the load. The second panel has a loading
scheme similar to the first one, however, the two loads are acting in opposite directions,
i.e. the resultant equals zero, Figure 2.1. The results obtained from this model are capable
of acceptably predicting the flexural response, skin-wrinkling failure load, and wrinkling
deformation.
Shenoi et al. (1993) investigated sandwich panels with FRP skins and a PVC foam core
for the effect of fatigue stresses. The flexural loading scheme considered in this study
was due to a uniformly distributed load over the entire beam length. The study concluded
that sandwich panel fatigue is a direct result of core fatigue and the main failure mode is
core shear.
Creep is another concern when soft cores are used. Deflection due to creep was
investigated by Huang and Gibson (1990) on a sandwich panel with aluminum skins and
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a polyurethane core. Sixteen sandwich panels were tested with four different core
densities under three-point bending. Results from the analytical model were compared to
those from the experimental tests. Their model describes the creep deflection of a
sandwich beam with a foam core as well as the behaviour of a sandwich panel during
loading and unloading conditions, up to 1,200 hours.
Wu et al. (2006) investigated the effect of freeze and thaw cycles on sandwich panels.
They concluded that the effect of number of cycles and the total exposure time on FRP
materials are compounded depending on cycle length. Their test results showed that the
deterioration of the composite panel is more sensitive to the number of cycles.
Other loading schemes, such as impact and fatigue loadings, may cause local instability
of the faces, core compression, or face-core delamination, which are part of the potential
failure modes of sandwich panels (Shenoi et al., 1993; Burman and Zenkert, 1997; Kim
and Swanson, 2001; Dai and Hahn, 2003; Kulkarni et al., 2003).
Effect of adhesive
One of the most important aspects in the sandwich panel is the bonding between the core
and the skins. The most common manufacturing methods use adhesive layers to enhance
the bond. Bonding is essential to prevent slippage between the skin and the core, which is
fundamental for the sandwich concept. Concurrently, the adhesive may dictate the failure
mode when the sandwich panel experience high flexural stresses.
Debonding at the interface between the skin and core of double shear specimens was
studied earlier by Triantafillou and Gibson (1989). Their tested specimens were made
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from aluminum skins and a polyurethane core. The test results showed that debonding
occurred when large cracks were present at the interface between the skins and core.
Prasad and Carlsson (1994) conducted a study on sandwich panels made from aluminum
skins and a Poly-Methacrylimid (PMI) core. The specimens were tested under a shear and
Double Cantilever Beam (DCB) scheme. Polyurethane and epoxy were separately used as
adhesives and the tested specimens were precracked to facilitate the debonding
propagation. The study concluded that the adhesive role is more vital in flexure than in
shear and that core thickness has an insignificant influence on the critical loads in the
flexural test.
In order to overcome delamination, Reis and Rizkalla (2008) investigated 3D FRP
sandwich panels with GFRP skins and a foam core. The study confirmed that
experimental results are close to the results obtained from Finite Element Analysis and
Ordinary Sandwich Panel Theory (OSPT). The study also indicated that increasing the
thickness of the sandwich panel likely results in considerable reduction in shear strength.
Effect of load concentration
Frostig (1993) tested sandwich panel specimens with soft cores. The tested specimens
had skins with a modulus of elasticity of, Es, of 27420 MPa and their core had a modulus
of rigidity to a modulus of elasticity ratio, Gc/Ec, of 0.4. The bottom skin of the tested
specimens was twice as thick as the top skin. Simply supported specimens were tested
under a single concentrated load applied at the middle of the top skin of the specimen.
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Frostig (1993) investigated the effect of the core’s modulus of elasticity to the skin’s
modulus of elasticity ratio (Ec/Es) in the vertical direction on the stress concentration at
the concentrated load area.
Frostig’s (1993) investigations showed that the higher the modulus of the core, the less
local bending moment and higher peeling stresses at the skin-core interfaces. As the core
becomes stiffer, the increased peeling stresses at the skin-core interfaces are associated
with an increase in its allowable stresses. As a result, the allowable stresses of the
adhesive material may control failure rather than those of the core. Nevertheless, this
does not mean that the stiffer core is prone to premature failure.
As the core modulus increases, the deformation under the concentrated load decreases.
This is a direct result of the increase in the shear rigidity, which lessens the contribution
of the shear to the overall deformation.
Core strengthening
Since the soft core likely dictates the failure mode of the sandwich panels, many
researchers investigated methods of reinforcing foam cores. Frostig (1993) studied the
effect of strengthening sandwich panels by placing bonded and unbounded diaphragms in
the specimens. Two different diaphragm schemes were investigated. A bonded and
unbounded diaphragm under the applied point load and bonded and unbounded
diaphragms at distances equal to one-sixth of the span were used. The specimens were
symmetric and simply supported. Due to the presence of the diaphragm, Frostig (1993)
was able to use thinner skins in the specimens. In general, the study promotes the use of
diaphragms in sandwich panels with soft cores, especially, where concentrated loads are
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present, such as under point loads or at supports. The improved performance of the
sandwich panels was due to the skin collaboration when bonded diaphragms were used.
Similarly, Bozhevolnaya and Lyckegaard (2005) used different inserts in their
investigations. The tested specimens had aluminum skins with a PVC foam core.
Plywood core inserts were proposed in order to strengthen the foam core. The flexural
performance of the tested specimens was substantially improved after introducing the
core inserts.
Mahfuz et al. (2004) selected a different approach in order to strengthen the core of their
tested sandwich panels. They infused 3% nanoparticles of Ti O2 into the liquid
Polyurethane to enhance the performance of the final core. The technique used in this
study improved the flexural strength by 26% and the flexural stiffness by 56%.
Effect of delamination
Frostig (1993) investigated the delamination at the upper skin-core interface on the
concentration of the stresses. The tested specimens had moduli of elasticity, Es = 27420
MPa and Ec = 52.5 MPa. The modulus of rigidity, Gc, was 21 MPa. The specimens were
symmetric and simply supported and were tested under a single concentrated load applied
at the mid-span. Two locations were selected for observation; at the end of the panel and
at one-sixth of the span length.
The studies concluded that structures with edge delamination are prone to premature
failure. However, stresses due to small delaminated lengths do not grow to infinite as
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predicted by fracture theories. As a result of this, sandwich panels with delaminations can
continue to carry loads, as long as the delaminated length does not reach a decisive value.
Previous Analytical Studies
The first analyses of sandwich panels were documented by Allen (1969) and Plantema
(1966). Until today, researchers refer to and use their classical formulas, which are
identified as Ordinary Sandwich Panel Theory (OSPT). However, the OSPT fell short in
providing precise results when compared to experimental results, especially when a new
generation of materials was used. This emphasized the need for further analytical studies.
Frostig et al. carried out extensive studies on sandwich panels with flexible cores. Their
research includes high-order theory, analytical modeling as well as experimental
calculations. Frostig and Baruch (1990) proposed an analytical model based on the
superposition of two structures. The first structure has a core with shear rigidity while the
core of the second structure permits deformation in the vertical direction. The loading
schemes considered for this study were concentrated and distributed loads. The research
was focused on the parameters affecting the overall behaviour of sandwich panels,
especially, the stresses at the skin-core interface.
Guided by the previous research, Frostig et al. (1991) used the previously proposed
concept to analytically investigate the behaviour of a non-symmetric sandwich beams
with a flexible core.
Once again, Frostig et al. (1992) conducted a study that resulted in the high-order theory
of sandwich structures. The formulation for this theory exploits a beam theory for the
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skin and 2D elasticity theory for the core. The theory is claimed to be capable of
presenting the behaviour of the sandwich beam and the stresses in the skin, skin-core
interface and core.
Later, the high-order theory of sandwich structure was further developed in order to
investigate the behaviour of a delaminated sandwich beam (Frostig, 1992), buckling
analysis of a sandwich structure (Frostig and Baruch, 1993), and localized load effect
during bending of a sandwich structure (Frostig and Baruch, 1997).
2.2

Concrete Filled Tubes (CFT)

2.2.1

General

The CFT system has the potential for various flexural applications. The main advantage
of this composite section is the fact that concrete provides bracing to the tube against
local buckling and the tube provides confinement for the filling concrete.
2.2.2

Previous Research

Mirmiran et al. (1998) tested rectangular tubes filled with concrete. All tested CFTs had a
constant shear-span-to-depth ratio of 1.33. The tubes were made from unidirectional
GFRP. In order to investigate the effect of the mechanical bond and full composite action
in the tested tubes, shear connectors were implemented in some of the tested CFTs. Steel
reinforcement was considered for some specimens in order to improve the flexural
capacity and force the failure mode into a shear failure. All specimens were tested in a
four-point loading scheme. Despite the mechanical bond and the steel reinforcement, the
specimens failed prematurely. Mirmiran et al. (1998) proposed an analytical truss model
to predict the ultimate shear strength of CFTs, which included force contribution from the
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concrete and the FRP tube. A shear strength equation of the tube was derived after
relating the tube properties to the shear failure plane.
Kang et al. (2007) conducted a similar study on CFTs with shear connectors. The steel
circular tubes were 508 mm in diameter, 9 mm in thickness and 6 m in length. All beams
were tested in a four-point loading scheme. No longitudinal reinforcement was
considered in this study. The study showed that the flexural performance of the tested
CFTs was more favourable than that of the steel tube with no concrete infill. This
includes shallower buckling shape and a 20% carrying load increase.
The study conducted by Fam (2000) and Fam and Rizkalla (2002) included testing
thirteen circular CFT beams with various shear span to depth ratios. The beams had
GFRP or steel tubes with various reinforcement ratios and were tested in four-point
loading set-up. Only one beam failed in shear while the rest of the beams failed in
flexure. The study concluded that despite the improved ductility of the member, the
contribution of the confinement of the concrete was insignificant to the flexural strength.
The study also showed that once the steel tube reaches its yielding point, a ductile failure
with excessive deflection is expected in the concrete filled steel tube. Fam (2000)
proposed an analytical model that predicts the load-deformation response of CFTs in
flexure.
Mirmiran et al. (2000) investigated the flexural performance of sixteen beams with shear
span to depth ratios of 2. The beams had two different types of GFRP tubes and were
reinforced with two different reinforcement ratios. One was under-reinforced and the
other was over-reinforced. All beams were tested in a four-point loading scheme and
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failed in flexure. The under-reinforced beam failed in tension due to the rupture of the
GFRP tube, whereas the over-reinforced beam failed by compression of the tube.
Cole and Fam (2006) carried out a study on seven specimens, 220 mm in diameter and
2.43 m long. Five specimens had GFRP circular tubes, one specimen had spiral steel
confinement and the last was not confined. All specimens were diversely reinforced with
either steel or GFRP rebars and were tested in a four-point loading setup. The study
concluded that the greater the steel reinforcement ratio in CFTs, the more enhanced
flexural performance. This included improved stiffness, ductility and strength. Another
finding was drawn, which is that steel reinforced CFT beams with GFRP tubes are likely
to fail gradually providing warning signs and showing significant ductility. An analytical
approach was proposed and validated using the experimental results.
A similar study was carried out by Davol et al. (2001) on four beams with shear span to
depth ratios of 4.7 and 7.7. The CFT beams had CFRP tubes and were reinforced with a
reinforcement ratio of 10% for the longer beams and 6% and 12% for the shorter ones.
Once again, all beams failed in flexure by compression. An approach based on the beam
theory was proposed by Davol et al. (2001) in their studies. This approach estimates the
strain due to shear during the specimen loading. However, this approach ignored the
contribution of concrete in tension and the interaction between the flexure/shear of the
tube.
2.2.3

