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ABSTRACT

Concrete-filled tubes (CFTs) are structural columns used to support compressive loads. A
CFT takes advantage of the lateral confinement of the tube on the concrete core to increase
the column strength. Since the development of CFT structures, steel has been the primary
tube material. Over the last two decades however, fibre reinforced polymers (FRPs) have
been increasingly used as tube materials because of their superior properties such as high
specific strength and stiffness, superior corrosion resistance and good durability.

This thesis describes a systematic experimental study of CFT columns with FRP as the tube
material. This master’s project investigates the performance of FRP tubes of different
properties and sizes. For this purpose, 12 CFT specimens with the length over diameter (L/D)
ratios of 8 and 12, and diameter over tube thickness (D/t) ratios ranging from 11 to 43 were
tested under compressive force with both ends of the columns set as pin joints. The
experiments were carried out using a heavy loading machine and the experimental results are

analysed in terms of strength and failure modes.

The experimental results showed the significant improvements in column strength due to the
confinement of the FRP tubes. It was demonstrated that while both L/D and D/t ratios
influence column strength, D/t ratio plays a particularly important role in determining the
column strength. The experimental results also showed the changes in failure modes with L/D
and D/t ratios.

To compare FRP tubes with plain concrete columns, an equivalent slenderness ratio for the
CFT with FRP tube was derived. The equivalent slenderness ratio had good agreement with
the D/t ration of the FRP tube. It was demonstrated that the equivalent slenderness can be

used to determine the capacity of the CFT column using its D/t ratio.
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Chapter 1
INTRODUCTION

1.1 Background
Western underground mining has undergone drastic changes in the last century, especially

since mechanisation was introduced in the early 1900s, signalling the first improvements in
mining system efficiency. The trend continues, with modern improvements in long wall
supports seen over the years as the result of developments in construction technologies.
Wood cribbing was once the dominant type of roof control in underground mines but has
been phased out in recent years due to the structural superiority of materials such as steel and
concrete. Roof supports in underground mines have seen extensive development over the last
century but the basic concept underlying these is the principle of the column. The column is a
fundamental structural member designed to resist axial compression forces from other
members and from loads above, and transmit them to members below. Concrete is one of the
main materials used to construct columns and the associated technology has seen various
improvements and innovations over the last two hundred years. Reinforced concrete which
uses reinforcing steel bars or ‘rebars’ was introduced in the mid-19th century and it is still
used in concrete column structures to this day because of its proven strength, durability,
flexibility in use, overall value and widespread availability. Transverse reinforcement was
then considered and the concrete-filled tube (CFT) was developed based upon this
continuously reinforced principle. CFT columns have been widely use in buildings and
bridges. They work more efficiently than reinforced concrete columns for their specific

applications.

The CFT, which is based on the principle of the tube, has become the most dominant standing
roof support in Western mines in this day and age but alternatives such as the Cluster Prop,
Rocprop, and Omni Prop are being investigated to address its shortcomings (Barczak &
Tadolini 2005). With the introduction, in recent years, of fibre reinforced polymer (FRP)
confining tubes, there is now more scope for improvement of the tube due to their high

strength and durability characteristics as well as their resistance to corrosion and light weight.
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This project aims to investigate the mechanical performance of FRP-confined CFTs in order
to provide adequate information for further improvements of CFT columns. For this purpose,
an experimental research plan has been developed. The experimental investigations were
carried out using CFT columns confined by FRP tubes, which were subjected to static axial

compression loads.

1.2 Aims
The primary objective of this project is to investigate the structural behaviour of FRP-

confined CFT columns under uniaxial compressive load.
To achieve this objective, following specific tasks were chosen:

e Conduct a comprehensive literature review to understand the current state-of-art
research finding in the relevant area.

e Study FRP properties and investigate the best option for tube materials. The tube is
specifically designed to carry large axial load with minimum bending moment that
will ensure high mobility for the concrete.

e Investigate the behaviour of FRP-confined tubes under uniaxial compressive load.
Investigate failure mode, load-deflection and maximum capacity with varying
slenderness ratios (Diameter (D)/Wall thickness (t) & Length (L)/ Wall thickness (t)).

1.3 Research Significance

CFT columns are the most preferred supporting system in the mining industry. Currently,
steel has been used as the tube material. The weight of these tubes is considerable. As FRP
has a higher strength-to-weight ratio, the use of FRP as an alternative material can reduce the
weight of the supporting system, thereby increasing portability. Research into the use of FRP
in structural engineering is still in its early stages and there are no standards for
manufacturing FRP structural members. The results from this project will increase the
understanding of FRP tubes and encourage further input into the literature to develop an
Australian Standard for FRP structural members. Moreover, this research provides an

economical alternative for mining companies.



1.4 Research Limitations
Due to time and other limitations, the research scope is limited to uniaxial loading on FRP

tubes. Therefore, following items are not considered in this study:

1. Bending moment or eccentric loading — bending moment and eccentric loading are
important in designing columns, however in the mobile columns that are used in
underground mining the effects of bending moment and eccentricity are not
significant.

2. Variations in FRP material properties — the material properties of FRP vary depending
on the composites, the orientation of the layers, and other factors. In this study only

one kind of FRP is considered due to the time and resource limitation.

1.5 Structure of the Thesis
This thesis is divided into five chapters including this introductory chapter. A brief summary

of each chapter is shown below.

Chapter 1, the current chapter, brief outlines the background and significance of the research

project. It also explains the objective of the research and the structure of the dissertation.

In Chapter 2, a comprehensive literature review related to this study is presented. A brief
introduction to the structural application of concrete-filled tubes, different conceptual models

and research findings related to the application are summarised in this chapter.

To study the behaviour of concrete-filled FRP tubes, eighteen beams were prepared and
tested in the civil engineering laboratory of Central Queensland University. Details of the
experimental program methodology are given in Chapter 3. Details of test specimens,
material properties, instrumentation, and testing procedures are briefly explained in this

chapter.

The results obtained from the experimental program are presented in Chapter 4. A brief
discussion of the behaviour of concrete-filled FRP tubes and the influence of the diameter

and wall thickness of the tubes is also presented in Chapter 4.

Finally, Chapter 5 presents the general and specific conclusions of this research study

followed by recommendations for future research in this area.

Further information on the experimental results, material data and other relevant information

IS given in appendices.
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Chapter 2
LITERATURE REVIEW

2.1 Application of FRP in Structural Engineering

FRP composites were first used in the defence industry, and since then their use has been
widely extended. Apart from their military applications, they have been used in fiberglass
pipes, and in equipment in the chemical processing and manufacturing industries.
Furthermore, since FRP composite products were first used to reinforce concrete structures in
the mid-1950s, they have been utilised as construction materials for several decades. In
architectural applications, they have been used in semi-permanent structures and in the
restoration of historic buildings and for structural applications. In Europe and Asia, many
FRP composite products were used during the late 1970s and early 1980s. In Germany, for
instance, the world’s first highway bridge using composite reinforced tendons was built in
1986. In China, the first all-composite bridge deck was built. The first all-composite
pedestrian bridge was completed in 1992 in Aberfeldy, Scotland. In the U.S., the first FRP
reinforced concrete bridge deck was constructed in 1996 at McKinley Ville, WV followed by
the first all-composite vehicular bridge deck in Russell, KS. Numerous composite pedestrian
bridges have been mounted in U.S. state and national parks in remote locations not accessible
to heavy construction equipment. They have also been used for spanning roadways and
railways (ACMA 2004).

2.2 Theory of Confined Columns

It is well known that concrete members subjected to compression loads under confinement
exhibit ductile behaviour with considerable plastic hardening, unlike unconfined concrete
which shows quasi-brittle or strain-softening behaviour. This improved behaviour has led to
the use of fibre-reinforced plastic (FRP) wraps as confinement for concrete columns. These
wraps are comparatively lightweight, they are not susceptible to corrosion, and they have

high chemical resistance to environmental effects. Concrete columns confined with FRP



wraps are said to be under passive confinement. When loaded elastically with moderate loads,
the confinement has little effect on the force—displacement behaviour of the column, since in
the elastic zone concrete undergoes little lateral expansion under the relatively small loads.
The FRP casings, which can be analysed as thin hollow cylinders under internal pressure,
therefore experience small hoop expansions and hence insignificant strains in the radial
direction. On plastification, small stress changes cause comparatively larger radial expansions
of the concrete column, resulting in higher internal pressures on the FRP. This in turn
mobilises higher confining stresses. These confining stresses limit the expansion and growth
of tensile cracks in the concrete and result in higher failure loads. These behaviours, and the
explanation thereof, are well known. FRP wraps made of high-stiffness FRP materials, or
with a large number of FRP layers, result in higher confining pressures and hence higher
failure loads. This has been proven both by experimentally as well as numerically (Dandapat,
Deb & Bhattacharyya 2011).