Failure Modes

According to ASCE-ACI Task Committee 1973, reinforced concrete (RC) beams are
classified into four subgroups based on their load transfer mechanism and mode of
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failure. The first category is identified as deep beams, where the shear span to depth ratio
is less than or equal to one, a/d ≤1. The second category is for beams with a shear span to
depth ratio greater than one but less than or equal to two and half, 1< a/d ≤ 2.5, this
category is identified as short beams. The slender beam category is when the shear span
to depth ratio is greater than two and a half but less than or equal to six, 2.5 < a/d ≤ 6.
The last category is identified as very slender with a shear span to depth greater than six,
6 < a/d (Ahmad, 2004).
Short beams without shear reinforcement fail in shear without reaching their flexural
capacity. Alternatively, very slender beams tend to fail in flexure and slender beams,
without shear reinforcement, are susceptible to diagonal tension failure.
In deep beams without web reinforcement, the load is transferred based on a tied-arch
action. In this concept, cracks are initiated where the load is concentrated at supports and
under the load. Thereafter, the cracks interconnect triggering failure of the specimen.
Commonly, beams fail due to an anchorage failure of the reinforcement. Other failure
modes include crushing of the beam along cracks, crushing of the beam at the support,
and arch-rib tensile failure.
Ahmad et al. (2008) conducted studies on ten CFT specimens with GFRP tubes. The
specimens’ shear span to depth ratio varied between 0.9 and 6.25 and the diameter of the
tube to thickness ratio between 16 and 63. The study showed that none of the tested CFT
specimens failed in shear, since the tensile strains due to bending remained higher than
the respective diagonal tensile strains due to shear. The concrete core started to slip out of
the tube during the tests after the development of the first flexural crack. Due to this
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slippage, which consequently caused loss of composite action, shear stresses became less
critical than flexure stresses, and diagonal tension failure never occurred.
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CHAPTER 3
FLEXURAL BEHAVIOR OF SANDWICH WALL PANELS: PHASE I,
POLYURETHANE FOAM INJECTED BETWEEN CARBON-FRP
SKINS1
3.1

Introduction

Architectural precast wall panels, or sometimes referred to as cladding panels, are an
essential component of any high-rise or low-rise structure. They provide space enclosure,
protection against external environmental effects, including wind and moisture, and
insulation (Taylor, 1992). They also provide the aesthetic appeal of the structure, by
means of a variety of architectural effects, colours, and textures that are integrated within
the outer surface of the panels. Although cladding panels have commonly been referred
to as non-structural elements (U.S. Army, 1986), they have to be designed for wind and
seismic loads as well as temperature variations. A recent study by Memari et al. (2004)
looked into the various factors affecting seismic design of the panels, including their
deadweight.
Traditionally, cladding panels have been fabricated using reinforced or prestressed
concrete. While these panels have been successful for years, advances in material science
and technology in the field of advanced composite materials have now made it possible to
develop a new generation of superior panels that overcome a number of shortcomings of
conventional concrete panels. The composite panel is composed of high density yet
lightweight foam, sandwiched between two thin layers of fibre reinforced polymer (FRP)
laminates. Frostig and Barush (1996) pointed out the important structural role of the foam
1

This chapter has been published as the following journal paper:
Shawkat, W., Fam, A., and Honickman, H. (2008) “Investigation of a Novel Composite Cladding Wall
Panel in Flexure”, Journal of Composite Materials, Vol. 42, No. 3, pp. 315-330
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core, not only for shear strength, but also as a rigid spacer that keeps the two skins apart
and prevent relative slip. Sandwich panels were first introduced in the nineteenth century
and early application of sandwich panel occurred in World War II when they were first
used in the aircraft industry (Allen, 1969). Since then, the use of sandwich panels
boomed in the aerospace and marine industries, particularly after introducing FRP
materials.
The self-weight of the composite panel is substantially lower than conventional concrete
panels. Since self-weight is essentially the largest component of the loads that buildings
are designed for, it is expected that composite panels will lead to significant cost savings
in the structural system of a building. The reduced self-weight of panels will also lead to
substantial savings in the costs of transportation, handling, lifting, and installation.
Another major feature of composite panels is that they are immune to aggressive
environments, due to their non-corrosive characteristics, which is not the case for
reinforced concrete panels.
In this article, test results and analysis of a pioneering experimental investigation into the
structural behavior of a first generation of sandwich composite panels developed
specifically for cladding application are reported. The study is focused on the one-way
slab flexural behavior of the panels along with comparisons with conventional reinforced
concrete wall panels.
3.2

Experimental Program

The composite panels used in this study consisted of a rigid polyurethane foam core
sandwiched between two thin layers of carbon-FRP (CFRP), Figure 3.1(a). In order to
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fabricate the panels the CFRP skins were first adhered to the upper and lower faces of a
formwork. Polyurethane foam was then injected into the void between the CFRP skins as
a two part liquid, which react and expand into a hard foam-like substance, adhering to the
CFRP skins. Since the CFRP skins are restrained by the formwork, the foam becomes
pressurized as it expands. More details of this fabrication method can be found elsewhere
(Davies, 1987). The following sections provide descriptions of test specimens and
parameters, material properties, test set-up, and instrumentation.
3.2.1

Description of Test Specimens and Parameters

Three large panels, each with a nominal thickness of 70 mm, were fabricated. The panels
had a smooth white marine grade gel-coat applied to the outer surfaces of the CFRP
skins. Each panel was trimmed and cut into half, in order to create six 1475×300×70mm
test specimens (specimens P1–P6 in Table 3.1). Figure 3.1(b) shows a sample of this type
of panel. Additionally, two large panels, each with a nominal thickness of 50 mm, were
fabricated with one of the CFRP skins covered by a special coating simulating the
appearance of masonry brick. This 8mm thick coating consisted of resin impregnated
aluminum-oxide powder and red gel-coat. The opposite CFRP skin was left bare. Each
panel was also trimmed and cut into half, in order to create four 1418×320×50mm test
specimens (specimens P7–P10 in Table 3.1). Figure 3.1(c) shows a sample of this type of
panel. Table 3.1 provides the dimensions, mass, core and skin thicknesses as well as the
partner specimen for each of the ten specimens. In general, the measured thicknesses
were inconsistent within each panel. As a result, a thickness range is provided instead of
a single value. This range exhibits the smallest and the largest values measured in the
laboratory. It was noticed that the skin and foam thicknesses varied within the specimens,
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as shown in Table 3.1, in the longitudinal and transverse directions. In general, the foam
core was thickest toward mid-span, and tapered off toward the ends. This suggests that
the original large panels must have had a slight convex surface, which is possibly
attributed to expansion of the polyurethane foam core.
Table 3.2 provides a summary of the test matrix and parameters, using the ten specimens.
All specimens, except for specimen P6 were tested in dry conditions. Specimen P6 was
submerged in water for three months before testing, according to ASTM C272-01.
Specimens P1, P2, P3, P5, P6, P9, and P10 were tested in four-point bending, whereas
specimens P4, P7, and P8 were tested in three-point bending, in a similar fashion to
ASTM C393-00. Specimens P7, P8, and P9 were tested such that the masonry pattern
was located in compression (i.e., top surface) to simulate a wind pressure, whereas
specimen P10 was tested with the masonry pattern located in tension (i.e., bottom
surface) to simulate wind suction. As shown in Table 3.2, specimens P2 and P3 as well as
P7 and P8 are compared to check for repeatability of performance in specimens of the
same original panel. Specimens P1, P2, and P5 are compared to check for repeatability of
performance in specimens from different panels. Specimens P4 and P5 as well as P7 and
P9 are compared to examine the effect of shear span to depth ratio, which was thought to
control failure mode. Specimens P1 and P6 are compared to examine the affect of
moisture absorption. Finally, specimens P9 and P10 are compared to examine the effect
of location of the masonry pattern, being in tension or in compression, to assess the
structural contribution of the facing material.
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Material Properties