2.3 Overview of the Column Jacket (Tube)

2.3.1 Application of the CFT
At the primary point of application, the CFT columns have large diameters, ranging from 2.3

to 3.3m for high buildings. These columns have target strengths of 96MPa and cylinder
strengths of 130 MPa with D/t ratios ranging from 180 to 250 and L/D ratios ranging from 2
to 14. Smaller CFTs have also been used in low- to mid-rise construction projects. Circular
CFTs have been used in braced frames, and smaller parts have been used in moment-resisting
frames. Compared to extremely large CFTs, the steel tube dimensions are in a more practical
range of 0.36-0.76 m for use in low- to mid-rise buildings. D/t ratios for the smaller diameter
CFTs ranged from 26 to 48 and L/D ratios ranged from 5 to 9. These smaller CFTs are used

for the most common applications in current building construction (Schneider 1998).

2.3.2 Material Characteristics of CFT
FRP provides an interesting type of reinforcement, featuring linear elastic behaviour up to

failure, and exerting an increasing confining pressure on the concrete core, leading to
enhanced strength and ductility of the concrete when loaded axially (Antonio & Nick 1994;
Buyukozturk & Hearing 1998; Mirmiran & Shahawy 1997; Oral, Oguz & Erdem 2003;
Samaan, Mirmiran & Shahawy 1998).



Compared to solutions based on concrete-filled steel tubes, FRP reinforcement has a
competitive advantage in terms of transport to building site (low density) and high corrosion

resistance in harsh environments (ACI Committee 440 1996).

FRPs are currently chosen for some purposes: when local strengthening is needed without
modification of the elastic stiffness of structural members, when minimisation of the mass of
the building is required, when corrosion-resistance strengthening is required, and when ease
of application and reduction of the non-operational period of structure during interventions
are preferred (Rousakis & Karabinis 2012).

CFTs are generally regarded as having advantageous features for use in regions at high
seismic risk. However, if the load is offered to the concrete core and the steel tube
simultaneously, the steel tube expands more than the concrete core, because Poisson’s ratio is
higher for the steel part (Schneider 1998).

2.4 Review of Experimental Studies — Steel Confinement

Gardner and Jacobson (1967) carried out experiments with CFT columns having D/t ratios
ranging from 30 to 40. Their results indicated that when the CFTs reached their ultimate
loads, the steel jacket reached failure but the concrete did not. The strain on the steel tube
increased without local buckling and the steel tube was provided stabilisation by the concrete.

Tomii, Yoshimmra and Morishita (1977) conducted an experiment with almost 270 CFT
specimens having circular, square and octagonal cross-sections. They had D/t ratios from 19
to 75 and L/D ratios from 2 to 9. The columns with circular cross-sections and most of the
columns octagonal cross-sections showed post-yield behaviour due to the variation in strain
hardening of perfectly plastic sections.

Schneider (1998) tested 14 specimens under concentric axial compression. The specimens
were three circular, five square, and six of rectangular steel tubes. As shown in Table 1, D/t

ratios in this study ranged from 17 to 50 and L/D ratios ranged between 4 and 5.



Table 1: Properties of concrete-filled steel tube components

Shape O_uter nominal _ Ac_:tual Actual wall D/_t L/[_)

diameter (mm) | dimensions (mm) | thickness (mm) | ratio | ratio

C1 140 140.8 3.00 470 | 43
C2 140 1414 6.50 21.7 | 4.3
C3 140 140 6.68 21.0 | 44
S1 127 x 127 127.3 % 127.3 3.15 404 | 438
S2 127 x 127 126.9 x 126.9 4.34 29.2 | 438
S3 127 x 127 126.9 x 127.0 4.55 27.9 | 438
S4 127 x 127 125.3 x 126.5 5.67 223 | 438
S5 127 x 127 126.8 x 127.2 7.47 170 | 438
R1 76 x 152 76.6 x 152.3 3.00 50.8 | 4.0
R2 76 x 152 76.5 % 152.8 4.47 342 | 40
R3 102 x 152 101.8 x 152.4 4.32 353 | 40
R4 102 x 152 102.8 x 152.7 4.57 334 | 40
R5 102 x 152 101.3x 151.4 5.72 265 | 4.0
R6 102 x 152 101.13 x 152.37 7.34 20.8 | 4.0

Source: Schneider (1998)

This experiment produced results which depend on two kinds of parameters.