As part of this project, the materials used in manufacturing the specimens were tested at
the University of Waterloo in order to obtain their mechanical properties. The CFRP skin
consisted of epoxy impregnated unbalanced biaxial carbon fibre weave, [0/90/0] lay-up.
Standard 290×25mm tension coupons were tested in accordance with ASTM D3039 in
the 0 and 90 degree directions (Rogalsky and Sullivan, 2005). The tensile strength and
modulus in the 0 degree direction are 235MPa and 26.3 GPa, with standard deviations
(STD) of 38MPa and 3.2 GPa, respectively, and in the 90 degree directions are 147MPa
and 19.6 GPa, with STD of 31MPa and 3.9 GPa, respectively. For the polyurethane foam
core, ten 246mm long dog bone tension coupons with 19×12mm cross-section within the
gauge length and ten 51×51×25mm compression prisms were tested in accordance with
ASTM D638 and ASTM D1621, respectively (Rogalsky and Sullivan, 2005). The
average tensile and compressive strengths were 1.54 and 1.03 MPa, with STD of 0.18 and
0.25 MPa, respectively. The average elastic moduli in tension and compression were 86
and 18 MPa, with STD of 17 and 3.5 MPa, respectively. The average tensile strain at
failure was 0.0205 with STD of 0.0033. The compressive specimens showed a flattening
curve as they continued to be compressed.
3.2.3

Test Setup and Instrumentation

Figures 3.2(a) and (b) show the four-point and three-point bending test set-ups,
respectively. The loads were applied along the full width of the specimens at one third
and two thirds of the span in the four-point bending tests and were applied at mid-span
for the three-point bending tests. One-inch wide teflon sheets were placed at the load and
support locations in order to protect the panel from stress concentration. Specimens P1–
P6 were tested over a span of 1400 mm, whereas specimens P7–P10 were tested over a
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span of 1360 mm. Longitudinal strains in the upper and lower CFRP skins were
monitored using electric resistance strain gages. Mid-span deflections were monitored
using two linear potentiometers. The specimens were loaded to failure using a Riehle
testing machine, at a rate of 1 mm/min.
3.3

Results of the Experimental Program

In the following sections, the effects of various parameters are discussed in light of the
behavior of the test specimens. Table 3.3 provides a summary of the results, in terms of
the ultimate loads, moments, deflections, strains in the upper and lower CFRP skins, and
failure modes. A summary of typical failure modes is presented in Figure 3.3.
3.3.1

Test Specimens from the Same Panel

Specimens P2 and P3 as well as P7 and P8 were produced from the same panel. Both P2
and P3 were tested in four-point bending, whereas P7 and P8 were tested in three-point
bending. The load–deflection and load–strain responses of these specimens are provided
in Figure 3.4(a) and (b). Good consistency within the same panel was observed by
comparing specimens P2 and P3. Both specimens ultimately failed by outward buckling
of the upper CFRP skin within the shear span, as shown in Figure 3.3(a). A thin layer of
foam was attached to the buckled CFRP skin. The compressive strains in the upper skin
at ultimate were only -3148 and -3180 micro-strain in P2 and P3, respectively. This
suggests that the CFRP skin has failed prematurely, before reaching its potential crushing
strain in compression, which is -6810 micro-strain (based on specimen P4 as will be
discussed). Specimen P8, on the other hand, showed lower strength and stiffness,
compared to P7. This was attributed to the presence of an air void in the foam near the
upper CFRP skin. Specimen P7 failed by outward buckling of the upper CFRP skin as
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shown in Figure 3.3(b), whereas P8 failed in shear within the foam core as shown in
Figure 3.3(c).
3.3.2

Test Specimens from Different Panels

Specimens P1, P2 and P5 were cut from three different panels, yet they were all tested
using the same four-point bending configuration. The load–deflection and load–strain
responses of the specimens are compared in Figure 3.5(a) and (b). Specimens P1 and P5
both failed in shear within the foam core at comparable load levels as shown in Figure
3.3(d), which suggests comparable quality. They, however, showed significantly lower
strength and stiffness, compared to P2, which failed by skin buckling. This suggests that
the foam core quality of specimen P2 is higher than that of P1 and P5.
3.3.3

Test Specimens with Different Shear Span-to-Depth Ratios

The effect of shear span (a)-to-depth (t) ratio (a/t) is studied through specimens P4 and
P5, which were cut from the same panel. Specimen P4 was tested in three-point bending,
giving an (a/t) ratio of 9.3, whereas P5 was tested in four-point bending, giving an (a/t)
ratio of 6.2. The load–deflection and load–strain responses of both specimens are
provided in Figure 3.6(a) and (b). Since the loading configurations were different for both
specimens, it is more appropriate to compare their moment resistance. In this case, as
shown in Table 3.3, specimen P4 failed at a 6.53kNm moment, whereas P5 failed at a
substantially lower moment of 1.49kNm. This is attributed to the different failure modes,
where P5 failed in shear as indicated earlier, whereas P4 failed in flexure by crushing of
the upper CFRP skin in compression at a strain of -6810 micro-strain, as shown in Figure
3.3(e). This indicates that the CFRP skin was utilized to its full capacity, which is
certainly a more optimal performance than in other specimens that failed prematurely by
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shear or skin buckling at lower CFRP strains. The performance of specimen P4 reflects
the maximum potential of the composite panels. The effect of (a/t) was also studied
through specimens P7 and P9, which were tested in three-point and four-point bending,
giving (a/t) ratios of 11.7 and 9.07, respectively. The load–deflection and load–strain
responses of both beams are also provided in Figure 3.6(a) and (b). Specimen P7 failed at
a moment of 2.41kNm, whereas P9 failed at 2.86kNm, which are somewhat comparable.
It should be noted, however, that the failure modes were different. Specimen P7 failed by
skin buckling, whereas specimen P9 failed in shear as shown in Figure 3.3(b) and (c). It
is possible that the stiff masonry pattern coat on the compression face of specimen 7
prevented crushing of the upper CFRP skin as indicated by the lower compressive strain,
relative to the tension strain.
3.3.4

Effect of Moisture Absorption

Specimen P1 was tested in dry conditions, whereas P6 was submerged in water for about
three months and then tested while still wet. Both specimens were cut from the same
panel and tested in four-point bending. The load–deflection and load–strain responses of
specimens P1 and P6 are given in Figure 3.7(a) and (b). Specimen P1 failed in shear as
described earlier, whereas P6 failed by outward buckling of the compression CFRP skin,
as shown in Figure 3.3(a) and (d), at a higher load. Although the wet specimen appeared
to be stronger than the dry one, it is difficult to make a firm conclusion based on a single
specimen for each case. It can only be noted that moisture does not appear to have a
negative effect on the strength of the panel.
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Effect of Orientation of Masonry Pattern Coat

Specimens P9 and P10 were produced from the same large panel and tested in four-point
bending. The masonry patterns of specimens P9 and P10 were located in compression
and in tension, respectively. The load–deflection and load–strain responses of specimens
P9 and P10 are provided in Figure 3.8(a) and (b). Specimen P9 showed higher strength
than P10 and failed in shear, whereas P10 failed by buckling of the compression skin as
shown in Figure 3.3(c) and (f). This suggests that having the masonry pattern in
compression has a strengthening effect. It is clear that the presence of the masonry
pattern in compression has prevented skin buckling and forced the shear failure mode.

3.4

Assessment of Flexural Strength and Stiffness

The ultimate moments of all specimens tested in this study are calculated based on the
measured ultimate loads and loading configurations using Equations 3.1 (a) and 3.2 (a)
and reported in Table 3.3. The flexural stiffness, defined as EI, where E is Young’s
modulus of the core and I is the transformed moment of inertia of the entire section, is
calculated based on the measured load P and the corresponding deflection δ, using
Equations 3.1 (b) and 3.2 (b), and are reported in Table 3.4:
For three-point bending:

PL
4

(a)

PL3
EI =
48 δ

(b)

M =

For four-point bending:
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M =

PL
6

(a)

Pa (3L2 − 4a 2 )
EI =
24 δ

(b)

(3.2)

Where a is the shear span length and equals L/3. Based on the load–deflection curves,
two EI values have been estimated for each specimen, as reported in Table 3.4. The first
one, (EI)Average is based on the entire P–δ curve, post peak part of the curve was excluded
in calculating (EI)Average. The second value, (EI)33% is based on the slope of the initial part
of the curve, only up to 33% of the ultimate load Pu. This was done to provide a realistic
flexural stiffness that represents the performance at service load conditions, which is
assumed to be within the first one third of the response. The EI values were also deduced
from the constituent materials and cross-section properties using transformed section
analysis and were compared to the experimental values. The calculated (EI) value for
specimens P1–P6, based on the nominal skin and core thicknesses, was 48kNm2 and for
P7–P10 specimens was 17kNm2. These values are higher than the experimental values
reported in Table 3.4. This is attributed to the core material, which was relatively soft
compared to the CFRP skin, which has likely resulted in large shear deformations that
contributed to the measured mid-span deflections δ (Allen, 1969). Equations 3.1 and 3.2,
however, do not account for shear deformations.
A hypothetical condition was studied, in order to simulate a realistic full-scale condition.
It is assumed that each specimen represents a panel used in the field and is simply
supported over a 3m span (representing a single floor height of a building) and is
subjected to a uniformly distributed load w (representing wind pressure). A 1m wide strip
is considered for this one-way slab analysis for simplicity. The measured ultimate
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moments of the tested specimens are then used to establish the ultimate uniformly
distributed load w* that the 1×3m simply supported panels can resist, using Equation 3.3,
and reported in Table 3.4.

w* =

8M u *
L2

(3.3)

Where L* =3m and Mu* is the ultimate moment of a 1m wide panel and is equal to
3.33Mu for specimens P1–P6 or equals to 3.1Mu for specimens P7–P10, where Mu is the
ultimate moment of the tested specimens. The multiplication factors 3.33 and 3.1 are used
because of the difference in width between the tested specimens and the 1m wide
hypothetical concrete panel, i.e. these adjusting factors of 3.33 and 3.1 were used to
estimate the capacity of an equivalent 1m wide of the same sandwich panel. If the limit
on deflection δ(allowable)=L*/180 provided by the Canadian code (CSA A23.3) is applied
(CSA, 1994), the maximum permissible uniform pressure w** can be calculated using
Equation 3.4, as reported in Table 3.4:

w ** =

384 EI * δ ( allowable )
(3.4)

5 L *4

where EI* is the flexural stiffness of a 1m wide panel and is equal to 3.33EI for
specimens P1–P6 or 3.1EI for specimens P7–P10, where EI is the stiffness of the tested
specimens. It is quite clear that the permissible load is substantially lower than the
ultimate loads as given by the (w**/w*) ratio shown in Table 3.4. This observation
clearly indicates that the design of this new generation of wall panels is stiffness driven
and is not strength driven.
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Comparison between Sandwich Panels and RC Panels

In order to compare the flexural performance of the composite panels to that of a
conventional reinforced concrete (RC) panel, analytical modelling was used to predict the
flexural responses of virtual RC panels, designed to satisfy different criteria. The RC
panels were assumed to be 100mm thick and reinforced with a single layer of rebar at
their mid-thickness, which generally represents actual practice in precast panel design.
The concrete compressive strength and steel rebar yield strength are assumed 35 and 400
MPa, respectively. It was decided to compare specimens P3 and P4 to the conventional
RC panels. Both P3 and P4 failed in flexure, but through different modes, namely skin
buckling and skin crushing, respectively. The width of the virtual RC panels was
assumed equal to that of the composite panels of 300 mm. The objective is to establish
the steel reinforcement configuration in the RC panels required to satisfy two different
criteria, namely (a) same ultimate moment as the composite panel and (b) same flexural
stiffness after cracking as the composite panel. The comparison was made at the crosssectional behavior level, using the moment-curvature response of the mid-span section.
The curvature is essentially the slope of the strain profile along the cross-section depth,
which is established using the measured longitudinal strains at the top and bottom of the
CFRP skins for the composite panels. For the RC panels, the computer program
Response 2000 (Bentz, 2000) was used to establish the moment-curvature responses.
Figure 3.9(a) shows a comparison between the measured moment-curvature response of
specimen P3 and that of an RC virtual panel (a) that had the same ultimate moment
capacity. It was found that 150mm2 of steel rebar is necessary to satisfy this criterion.
The reinforced ratio is essentially equivalent to 5 No.10 rebar/m’. In this particular case,
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the same design would also be required to satisfy the same flexural stiffness criteria after
cracking. Figure 3.9(b) shows a similar comparison with specimen P4. In this case RC
panel (b) was designed to provide equivalent flexural stiffness to the composite panel by
using 180mm2 steel reinforcement, which is essentially 6 No.10 rebar/m’. The moment
capacity of the RC panel in this case is much lower than that of the composite panel. RC
panel (c), on the other hand, was designed to provide the same moment capacity as
composite specimen P4, by using 390mm2 steel reinforcement, which is essentially a 13
No.10 rebar/m’. In this case, the stiffness of RC(c) is higher than that of the composite
panel. The self weight of the panels tested in this study is given in Table 3.1, which was 7
kg on average for specimens P1–P6 and was 10 kg on average for P7–P10. The self
weight of reinforced concrete panels of the same size would have ranged from 46 to 67
kg. This indicates that the composite panels are about 6–7 times lighter than conventional
RC panels of the same size. The composite panels would also be 14 times lighter than the
100mm thick virtual RC panels (a), (b) and (c) of equivalent flexural strength or stiffness.
3.6

Recommendations

Based on this investigation, the following recommendations are made:
1. Better quality control could be achieved by laminating FRP layers to a
prefabricated solid foam core. This will ensure a foam core of consistent density
and thickness and FRP skins of consistent thickness (through a vacuum bagging
process for example).
2. As most failure modes observed were associated with the foam core, it is
recommended to use glass-FRP (GFRP) skin. In this study, the CFRP skin was
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highly underutilized, particularly in the tension side of the panel. The foam core
thickness may be increased slightly in this case to achieve a comparable flexural
stiffness to the CFRP-composite panels. This will also reduce the cost
substantially.
3. In the analysis and design of the new generation of the panels, shear deformations
of the core material needs to be accounted for in deflection calculations.
3.7

Summary

A composite panel consisting of polyurethane foam core sandwiched between two carbon
fibre-reinforced polymer (CFRP) skins is investigated in one-way bending. While most
studies on sandwich panels are typically geared towards aerospace applications, to the
authors’ knowledge, this is the first study on the application of cladding for buildings.
Ten panels were tested to investigate their structural performance and failure modes. Test
parameters include consistency of quality and performance, moment-shear ratio, moisture
absorption and orientation of architectural masonry-like coating. The panels were 14
times lighter than conventional reinforced concrete panels of equivalent strength and
stiffness.
The study showed that design is stiffness driven as deflection limits in service will likely
govern. Shear deformations of the core may have a significant contribution to deflections.
The most common failure mode was the outward buckling of the CFRP skin. Some
panels failed by shear in the foam core, and in one panel, the CFRP skin was crushed.
When the masonry-like coating was positioned in compression, it forced a shear failure
but when located in tension to simulate wind suction, skin buckling occurred at a lower
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load. While this study showed excellent potential for this novel cladding, it is
recommended to laminate FRP layers to prefabricated solid foam cores, rather than
injecting liquid foam in between FRP skins, to improve quality control during fabrication.
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Table 3.1 Description of test specimens

Specimen
Description

Without
masonry-like
pattern`

With
masonry-like
pattern

Number
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10

Span

Width

(mm)
1400
1400
1400
1400
1400
1400
1360
1360
1360
1360

(mm)
300
300
300
300
300
300
319
319
320
318

Total
thickness
(mm)
63-71
65-71
65-72
66-76
65-75
62-70
50-58
48-57
44-50
46-50

Mass

Skin
thickness
(kg)
(mm)
6.49
1.9-3.5
6.66
1.9-3.5
7.19
1.9-3.5
7.58
1.9-3.5
6.89
1.9-3.5
6.29
1.9-3.5
10.82 1.0-2.5
9.04
1.0-3.0
9.86
1.0-2.5
10.28 1.0-2.5

Core
thickness
(mm)
59-66
61-67
61-67
62-72
60-70
61-66
38-48
38-46
31-41
33-41

Partner
specimen
P6
P3
P2
P5
P4
P1
P8
P7
P10
P9

Table 3.2 Summary of parameters studied and test matrix

Specimen
#
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10

Loading
Configuration

Environmental
condition

Location of
masonry pattern

Four-point bending
Dry
Three-point bending
Four-point bending

N/A

Wet

Three-point bending
Dry
Four-point bending

Top, in Compression
Bottom, in Tension

*Parameters:
1. Performance of similar specimens of the same original panel.
2. Performance of similar specimens but from different panels.
3. Shear span-to-depth ratio.
4. Moisture absorption.
5. Location of masonry pattern, in tension or in compression.
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Table 3.3 Summary of test results

Specimen
#

Partner

Type of
loading

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10

P6
P3
P2
P5
P4
P1
P8
P7
P10
P9

4-Point
4-Point
4-Point
3-Point
4-Point
4-Point
3-Point
3-Point
4-Point
4-Point

Multimate Pultimate δultimate
(kN.m)
1.17
3.06
3.27
6.53
1.49
1.80
2.41
1.45
2.86
1.79

(kN)
5.0
13.1
14.0
18.65
6.4
7.7
7.1
4.25
12.6
7.9

(mm)
19.4
24.6
24.8
36.3
15.8
30.9
28.9
48.1
51.6
29.75

εultimate
Top
Bottom
(μ strain) (μ strain)
-1670
1120
-3148
2775
-3180
2967
-6810
5945
-1384
1461
-1740
1941
-2030
3324
-600
2904
-1800
4340
-2720
1137

Failure
Mode
Foam shear
Skin buckling
Skin buckling
Skin buckling
Foam shear
Skin buckling
Skin buckling
Foam shear
Foam shear
Skin buckling

Multimate= ultimate moment; Pultimate= total ultimate load; δultimate= ultimate deflection; εultimate= ultimate
strain.

Table 3.4 Summary of ultimate moment, flexural stiffness and results of the case study

Specimen
EIAverage kN.m2
EI33%
kN.m2
w*
kN/m’
w**
kN/m’
(w**/w*)

P1
P2
P3
P4
P5
P6
P7
14.41 26.46 28.26 30.21 20.26 15.42 13.93
15.12 26.77 30.05 28.89 22.62 17.45 14.03
3.46 9.07 9.69 19.35 4.41 5.33 6.68
0.8
1.41 1.58 1.52 1.19 0.92 0.69
0.23 0.16 0.16 0.08 0.27 0.17 0.10

P8
P9
P10
3.41 11.96 12.75
7.89 12.20 13.29
4.02 7.93 4.96
0.39 0.6
0.66
0.10 0.08 0.13

w*= Ultimate uniform load if the panel was 1m wide and simply supported over a 3 m span
w**= Permissible uniform load over a 3 m span governed by deflection limit of (span/180)
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C-FRP top and bottom Skins

Polyurethane rigid foam Core
(a) Elements of the sandwich panel tested

(b) Sample of specimens P1 to P6

(c) Sample of specimens P7 to P10

Figure 3.1 Composite sandwich wall panels
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(a) Four-point bending

(b) Three-point bending
Figure 3.2 Test setups
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(a) Skin buckling in P2, P3 and P6

(b) Skin buckling in P 7

(c) Shear failure in P8 and P9

(d) Shear failure in P1 and P5

(e) Skin crushing in P4

(f) Skin buckling in P10

Figure 3.3 Different failure modes of sandwich wall panels

41

Chapter 3

Flexural Behavior of Sandwich Wall Panels: Phase I, Polyurethane Foam Injected Between
Carbon-FRP Skins

16

14

P3
12

P2
Load (kN)

10

8

P7

6
P2
P3

4

P7

P8

P8

2

0
0

10

20

30

40

50

60

Deflection (mm)

(a)
16

14

P3

P3
12

P2
Load (kN)

10

8

P7

P7

6

P8

P2

4

P8

P2
P3

2

P7
P8

0
-0.004

-0.003

-0.002

-0.001

0

0.001

0.002

Strain (µ strain)