1. The test results are presented according to tube shape and Figure 1 shows the

behaviour of the circular, square and rectangular steel tubes separately. Because of an
underestimation of the storage capacity needed for the test data, the data for specimen
C3 beyond a load of 1,850 kN was not recorded. However, the yield strength of the
specimen was approximated at 2,010 kN during the test. The maximum load for the
specimen was accurately measured at 2,710 kN through the fixed frame. Circular tube
shapes generally displayed strain-hardening characteristics long after the CFT reached
yield. Square and rectangular tube shapes behaved differently to circular tubes.
Depending on the tube wall thickness, those tube shapes presented various post-yield
behaviours. Local wall buckling did not take place for any specimen prior to yield of

the CFT. Furthermore, higher axial deformations were sustained prior to local wall

buckling, for the thicker tubes of each shape type.
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Figure 1: Comparison of CFT behaviour with respect to shape of the tube (a) circular tube (b) square tubes (c)

rectangular tubes
Source: Schneider (1998)

2. The D/t ratio became the parameter for arrangement of the test results, as shown in
Figure 2. According to d, there was a connection between the D/t ratio and the post-
yield behaviour for the square and rectangular tubes. There were three types of post-
yield behaviour for noncircular CFT shapes. S5 presented clear signs of strain-
hardening behaviour and S5, S4, R5 and R6 exhibited a significant transition from
stain-hardening to mildly elastic-plastic. Lastly, the post-yield behaviour for the
remaining noncircular CFT shapes was clearly strain-softening. In contrast, C1 was

obviously stain-hardening even if the D/t ratio was larger than other specimens.



Local buckling for all CFTs with strain-softening post-yield behaviour took place at an axial

ductility of between 2 and 6. For the square and rectangular strain-hardening specimens, local

buckling took place at between 6 and 8, while wall buckling did not take place for the circular

tube until 10 or more.
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Figure 2: Comparison of CFT behaviour with respect to D/t ratio
(a) D/t <25 (b) 25 < D/t <30 (c) 30< D/t <40 (d) 40 < D/t
Source: Schneider (1998)
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In this experiment, it was shown that circular steel tubes offer much more post-yield axial

ductility than square or rectangular tubes. All circular tubes were categorised as strain-

hardening. On the other hand, the square and rectangular tube walls, in general, did not offer

substantial concrete confinement beyond the yield load of the composite column.

O'Shea and Bridge (1998) carried out an experimental analysis with circular steel tube
specimens which were filled with medium (50 MPa) and high strength (80 MPa) concrete.
They had various D/t ratios from 59 to 221 and L/D ratios ranging from approximately 3 to 4.

Confinement of the medium strength mix occurred in tubes with D/t ratios ranging from 59 to

221 while the high strength concrete mix resulted in confinement only at ratios lower than

125. There are two types of failure models for steel tubes. In the first type the bond between

the steel tube and the concrete is maintained the axial strength of the steel tube. In the second



type the bond is not maintained and there is local buckling of the steel tube While even thin-
walled steel tubes were found to improve the ultimate strength and ductility of the medium
strength concrete (50 MPa) under uniaxial loading and at small eccentricities, confinement of
the high strength concrete (80 MPa) only occurred for the thicker steel tubes under uniaxial

loading and at small eccentricities.

Huang et al. (2002) carried out an analytical experiment to investigate the behaviour of CFT
steel columns under axial loading. Seventeen specimens were prepared with D/t ratios
ranging from 40 to 150 and two types of cross-section: circular and square. As a result, it was
found that the CFT columns with circular cross-sections performed better than square

columns regardless of the D/t ratio, and a smaller D/t ratio produced better results.

Sundarraja and Prabhu (2011) investigated the strengthening of CFST members under
compression using CFRP composites. Of the 21 specimen columns used in this experiment,
18 were externally reinforced by CFRP strips having a constant width of 50 mm with spacing
values of 20 mm and 30 mm, while the remaining three columns were not. One of the main
materials in this study was MBrace 240 fabricated by BASF India Inc., unidirectional carbon
fibre. It had a modulus of elasticity of 240 kN/mm? and a tensile strength of 3800 N/mm?.
The thickness of the fibre was 0.234 mm. Another main material was square hollow steel
tubing conforming to IS 4923-1977 and IS 1161-1998 with a dimension of 91.5x91.5 mm? It
had a thickness of 3.6 mm and a height of 600 mm.