(b)
Figure 3.4 Flexural behavior of panels 2, 3, 7 and 8
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Figure 3.5 Flexural behavior of panels 1, 2 and 5
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Figure 3.6 Flexural behavior of panels 4, 5, 7 and 9
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Figure 3.7 Flexural behavior of panels 1 and 6
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Figure 3.8 Flexural behavior of panels 9 and 10
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Figure 3.9 Comparison between composite sandwich panels and RC panels
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CHAPTER 4
FLEXURAL BEHAVIOR OF SANDWICH WALL PANELS: PHASE II,
GLASS-FRP SKINS LAMINATED TO PREFABRICATED FOAM
BLOCKS1
4.1

Introduction

Conventional cladding walls are typically made of two layers of precast reinforced concrete
with an insulating foam layer in between. These cladding panels are essential for low rise and
high rise buildings, as they serve many functions. This includes acting as the first line of
defense against the harsh environmental elements. As a structural component, cladding
panels are mainly designed for wind loading. However, modern sandwich panels are likely
composed of a high density rigid foam core sandwiched between two thin layers of fibre
reinforced polymer (FRP) laminates, as shown in Figure 4.1. The two skins are adhered to the
core by an adhesive material such as epoxy. One of the skin’s functions is to carry the inplane compressive and tensile stresses generated, mainly due to flexure. While the main
function of the foam core is to keep the two FRP skins apart at a pre calculated distance and
to resist shear forces. Sandwich panels were introduced in the 20th century and were first
used in aircraft industry (Allen, 1969). Since then, the main use of sandwich panels has been
in the aerospace, automotive and naval industries, especially after FRP material was used in
the engineering field.
Allen (1969) assumed that there is no contribution of the foam core to the overall bending
stiffness of the sandwich panel cross section, which was described before as an antiplane core
by Filon (1937). Ojalvo (1977) ignored the peeling stresses between the skins and the core,
while assumed different deflections of the face skins. Others made the assumption that
1

This chapter has been published as the following refereed conference paper:
Sharaf, T., Fam, A., Shawkat, W., and Taylor, B. (2007) “Applications of FRP in Cladding Panels of
Buildings”, Asia-Pacific Conference on FRP in Structures (APFIS 2007), December 12-14, 2007, Hong
Kong, China
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sandwich panels with foam cores act like an ordinary beam with equivalent properties
(Ogorkiewicz and Sayigh, 1973). Frosting and Baruch (1990) investigated a sandwich beam,
taking into consideration the flexibility of the core in the transverse direction, particularly the
compressibility under the applied loads. Equations for predicting deflection, normal stresses
in skins, and core shear stresses were developed by Allen (1969), without considering the
core flexibility. Frostig and Baruch (1990) developed the governing differential equations for
these engineering properties, but without giving a closed form equation. A high order
bending theory was developed by Frostig et al. (1992) to evaluate the governing differential
equation to predict the bending behavior of a sandwich beam with flexible core. Niu and
Talreja (1999) presented a wrinkling model for sandwich panels in compression with the
assumption of a continuous isotropic linear elastic core. A closed form high order theory for
the analysis of sandwich panels with a core made of a material characterized by a nonlinear
constitutive relation was introduced by Schwarts-Givli and Frostig (2001).
It is proposed to use FRP-Foam sandwich panels for cladding applications in building as
replacement of the precast concrete panels, due to their substantially smaller dead weight,
and excellent durability and insulation characteristics. This paper presents an experimental
flexural investigation of these panels.

4.2

Experimental Program

Ten panels were tested in order to investigate the overall behaviour of sandwich panels in
flexure, using various loading configurations. The dimensions of each panel were set to
1400×300×76 mm (Length × Width × Thickness). The conducted experimental program is
illustrated in the following subsections.
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Material Properties

The sandwich panels consisted of a polyurethane foam core sandwiched between two GFRP
skins. The skins were fabricated from 54 oz 2 weave E-glass and CoPoxy 4281A resin, and
had a thickness of 1.6mm. The tensile moduli in both longitudinal and transverse directions
of the GFRP skin were both 20.7 GPa and the shear modulus was 2.07 GPa. The ultimate
tensile strength and strain in both directions were 290 MPa and 0.014, respectively. The foam
core was fabricated from Corafoam U020. Two densities of the closed-cell polyurethane
foam were considered in this study, 0.31 kN/m3 (2 pcf) and 0.63 kN/m3 (4 pcf). The
polyurethane foam material properties provided by manufacturer are summarized in Table
4.1.

4.2.2

Test Specimens

A summary of the test specimens and parameters is illustrated in Table 4.2. Specimens P1 to
P6 were fabricated from the 0.31 kN/m3 (2 pcf) density foam while specimens P7 to P10
were fabricated from the 0.63 kN/m3 (4 pcf) density foam. Specimens P1 and P2 were tested
in three-point and four-point loading, respectively, while all other specimens were tested
under a uniformly distributed load simulated by eight concentrated loads distributed evenly
over the top skin of the sandwich panel. Figure 4.2 shows the different loading configurations
used in this study. All specimens, except P6 and P10 were tested monotonically at a stroke
rate of 1mm/min. However, for the low cycle fatigue, four loading levels were considered,
four cycles were applied at each loading level. The specimen was then flipped over and then
the loading process was repeated. At the last loading phase, the specimen was monotonically
loaded to failure. The identical specimens of (P3 to P5) and (P7 to P9) were tested to
investigate the repeatability of their performance and test results.

50

Chapter 4

4.2.3

Flexural Behavior of Sandwich Wall Panels: Phase II, Glass-FRP Skins Laminated to
Prefabricated Foam Blocks

Test Setup and Instrumentation

All specimens had a span of 1400mm and the loads were applied across the full width of the
panel, using steel rollers resting on rigid steel plates. Teflon sheets were placed under the
steel plates in order to protect the panels from direct indentation due to stress concentrations.
Only the bottom skin was vertically restrained and specimens were simply supported along
the full width at both ends. Longitudinal strains in the GFRP skins were monitored at mid
span using four point electric resistance strain gages, two on the top face (compression) and
two on the bottom face (tension). Mid-span deflections were monitored using two linear
potentiometers (LVDT). The relative slip between the upper and lower skins was measured
using two linear potentiometers, placed at both ends. The specimens were tested using a 900
kN Riehle machine. The gages, LVDT and stroke were calibrated and reset before starting

each test.
4.3

Experimental Results and Discussion

Table 4.2 summarizes the results for the tested panels, along with foam type, loading
schemes and the failure modes observed. The effect of the foam density on the flexural
behaviour of the panels, (load-deflection responses), is shown in Figure 4.3 a). Similarly, the
effect of the loading scheme, static or cyclic, on the flexural behaviour of the panels is shown
in Figure 4.3 b). However, only the last loading path to failure is shown for the cyclic case.
The load-longitudinal strain responses are presented for both the 2 pcf and 4 pcf foam types,
in Figure 4.4. Moment-curvature responses are presented for panels with different loading
configurations in Figure 4.5. The load-slip responses are presented in Figure 4.6. Finally, the
different failure modes are shown in Figure 4.7. The effect of various parameters will be
discussed in light of these figures.
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As shown in Figure 4.3(a), the ultimate load carrying capacity of the sandwich panel
increases as the foam core density increases. The chart clearly shows the significant
effect of foam density on the strength and stiffness of sandwich panels and that the effect
of the foam core on flexural behaviour should not be neglected. Figure 4.3(b) shows that
the low cycle fatigue had an insignificant effect on the behaviour of the panel. However,
high cyclic fatigue still needs to be investigated.
Figure 4.4 indicates that the strains in the GFRP skins at failure are substantially lower
than the ultimate strain of GFRP (0.014). This is attributed to the failure modes.
Specimens P1 and P2 failed due to inward wrinkling of the compression skin, as shown
in Figure 4.8(a) while specimens P3 to P9 failed in shear within the foam core, as shown
in Figure 4.8(b).
Figure 4.5 shows that the panel demonstrated higher flexural capacity when it is
subjected to a uniform distributed load. It is also noted that the effect of inward wrinkling
of specimens P1 forced the panel curvature to increase suddenly in a nonlinear manner,
instead of being linear as in specimens P2 and P5.
Figure 4.6 shows the slip at both ends of specimens P5 and P7 of the two different foam
densities. It is noticed that the average slip of specimens P5 is higher than that of P7 due
to the lower foam density.
Finally, Figure 4.7(a) shows the performance of P6 during the low fatigue cycle test. The
panel was loaded and unloaded 4 times before it was flipped to the other face. The
applied load was predetermined to be approximately 40%, 60%, 85% and 95% of the
ultimate load before the panel was loaded to failure. The ultimate load was estimated
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based on similar tested panels. Figure 4.7(a) also shows the existence of residual
deformation after each loading and unloading phase. Figure 4.7(b) shows that the low
fatigue cycle neither affected the stiffness nor the ultimate strength.
4.4

Summary

The structural performance of a new cladding panel consisting of a rigid foam core, made
from polyurethane (PUR), sandwiched between two layers of glass fibre-reinforced polymer
(GFRP) skins has been examined. Ten panels with two types of PUR foam core of two
different densities were tested in flexure, using different loading configurations, namely:
three-point loading, four-point loading, uniformly distributed load, and reversed cyclic load.
The study also examined the consistency and repeatability of test results of similar panels of
the same foam type. The flexural strengths, strains, relative slip between the two GFRP skins,
and various failure modes have been observed and evaluated. The study showed that the
foam core density significantly affects the flexural capacity and stiffness of the sandwich
panel. The relation between the failure mode and the loading configurations was also
observed.
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Table 4.1 Polyurethane foam mechanical properties

U020 (0.3142 kN/m3)
(2 pcf)
U020 (0.6283 kN/m3)
(4 pcf)

Compressive Strength
(kPa)
Parallel
Vertical
to rise
to rise

Tensile Strength
(kPa)
Parallel
Vertical
to rise
to rise

Shear
Strength
(kPa)

Shear
Modulus
(kPa)

283

145

441

352

159

230

640

483

896

752

600

408

Failure
mode
Wrinkling
(inward)
Wrinkling
(inward)

Table 4.2 Summary of test specimen results

Panel
ID

Density
(pcf)

Loading
Scheme

Parameter

Mu
(N.m)

Pu
(kN)

δu
(mm)

EI
(kN.m2)

P1

2

3-point

L

889.7

2.542

27.78

7.238

P2

2

4-point

L

1064

4.56

31

6.045

P3

2

UDL

R

D

1195.95

6.834

61.03

6.693

Shear

P4

2

UDL

R

D

1295.95

7.401

65.96

7.000

Shear

P5

2

UDL

R

D

1275.40

7.288

64.91

6.686

Shear

P6

2

UDL
(cyclic)

C

1413.13

8.075

68.74

7.303

Shear

P7

4

UDL

R

D

3156.13

18.035

61.5

16.213

Shear

P8

4

UDL

R

D

3019.98

17.257

58.72

15.007

Shear

P9

4

UDL

R

D

3401.65

19.438

65.94

15.551

Shear

P10

4

UDL
(cyclic)

C

3068.80

17.536

40

15.186

Wrinkling
and Shear

L

L

R= Repeatability
C= Cyclic Loading
D= Density
L= Loading Configuration
UDL = Uniform Distributed Load
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FRP top and bottom Skins

Rigid foam Core

Figure 4.1 Typical sandwich panel configuration used in this study
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(a)

(b)

Figure 4.2 Loading setup: (a) 3-point loading, (b) 4-point loading and (c) uniform distributed loading
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(a) Inward wrinkling

(b) Core shear
Figure 4.8 Failure modes: (a) inward wrinkling and (b) core shear
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CHAPTER 5
RECTANGULAR BEAMS USING CONCRETE FILLED FRP AND
STEEL TUBES TESTED AT DIFFERENT SHEAR SPANS1
5.1

Introduction

Rectangular concrete-filled tubes (CFTs) provide an efficient system for reinforced
concrete beams and can lead to rapid construction. Both steel and fibre-reinforced
polymer (FRP) tubes can be used. The tube is essentially a structural form for the
concrete core. Flexural behavior of CFT beams with steel tubes have been extensively
studied (Tomii and Sakino, 1979; Lu and Kennedy, 1992; Kilpatrick and Rangan, 1997;
among many others). The studies demonstrated the remarkable ductility of the system
and showed that the concrete core changes the buckling mode of the tube in the
compression side, from inward buckling to outward buckling at a much higher load. CFT
beams of FRP tubes have also been extensively studied in flexure for bridge girder and
marine pile applications (Karbhari et al., 1998; Mirmiran et al., 2000; Fam and Rizkalla,
2002; Cole and Fam, 2006). Glass-FRP (GFRP) and carbon-FRP (CFRP) tubes of
different thicknesses and laminate structure have been investigated. Few studies have
been conducted on CFT beams of rectangular GFRP tubes in flexure, with and without
concrete slabs, and compared to conventional reinforced concrete beams (Mirmiran et al.,
1999; Fam and Skutezky, 2006; Fam et al., 2005). The shear strength of CFT beams has
only been studied for circular GFRP tubes (Ahmed et al., 2005; Cole, 2005). In these
studies, it was found that classic shear failure (i.e. by means of major diagonal cracking)
may never occur in CFT beams, unless the concrete core is internally reinforced in the
1

This chapter has been published as the following journal paper:
Shawkat, W., Fahmy, W., and Fam, A. (2007) “Cracking Patterns and Strength of CFT Beams under
Different Moment Gradients”, Composite Structures, Vol. 84, No. 2, pp. 159-166.

62

Chapter 5

Rectangular Beams Using Concrete Filled FRP and Steel Tubes Tested at Different Shear
Spans

longitudinal direction. No studies, however, have been reported on the shear strength of
rectangular CFT beams, which unlike circular CFT beams have the potential for GFRP
web buckling (Fam and Skutezky, 2006). To date, CFTs using circular FRP tubes have
been used in bridge applications for girders and piers and as marine piles (Karbhari et al.,
1998; Fam et al., 2003a; Fam et al., 2003b).
In this study, rectangular CFT beams, using both GFRP and steel tubes have been tested
to failure under different combinations of flexure and shear. This was achieved by testing
beams of various shear span-to-depth ratios ranging from 1 to 5. The effect of additional
internal steel reinforcement is also studied. Cracking patterns of the concrete core, failure
modes and ultimate strengths are compared. A simple strut-and-tie model is presented to
predict the strength of rectangular CFT beams of different shear span-to-depth ratios.
5.2

Experimental Investigation

The experimental investigation includes 10 simply supported CFT beams tested in threepoint bending at different shear span-to-depth ratios. The following sections provide
detailed descriptions of the test specimens and parameters, materials, instrumentation,
test setup and procedures.
5.2.1 Test Specimens and Parameters

A total of 10 rectangular CFT beams were tested, as shown in Table 5.1. Four CFT
beams were fabricated using concrete-filled steel tubes (CFT-S1 to CFT-S4). Three CFT
beams were fabricated using concrete-filled GFRP tubes (CFT-G1 to CFT-G3) and three
CFT beams were fabricated using concrete-filled GFRP tubes with internal tension steel
reinforcement (CFT-GS1 to CFT-GS3). In the last group, it is envisioned that GFRP
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tubes will protect internal steel reinforcement from corrosion induced by external
moisture intrusion. The CFT-S beams were tested at various shear span-to-depth ratios
(a/d), namely 1, 2, 3 and 5, whereas the CFT-G and CFT-GS beams were both tested at
(a/d) ratios of 1, 2 and 3. In all test beams, the tubes were supported vertically during
fabrication and were sealed using wooden plugs at the bottom. Concrete was cast from
the upper end.
5.2.2 Materials

In this experimental study, commercially available rectangular GFRP pultruded tubes,
150×100×7 mm, were used for the CFT-G and CFT-GS specimens. The wall of the tubes
contained layers of longitudinal E-glass roving (type 366-113 (4400 TEX)) sandwiched
between layers of E-glass filament mats of randomly oriented continuous fibres (type M8643). The roving and the mats were wetted with Isophthalic Polyester resin (type Aropol
2036-C) through the pultrusion process. Nexus 111-10 veil was used on the outer and
inner surfaces of the tubes. The fibre volume fraction was 55%. The tubes had tensile
strengths and moduli of 207 MPa and 17.2 GPa in the longitudinal direction and 48 MPa
and 5.5 GPa in the transverse direction, respectively. The compressive strengths and
moduli were 207 MPa and 17.2 GPa in the longitudinal direction and 103 MPa and 6.9
GPa in the transverse direction, respectively. Also, conventional rectangular steel tubes,
150×102×3.4 mm were used for the CFT-S specimens. The nominal yield and ultimate
strengths of the tubes are 380 and 480 MPa, respectively. Internal longitudinal
2

reinforcement consisting of 1 No.10 (100 mm ) steel rebar with nominal yield and
ultimate strengths of 425 MPa and 680 MPa, respectively, was used in the CFT-GS
specimens. A conventional concrete mixture was used to fill the tubes. As shown in Table
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5.1, the concrete compressive strength based on standard cylinder tests at the time of
testing of the specimens ranged from 31 to 34 MPa.
5.2.3 Test Setup, Instrumentation and Procedure

All test beams were tested in three-point bending, as shown in Figure 5.1, using a 900 kN
capacity Riehle testing machine, under stroke control at a rate of 1 mm/minute.
Deflection at the mid span was measured using two Linear Potentiometers (LPs). Electric
resistance strain gauges were used to measure the maximum longitudinal tensile strains at
the mid-span and also in a rosette pattern at mid-depth of the section within the shear
span, at a 45 degrees line from the loading point, as shown in Figure 5.1. Using the strain
values obtained from the strain gages that form a rosette pattern, the principle strains
could easily be calculated using Mohr’s equation, Equation 5.1. Additional LPs were
used to monitor slip between the tube and concrete core at the ends. The load was
measured through a load cell built in the testing machine.

ε 1, 2 =
5.3

εx +εy
2

⎛εx −εy
± ⎜⎜
⎝ 2

2

⎞ ⎛ γ xy ⎞
⎟⎟ + ⎜⎜
⎟⎟
⎠ ⎝ 2 ⎠

2

(5.1)

Results of the Experimental Program

Figures 5.2, 5.3, 5.4 and 5.5 summarize the behavior of all test beams, in terms of the
load versus mid span deflection, load versus longitudinal tensile strain of the tension
flange, load versus principal tensile strain of the web and load versus end slip,
respectively. The principal strains in the web were calculated based on the strain rosette
measurements in the longitudinal, horizontal and diagonal directions, using basic
mechanics and transformations. The following sections provide details of the behavior,
the effect of various parameters and the failure modes.
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Concrete-Filled Steel Tubes (CFT-S)

Behavior and failure mode
Figure 5.2(a) indicates that the load-deflection behavior of the test beams shows plastic
behavior once the steel tube yields. It is noted, however, that ductility is reduced
drastically as the shear span-to-depth (a/d) ratio is reduced, whereas the load capacity is
increased. Failure of all test beams was due to outward local buckling of the compression
flange and the webs, as shown in Figure 5.6(a), after excessive yielding of the tube at the
mid span (Figure 5.3(a)). The slip measurements at ultimate were quite small as shown in
Figure 5.5(a), less than 1 mm for the shortest span and a negligible value for the longest
span, which suggests very good composite action. The principal tensile strains of the web
at ultimate in Figure 5.4(a) were lower than the yield strain of 0.0019 for (a/d) ratios of 1
to 3. For an (a/d) ratio of 5 the major plastic hinge, which was formed at the loading area
has affected the web where the strain rosette was located. As such, the principal tensile
strain shows excessive yielding, associated with the large ductility of the member.
Cracking pattern
After testing, part of the steel web was removed in order to reveal the concrete cracking
pattern, as shown in Figure 5.7(a), for the CFT-S beams. It was clear that a diagonal
cracking pattern was more pronounced in specimen CFT-S1, with an (a/d) ratio of 1, than
in any of the other CFT-S beams, however, the cracks were quite fine. It was also noted
that concrete in compression was locally crushed at the location of outward buckling of
the flange, due to the loss of confinement.
Effect of (a/d) ratio
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In order to evaluate the effect of the (a/d) ratio on strength, the moment at ultimate for all
CFT-S beams is plotted versus the (a/d) ratio in Figure 5.8. It is noted that the moment
capacity is relatively stable and almost constant between (a/d) ratios of 2 and 5 and is
reduced at (a/d) ratio of 1 by about 15%, which is attributed to shear cracking. From this
behavior it is concluded that the critical (a/d) ratio, at which the moment capacity drops,
is between 1 and 2 for CFT-S beams.
5.3.2