2.5 Review of Analytical Studies — Steel Confinement

Hsuan-Teh et al. (2003) analysed steel CFT columns numerically under axial compressive
loading using the nonlinear finite element program ABAQUS. D/t ratios ranging from 17 to
150 were analysed for circular and square tubes with and without stiffening ties. They found
that decreases in D/t ratio provided increases in lateral confinement strength. On the other
hand, increases in D/t ratios resulted in more significant lateral deformation in the radial
directions, especially in the middle of the CFT columns. For circular columns, the concrete
and steel were in full contact, resulting in no local buckling of the tube at axial strains close
to 0.025 owing to a uniformly applied confining pressure in all radial directions, while for
square columns, the lateral confining pressure is not uniformly applied to the concrete surface,
resulting in local buckling of the tube because there is not full contact between the concrete

and the steel.
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There are three kinds of failure of CFST columns under axial compression according to

slenderness rations, which are intensity failure, elastic-plastic instability failure and elastic
instability failure (Han 2007). According to Han (2007), the ratio of stability ¢ and

slenderness ratio A are defined as follows:

Where

NU
Q= (2.1)
NUO
ultimate strength of the composite column and
sectional strength of the composite column.
A= L _4L (2.2)
r D

effective column length
radius of gyration and

outer diameter of the compressive section.

Figure 3 shows that intensity failure, elastic-plastic instability failure and elastic instability

failure occurwhen A < 4y, 49 <A< 1, and 1> 4, respectively.

2\
Intensity failure

1|

Elastic-plastic instability failure

Elastic instability failure

}"D lp )\..

Figure 3: Typical ¢ - A relation
Source: Han, 2007
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Liang, Q. Q. (2009) used a performance-based analysis (PBA) technique to analyse the
effects of D/t ratios, concrete strength, steel yield strength and axial loading on the stiffness,
strength and ductility of high-strength CFT columns confined with thin-walled steel tubes.
Di/t ratios of 40, 70 and 100 were tested and it was found that the axial performance of the
specimens decreased as the D/t ratio increased. Increases in this ratio led to reductions in the
local buckling strengths of the steel tubes. Once a very high strength concrete was utilised
(100 MPa) in association with very slender steel tubes with a D/t ratio of 100, the axial
performance index of the section was very low. Reductions in flexural stiffness and strength,
curvature ductility and section interaction performance were also noted with an increased D/t

ratio.

Choi and Xiao (2010) studied the axial loading behaviour of short CFT columns using results
from the experiments of Huang et al. (2002), Tomii, Yoshimmra and Morishita (1977) and
Schneider (1998). Their research also noted that strain hardening happened for specimens
with smaller D/t ratios (less than 50) and lower concrete strength (22-23 MPa) while strain
softening (shear resistance is reduced with the continuous development of plastic shear
strains) happened for specimens with higher D/t ratios and higher concrete strengths.

Manojkumar, Mattur and Kulkarni (2010) examined the effect of parameters such as:
diameter of the steel tube (D), wall thickness of the steel tube (t), strength of in-fill concrete
(feu), and length of the tube (L).

Table 2 shows that they considered three different diameters, wall thickness and grades of
concrete. Through using the Taguchi method, this study tried to find an appropriate
combination of structural parameters and to conduct the analysis with the minimum number
of experiments. They tested 243 circular CFT samples including an L9 orthogonal array as
shown in Table 3 and Table 4.

Table 2: Factors levels selected for each length of the CFT column

Factors
Levels Diameter of Wall thickness of Strength of
the steel tube (mm) the steel tube (mm) in-filled concrete (N/mm?)
Level-1 44 .45 1.25 42.4
Level-2 57.15 1.6 51.7
Level-3 63.5 2 60.7

Source: Manojkumar et al. 2010
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Table 3: Details of CFT samples tested for each 1m, 0.7 m and 0.5 m length of the column

Sl. No. Notation S:::;;L Notation 5:‘:;;; Notation s:?:;;;
1 D,t,M;, 3 Dyt M3 3 Dt M, 3
2 Dyt; M3 3 Dyt M3, 3 Dt Mg, 3
3 D,t3 M3 3 Dyt; M3, 3 Dt M, 3
4 D, t,M,, 3 D,t, My, 3 Dyt M, 3
5 Dt My, 3 Dyt, My, 3 Dyt,My, 3
6 D t;:M,, 3 DytaM 4, 3 Dyt My, 3
7 D t,Ms, 3 D,t, Mg, 3 Dst, Mg, 3
8 D,t, M, 3 D,t,Mq, 3 Dst,Mg, 3
9 D4t3 M5 3 D,t;Ms, 3 Dst;Ms, 3
No. of samples D, Series 27 D, Series 27 D, Series 27

Note: M3, = Concrete Mix of characteristic strength of 30 N/mm? with cube strength at 28 days is 42.4 N/mm?