Concrete-Filled GFRP Tubes (CFT-G and CFT-GS)

Behavior and failure mode
Figures 5.2(b) and 5.2(c) show the load-deflection behavior of the CFT-G and CFT-GS
beams, respectively. Unlike the CFT-S beams, a distinct cracking load can be identified,
particularly for the CFT-G beams, with a significant change in stiffness thereafter. This is
attributed to the lower elastic modulus of the GFRP tube (17.2 GPa) versus the steel tube
(200 GPa). The behavior of CFT-G beams also shows a non linear behavior near the peak
load. While GFRP is a linear material, the non-linear behavior arises from the excessive
slip between the concrete core and tube, as shown in Figures 5.5(b) and 5.5(c), for the
CFT-G and CFT-GS beams, respectively, which reduces the composite action of the
system, which is consistent with the observation by Ahmad et al. (2008). Failure of all
CFT-G and CFT-GS test beams was due to splitting of the GFRP tube at the junction
between the flange and the web, as shown in Figure 5.6(b), after excessive slip of the
concrete core. Slip values were as high as 2 mm at the peak load, which are substantially
larger than the CFT-S beams. While the inner surface of the steel tubes was relatively
rough and somewhat rusty in texture, the GFRP tubes were completely smooth. Failure
occurred at tensile strains of 0.0027 to 0.0056 in the CFT-G beams (Figure 5.3(b)), and
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0.0025 to 0.006 in the CFT-GS beams (Figure 5.3(c)). These values are well below the
ultimate strain of the GFRP tube in tension, 0.012. It is also noted that the presence of the
steel reinforcement had no significant effect on the strain at failure in the GFRP tube, for
a given (a/d) ratio.
Cracking pattern
Figure 5.7(b) shows the cracking patterns of the CFT-G beams. The figure clearly shows
that in all CFT-G beams, the excessive slip has resulted in flexural cracking only, without
any evidence of diagonal cracking. This observation was consistent for all (a/d) ratios,
even the beam with an (a/d) of 1. Additionally, the flexural crack extended throughout the
full depth. Beams CFT-GS, however, showed a distinct major diagonal cracking and
some minor flexural cracks as shown in Figure 5.7(c). From these observations and those
reported on cracking of the CFT-S beams, it is quite clear that bond between the concrete
core and tube and the presence of internal reinforcement have a great effect on
development of the diagonal cracking pattern.
Effect of (a/d) ratio
In order to evaluate the effect of (a/d) ratio on strength, the moments at ultimate for all
CFT-G and CFT-GS beams are plotted versus the (a/d) ratio in Figure 5.8 a) and b).
Unlike the CFT-S beams, it is noted in this case that the moment at failure is
continuously increasing as the (a/d) ratio increases from 1 to 3. It is also noted that the
addition of the internal steel reinforcement in the CFT-GS beams has increased the
strength by about 44 to 53 percent.
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As indicated earlier, none of the CFT-G or CFT-GS beams reached its potential flexural
strength as the maximum measured tensile strains at failure in the flanges were below
0.012. In order to extrapolate the critical (a/d), the variation of the mid span tensile strain
at failure with the (a/d) ratio is plotted in Figure 5.9. Even though various polynomials
can be used and their curves can be plotted to obtain the critical (a/d), the critical (a/d)
can be well represented by a second order polynomial, as given in Equation 5.2:
⎛ε
⎜⎜
⎝εu

2

⎞
a
a
⎟⎟ = 0.045⎛⎜ ⎞⎟ − 0.046⎛⎜ ⎞⎟ + 0.214
⎝d ⎠
⎝d ⎠
⎠

(5.2)

Where εu is the ultimate strain of the GFRP tube in tension and is equal to 0.012 and ε is
the measured strain at failure. The trend of the behavior indicates that the critical (a/d)
ratio, at which the full flexural strength could be achieved, would be between 4 and 5.
This is quite different from CFT-S beams, where this critical ratio was between 1 and 2.
5.4

Analytical Modeling

A simplified strut-and-tie model has been developed to predict the strength of the CFT
beams. Figure 5.10(a) shows the model for a CFT-G or CFT-GS beam with (a/d) ratio of
1. Since all the beams showed a full depth crack (Figure 5.7 (b and c)), the upper nodal
point is assumed at the top surface of the beam. For CFT-G beams, the tie is located at
the centroid of the portion of the GFRP tube in tension, essentially the lower half (d/2),
which is at a distance y = 25 mm from the bottom surface, as shown in Figure 5.10(c).
Similarly, for CFT-GS beams, the tie is located at the centroid of the transformed section
of the lower half of the GFRP tube and the internal steel rebar, as shown in Figure
5.10(c), which is at a distance y = 27 mm in this case. The tension force in the tie, T, is
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dependent on the strain level in the GFRP tube in tension, at the location of the centroid,

ε , as shown in Figure 5.10(a). Knowing the strain at the extreme tension side, ε, from
Equation 5.2, ε

is calculated using similar triangles. For CFT-GS beams, the

contribution of the tension force of the yielded steel rebar is also added.
Figure 10(b) shows the model for a CFT-S beam with (a/d) ratio of 1. Due to local
buckling of the steel flange and the adjacent steel webs in compression at ultimate, it is
assumed that only the concrete section in compression contributes a force, which is in
equilibrium with the tension force provided by the yielded part of the tube in tension.
This also agrees well with the observation that partial depth cracks were observed in the
CFT-S beams (Figure 5.7(a)). Hence, the upper nodal point is located at a depth of 0.25d
from the top surface, whereas the tension tie is located at a distance of y = 23 mm from
the bottom surface.
Figure 5.10(d) shows the strut-and-tie model for a general case of a total span length L
equals to n times the depth d. The ultimate load can then be calculated from the following
equation:

Pu =

4T Z
nd

(5.3)

Where T is the tension force in the tie and is calculated as:
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⎛d −2 y⎞
⎟ε
T = E f A f ⎜⎜
⎟
d
⎝
⎠
⎛d −2 y⎞
⎟ ε − As Fy
T = E f A f ⎜⎜
⎟
d
⎝
⎠
T = Ast f yt

(a) for CFT-G beams

(b) for CFT-GS beams

(5.4)

(c) for CFT-S beams

Where E and A are the elastic modulus and one half of the cross-sectional area of the
f

f

GFRP tube. y is the distance between the centroid of the lower half of the cross-section
of the tube (or the transformed section for hybrid reinforcement) and the bottom fibre. d
is the full depth of the tube and ε is the strain in the bottom fibre of the GFRP tube at
failure, calculated using Equation 5.2. A and f are the cross sectional area and yield
s

y

strength of the internal steel reinforcement. A and f are one half of the cross-sectional
st

yt

area of the steel tube and its yield strength.
Z is the depth of the truss model and is calculated as follows:
Z =d−y
Z = 0.75 d − y

(a) for CFT-G and CFT-GS beams
(b) for CFT-GS beams

(5.5)

n is the full span-to-depth ratio, which is equal to 2 a/d, where a is the shear span.
The ultimate loads of all test specimens have been predicted using this model and are
reported in Table 5.1. The model showed reasonable predictions of the ultimate loads,
which are generally on the conservative side for most cases, as shown in Figure 5.11.
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Summary

Rectangular concrete-filled tubes (CFTs), including steel and pultruded glass-fibre reinforced
polymer (GFRP) tubes were tested in three-point bending, at different shear span-to-depth
(a/d) ratios of 1 to 5 to examine crack patterns, strength and failure modes. It was shown that
the critical (a/d) ratio, at which moment capacity drops, is between 4 and 5 for CFTs with
GFRP tubes and between 1 and 2 for CFTs with steel tubes. However, ductility is drastically
reduced at ratios below 3 for steel tubes. Crack pattern and size were highly dependent on
magnitude of slip between concrete and tube. A major full depth flexural crack developed in
all CFTs with GFRP tubes, even at a/d = 1. However, when internal steel rebar was added,
major diagonal cracks were formed in addition to fine flexural cracks. In CFTs with steel
tubes, fine flexural cracks developed, except at a/d = 1, where fine diagonal cracks were
predominant. A strut-and-tie model was developed and provided reasonable agreement with
test results.

72

Chapter 5

Rectangular Beams Using Concrete Filled FRP and Steel Tubes Tested at Different Shear
Spans

Table 5.1 Summary of test specimens and parameters
Specimen ID

Configuration

(kN)

a/d

300

1

31

451

477

600

2

31

282

238

900

3

31

1500

5

31

182
106

159
95

300

1

34

92

81

600

2

34

65

54

900

3

34

67

56

300

1

32

142

152

600

2

32

112

90

900

3

32

96

77

CFT-S1
CFT-S2
CFT-S3

150x102x3.4mm
Steel tube

CFT-S4
CFT-G1
CFT-G2

150x100x7mm
GFRP tube

CFT-G3
CFT-GS1
CFT-GS2
CFT-GS3

150x100x7mm
GFRP tube
No.10
Steel rebar

(kN)

f c' (MPa) Pu ( Exp.) Pu (Model )

Span (mm)

30

Nexus 111-10
Veil
Innermost
Outermost
2 oz/ft3 Owens Corning
M8643 continuous filament mat

113 yds./lb. Owens Corning 366-113
Yield 4400 TEX roving

Configuration of pultruded GFRP tubes
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gauge
45
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Figure 5.1 Test setup and instrumentation
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Figure 5.6 Failure modes of test beams

79

Chapter 5

Rectangular Beams Using Concrete Filled FRP and Steel Tubes Tested at Different Shear
Spans

CFT-S1 (a/d = 1)

CFT-G1(a/d = 1)

CFT-GS1 (a/d = 1)

CFT-S2 (a/d = 2)

CFT-G2 (a/d = 2)

CFT-GS2 (a/d = 2)

CFT-S4 (a/d = 5)

CFT-G3 (a/d = 3)

(a) Concrete-filled steel

(b) Concrete-filled GFRP

CFT-GS3 (a/d = 3)
(c) Internally reinf. concrete-filled GFRP

Figure 5.7 Cracking patterns of all test beams

80

Chapter 5

Rectangular Beams Using Concrete Filled FRP and Steel Tubes Tested at Different Shear
Spans
45
40
35
30
25
20

Moment at ultimate
15
(kN.m)

CFT-S

10

CFT-G
CFT-GS

5
0
0

0.5

1

1.5
2
2.5
3
3.5
Shear span - to - depth (a/d) ratio

4

4.5

5

Figure 5.8 Effect of shear span-to-depth ratio on moment at ultimate

1.8
⎛a⎞

0.4047 ⎜ ⎟
⎛ε ⎞
⎝d⎠
⎜⎜ ⎟⎟ = 0.1382 e
0.4047x
u ⎠0.1382e
⎝yε=
R² = 0.9682
R 2 = 0.9682

1.6

1.4
2

⎛ε ⎞
a
a
⎜⎜ ⎟⎟ = 0.045 ⎛⎜ ⎞⎟ − 0.046 ⎛⎜ ⎞⎟ + 0.214
d
d
ε
⎝ ⎠
⎝ ⎠
⎝ u⎠
y = 0.0445x2 - 0.0464x + 0.2135
R 2 = 0.981
R² = 0.9813

1.2

1

ε
εu

⎛ε ⎞
a
⎜⎜ ⎟⎟ = 0.132 ⎛⎜ ⎞⎟ + 0.065
d
ε
⎝
⎠
+ 0.0651
⎝y =u 0.1317x
⎠
R² = 0.9453
2
R = 0.945

0.8

0.6

0.4

0.2

0
0

1

2

3

a
d

4

5

a/d

Figure 5.9 Variation of mid span tensile strain with (a/d) ratio

81

6

7

Chapter 5

Rectangular Beams Using Concrete Filled FRP and Steel Tubes Tested at Different Shear
Spans
Pu

Pu
d−y

C

concrete

C

d

T

Pu / 2

y

L = 2d

0.25 d

⎛ d − 2y ⎞
⎟ε
ε = ⎜⎜
⎟
⎝ d ⎠

T

y

ε

steel

Pu / 2

L = 2d

(b) Model for CFT-S beams (a/d = 1)

(a) Model for CFT-G and CFT-GS beams (a/d = 1)

A f or Ast
y

C

C

0.75 d − y

As

Af
d/2

d/2

y
(c) Tension tie

( )
Z = (0.75 d − y )

Z= d−y

Pu

(for CFT-G & CFT-GS)
(for CFT-S)

Pu / 2

L = nd

T = E f Af ε
T = E f A f ε + As f y
T = Ast f yt

(d) General model for any (a/d) ratio of (n/2)

Figure 5.10 A simplified strut-and-tie model for CFT beams

82

(for CFT-G)
(for CFT-GS)
(for CFT-S)

Chapter 5

1.2

Rectangular Beams Using Concrete Filled FRP and Steel Tubes Tested at Different Shear
Spans

Analytical-to-Experimental Ultimate Load Ratio

1

0.8

0.6

0.4

0.2

0

1

CFT-S1

CFT-S2

CFT-S3

CFT-S4

CFT-G1

CFT-G2

CFT-G3

CFT-GS1

Figure 5.11 Verification of strut-and-tie model

83

CFT-GS2

CFT-GS3

Chapter 6

Conclusions

CHAPTER 6
CONCLUSIONS
6.1 General

Investigations of hybrid sections were conducted and presented in this thesis. The
purpose of these investigations was to better understand their structural performance,
particularly looking into sandwich walls and concrete-filled tubes as beams.
6.2 Flexural Behavior of Sandwich Wall Panels: Phase I

The first study included testing ten sandwich panels made from CFRP skins and an
injected polyurethane foam core that was injected. This study has shown that composite
sandwich panels have a great potential as an alternative for reinforced concrete cladding
systems. The study also pointed out that the manufacturing technique of the panel needs
enhancement to achieve better quality control, particularly with regard to the integrity of
the polyurethane foam core. The following conclusions are drawn:
1. Composite panels are 6–7 times lighter than conventional RC panels of the same
size and are 14 times lighter than a typical 100mm thick conventional RC panel of
the same flexural strength or stiffness.
2. The panel that failed in flexure by crushing of the compression CFRP skin had a
similar flexural strength to a 100mm thick RC panel reinforced by 13 No.10/m’
steel rebar located at its mid-thickness and similar stiffness to a 100mm thick
cracked RC panel reinforced by 6 No.10/m’.
3. Design of composite wall panels is stiffness driven and not strength driven.
Deflection limits allowed by the code under service conditions, will likely govern

84

Chapter 6

Conclusions

the design. Additionally, Even though there are several analytical models were
proposed and claimed to give satisfactory results, it is highly recommended to test
sandwich panels in order to confirm values obtained by the analytical models.
4. The most common failure mode was outward buckling of CFRP skin in
compression. It occurred at a strain substantially lower than the ultimate crushing
strain of CFRP. The second most common failure mode was by shear in the foam
core. One specimen failed in flexural by crushing of CFRP skin, which is the most
desired failure mode, and provided an indication of the maximum potential of the
panels when the FRP skin is fully utilized. It also provided a value of the
maximum achievable ultimate moment. Obviously, the lack of quality control
during the manufacturing process contributed to the inconsistency of the failure
modes observed between the tested specimens.
5. It appears that saturation in water for 90 days did not have a negative effect on the
structural integrity of the panel when tested wet. More durability testing is still
needed.
6. The masonry pattern coat provided a strengthening effect and forced a shear
failure mode when positioned in compression (i.e., simulating wind pressure
loading). When located in tension, FRP skin buckling governed at lower load.
7. It appears that injecting liquid foam in between the FRP skins to form the core is
associated with problems such as variable density and the potential for air
pockets.
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8. Flexural rigidity, EI, calculated using transformed section analysis was higher
than those deduced from the measured deflections. This suggests that shear
deformation of the core material may have a significant contribution to
deflections in this type of panels.
6.3 Flexural Behavior of Sandwich Wall Panels: Phase II

The second study included testing of ten sandwich panels made from GFRP skins
laminated to a prefabricated polyurethane foam core. The manufacturing technique was
given great consideration in this generation of sandwich panels. Quality control tests
were conducted and the results showed consistency in performance. The sandwich panels
were tested in flexure using three different loading schemes. Low cycle fatigue was also
included in this study. This study confirmed that sandwich panels manufactured using
rigid foam as a core sandwiched between two GFRP skins have a great potential as
flexural members in structural applications. It was noticed that the structural performance
is quite sensitive to both the loading configuration and density of the foam core. The
following conclusions are drawn:
1. Flexural capacity and stiffness of the sandwich panels increase substantially as the
density of the foam core increases.
2. Significant relative slip occurs between the upper and lower GFRP skins as a
result of shear deformation of the foam core. This slip reduces, however, as the
foam density increases. This raises concerns about the loss of composite action.
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3. The failure mode under concentrated loads is likely to be inward wrinkling of the
compression GFRP skin, while under uniform loads is shear failure, which occurs
in the foam core.
4. The strains measured in the GFRP skins at failure are well below the ultimate
values, which indicate that the GFRP is not completely utilized.
6.4 Rectangular Beams Using Concrete Filled FRP and Steel Tubes Tested at
Different Shear Spans

The third study was conducted on ten various CFT including four steel tubes, three GFRP
tubes and three GFRP tubes with steel reinforcement. The following conclusions are
drawn from the study, which considered both 150×102×3.4 mm rectangular steel tubes
and 150×100×7 mm rectangular pultruded GFRP tubes filled with concrete that has a
compressive strength of 31 to 34 MPa:
1. The critical (a/d) ratio at which the moment capacity of CFT beams with steel
tubes drops is between 1 and 2. Ductility, however, is drastically reduced at (a/d)
ratios below 3.
2. The critical (a/d) ratio at which the moment capacity of CFT beams with
pultruded GFRP tubes drops is between 4 and 5.
3. CFT beams with steel tubes failed consistently by excessive yielding of the
tension flange, followed by outward buckling of the compression flange and
webs, for all range of (a/d) ratios. The tensile strains in the flanges at ultimate
seemed independent of the (a/d) ratio. Fine flexural cracks were predominant for
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(a/d) ratios of 2 to 5, whereas fine diagonal cracks were predominant at an (a/d)
ratio of 1.
4. CFT beams with pultruded GFRP tubes failed consistently by tearing of the GFRP
tube at the junction between the web and flange. The flange tensile strains, at
which failure occurred, were dependent on the (a/d) ratio, even for beams with
internal steel rebar.
5. A major full depth flexural crack was consistently observed in CFT beams with
GFRP tubes, for all (a/d) ratios, even at a/d = 1. However, when steel
reinforcement was used, major diagonal cracks were formed, in addition to
smaller flexural cracks.
6. The cracking pattern and crack width are highly dependent on the magnitude of
slip between the concrete core and the tube. More slip was observed in the GFRP
pultruded tubes than in the steel tubes. Internal steel rebar, however, helped
reduce the slip in GFRP tubes.
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