M,, = Concrete Mix of characteristic strength of 40 N/mm? with cube strength at 28 days is 51.7 N/mm?
Msy = Concrete Mix of characteristic strength of 50 N/mm? with cube strength at 28 days is 60.7 N/mm?
Source: Manojkumar et al. 2010

Table 4: L9 - Orthogonal array adopted and experimental results — for each length of CFT

Notation Ultimate Axial Load P (KN) Axial shortening at ultimate point 3, (mm)
Im 0.7m 0.5m 1m 0.7m 0.5m
D1t;M3o 45.2 82 96.2 4.0 4.7 5.4
D1t,Myo 86.5 117.1 134.1 4.1 5.0 5.2
D;tsMso 124 145.3 155.6 4.2 5.3 54
D,t: My 151.6 176.5 187.5 6.0 6.3 5.6
D,t;Ms 181.7 201.5 229 54 6.1 53
D,tsMs 144.3 205.8 213.7 8.4 7 7.3
Dst;Mso 181.2 239.1 262.4 4.7 5.8 6.4
D;t;Ms 185.6 226.3 230.5 7.4 7.6 7.8
DstsMyo 231.3 269 280.5 7.1 7.2 7.4

Source: Manojkumar et al. 2010

From this research, it was found that increases in diameter, wall thickness and concrete
strength will increase the ultimate axial load and capacity for 1m, 0.7m and 0.5m lengths of
CFTS. Among these parameters, the diameter of the steel tube in particular affected the
ultimate axial load capacity and brought about a corresponding axial shortening of all the

three lengths of the CFT. The increase of wall thickness helped to delay buckling failure.
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Although, there has been a large amount of research work on slender tubular CFST columns,
few of the test specimens have had a slenderness ratio bigger than 120. Yu-Feng, Lin-Hai and
Xiao-Ling (2012) developed a finite element model to perform mechanism analysis and
parametric studies for very slender CFST columns, which have slenderness ratios (1) bigger
than 120. The ABAQUS/Standard module was used to conduct this analysis, and both
material and geometric nonlinearities are considered. To describe the constitutive behaviour
of steel, an elastic-plastic model was used. A five-stage stress-strain model was applied. The

modulus of elasticity and Poisson’s ratio of steel are taken as 206 GPa and 0.3, respectively.

For concrete, 4730\/f_’c according to ACI Committee 318 (2008) was taken as the modulus of
elasticity and 0.2 as Poisson’s ratio. The end plates and core concrete were simulated by an
eight-node 4-D solid element, and a four-node conventional shell element was applied for the
steel tubes. For the contact between the steel tubes and the inner concrete, hard contact was
put to use in the normal direction and the Mohr-Coulomb friction model was utilised in the
tangential direction. The frictional coefficient was chosen as 0.6. For the boundary condition,
the end plate was presumed to be an elastic rigid block, and the modulus of elasticity and

Poisson’s ratio of the end plate were given as 1000 GPa and 0.0001, respectively.

As a result of this analysis, firstly, there was a difference between the typical failure models
of very slender CFST columns and the reference hollow steel tubular members. The failure
mode of very slender circular CFST column is elastic and unstable according to Han (2007).
After reaching ultimate strength, local buckling of the steel tube was prevented owing to the
core concrete of the CFST column, while the local buckling took place at mid-height level for
hollow steel tubular members. It was reported that as the slenderness ratio (1) increased,
ultimate strength decreased while the steel ratio (a) and concrete strength (f.,,) increased as

strength increased.

2.6 Review of Experimental Studies — FRP Confinement

Bouchelaghem, Bezazi and Scarpa (2011) used two specific composite layups (bidirectional
fabrics (0/90), and (+30/- 60),). The first provided the highest time to failure, the second
showed an increase of up to 70% in strengthening efficiency compared with non-reinforced
columns. Six hybrid composite jacket configurations were also investigated. They were:
hybrid 1: fabric 1 and mat, hybrid 2: mat and fabricl, hybrid 3: fabric 2 and mat, hybrid 4:
mat and fabric 2, hybrid 5: fabric 2 and fabric 1, and hybrid 6: fabric 1 and fabric 2. Mat,
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fabric 1 and fabric 2 had surface densities of 300 g/m?, 300 g/m*and 500 g/m? respectively.
The results of this work results in the following conclusions: The fibre orientations and the
thickness of the wall of the FRP wrapping have a considerable effect on the load-time history,
strength, ductility, and damage modes of the composite concrete columns. The composite E-

glass fibre/polyester is the most effective material for wrapping concrete columns externally.

The extensive experimental program at the Reinforced Concrete Laboratory of Democritus at
the University of Thrace has extended research in this area. One aim of the researchers is to
explore the effects of internal reinforcement in limit cases of adequate FRP strengthening of
square columns for monotonic or cyclic loading. Another aim is to look into the influence of
increases to the volumetric ratio of transverse reinforcement on the slenderness of bars, as
well as the effect of monotonic and repeated loading — unloading (Rousakis & Karabinis
2012).

A Modified Confinement Ratio (MCR) as a measure of confinement effectiveness was

proposed by Mirmiran et al. (1998).

2r erFRP
MCR = (Fj{f—coj (23)

Where,
b = the external dimension of the concrete section
r = the corner radius
fierrp = the maximum effective confining pressure provided by FRP for use on
circular and rectangular rc confined with FRP, and
feo = the compressive strength of unconfined specimen.

In accordance with the above study, Mirmiran et al. (1998) determined that specimens with
MCR < 0.15 display inelastic softening stress-strain behaviour (with degrading branch).

Rousakis and Karabinis (2012) performed an experimental program using columns made of
extremely low strength concrete with internal steel reinforcement and external FRP
strengthening. The experiments concerned a series of tests of 42 prismatic columns of square
cross-section, with 200 mm sides, 30 mm corner radius and 320 mm height. The height to

side ratio was only 1.6 owing to restrictions of the available compression machine. The
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specimens were reinforced with four longitudinal steel bars (volumetric ratio of 1.57%).
Transverse steel stirrups of 8 mm diameter with 200 mm spacing (symbolized as S1) or
95mm (symbolized as S2) supported the bars, and thirty-two specimens were tested with FRP
confinements using two types of unidirectional FRP sheets which were carbon S&P C240 or
glass S&P G90/10 (S&P — Sintecno 1999). Rousakis and Karabinis found that plain concrete
columns strengthened by a jacket with a ratio MRC= 0.184, revealed a slightly mechanical
behaviour with softening branch. In columns with slender bars, a softening branch results an
inadequate load response for MRC = 0.153 or lower. In those cases, the jacket could not
confine the unsteady expansion of concrete thus, not exhibit a hardening inelastic behaviour.
Also, the loading history of gradually increasing load-unload cycles resulted in further
degraded responses for the columns. FRP strengthened columns with low s/®; of the
longitudinal bars and heavy steel stirrup confinement (non-slender bars, S2) under cyclic
loading displayed strong upgraded mechanical behaviour. Their response was greater
compared to columns with slender bars (S1), or plain concrete columns subjected to cyclic
loading. A lower bound ratio of MCR = 0.153 corresponded to an obviously adequate
mechanical response. Even though there was no significant variation of the axial strain at
failure between columns with slender and non-slender bars, higher strain was found in
columns with non-slender bars. According to this study, a ratio MRC = 0.185 could serve as a

lower bound value to identify adequately confined columns.

Liang, M. et al. (2012) conducted an experiment to identify the influence of specimen size on
the axial behaviour of carbon fibre reinforced confined concrete cylinders.
As shown in Table 5, 24 specimens were prepared with different diameters and CFRP
thicknesses. Twelve of the specimens were confined with CFRP cylinders but the remaining
12 were not and the FRP sheets used in this test used a kind of unidirectional carbon fabric
which had ultimate tensile strength of 3591 MPa, elastic modulus of 242 GPa, and thickness
of 0.167mm. All these cylinders had a slenderness of 2. For the CFRP-confined cylinders,
small and large sizes were wrapped with one and three CFRP sheets of 200mm, respectively,
whereas medium-sized cylinders were wrapped with a CFRP sheet of 200mm width and two
CFRP sheets of 100mm width. Small, medium-sized, and large cylinders were wrapped with
one layer, two layers, and three layers of CFRP, respectively. This study concluded that for a
given lateral confinement no size effect existed in the normalised compressive strength gain

f'ce/f co and normalised ultimate strain &../&,, for the cylinders examined.

17



Table 5: Properties of concrete specimens

Specimen Dimensions (mm) | Number of CFRP Number of

plies specimens
PC-S ®100%200 0 4
CC-S ®100%200 1 4
PC-M ©200%400 0 4
CC-M ©200%400 2 4
PC-L ®300%600 0 4
CC-L ®300%600 3 4

Source: Liang et al. 2012

Mohamed and Masmoudi (2010) conducted an experiment with 23 specimens. They applied

many parameters. Five types of FRP tubes were used with different diameters and thicknesses.

In these specimens, the following parameters were considered: concrete strength; thickness of

FRP;

the use of longitudinal steel bars; and slenderness ratio. From this experiment, the

following results were reported:

Increasing the thickness of FRP tubes resulted in a significant improvement of the
strength and the ductility.

For the CFT (Concrete-Filled FRP Tube) columns with steel reinforcement, the
yielding of the steel bars was delayed by the confinement of FRP.

In response to increasing the FRP volumetric ratio, the confinement strength
increased at yielding as compared to the unconfined concrete compressive strength.
The ultimate failure modes were different according to the specimen types A, B, and
C which had thicknesses of 2.65mm, 2.85mm, and 6.40mm, respectively. For types A
and B, it was very explosive, while the ultimate failure for type C was ductile.

The ultimate load of the CFFT column with internal reinforcement was higher than
without it.

2.7 Review of Analytical Studies — FRP Confinement

Xiao

and Wu (2000) carried out an experimental program with 27 concrete cylinders

confined by CFRP and developed a simple bilinear stress-strain approximation for confined

concrete. This model was based upon empirical equations describing the axial stress-axial
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strain and axial-stress transverse strain responses of the concrete tested. The model adopted
the popular classical approach proposed by Richart, Brandtzaek and Brown (1928). The
initial and final performances of these specimens were then modelled with two sets of linear
equations using the four mechanical variables of: confined concrete; axial stress and strain;
transverse strain; and confinement stress. These models were tested against the results of
experimentation conducted by Hosotani, Kawashima and Kawashima (1996) and it was

found that they modelled the data well, as shown in Figure 4.

|MFPa)
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Axial Stress (MPa)

Axial Stress

Hosotani et al.'s Tests
_-JIerJJl -.Ll:q_u . f — Hosolani ot al.'s Test
Prediction

Axinl Strain axial Strain

Figure 4: Bilinear simulation of Hosotani et al.'s test results
Source: Xiao & Wu 2000

Becque, Patnaik and Rizkalla (2003) performed numerical analysis using finite element
models of the concrete confined with FRP composites to develop of stress-strain curves. A
number of parametric comparisons were also conducted to see the effect of using various
confinement materials, void sizes and numbers of fibre layers. Using the developed model,
the normalised axial stress-strain curves for steel, CFRP and GFRP were found for a
reinforcement ratio p of 1.6% with a concrete compressive strength of 35 MPa. The lower
elastic modulus of GFRP allowed for greater strain to be developed, resulting in better
ductility before column failure. The results indicated that an increase in the number of FRP
layers increased confinement as well as ultimate strain. This led to an improvement in the

ductility of the CFT columns tested.

Dandapat, Deb and Bhattacharyya (2011) pointed out that almost all numerical studies of
FRP columns have not considered the failure of the bonding between the concrete column
and the FRP tube. According to these researchers, after columns undergo degradation and
damage during the loading process, de-bonding due to changes like relative tangential slip of

normal gaps at the interfaces may be observed. Using an analytical expression following the
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article shows the nature of the relationship between interfacial shear and fabric shear and

strength:

. K.o.0, Sinh(y(a—b)x (2.4)
' E./(a=b) sinh(\/(a-b)L '

According to these researchers, an interfacial shear stress depends on the wrap thickness, t,
and Young’s modulus of the wrap, E¢. Through Figure 5, it is shown that the interfacial shear
stress increases from the fixed end to the axially loaded face of the column, and also
increases with thickness of wrap and with Young’s modulus of the wrap. Finally, they show
that the interfacial shear stress is affected by the fabric thickness and generates increased
debonding.
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Figure 5: Variation of interfacial shear stress along the length of the colum
(a) different wrap thickness values(E¢= 38 GPa, E = 20 GPa, L= 1.0m, and K,,= 0.17E; each layer of wrap is

0.5mm; (b) different modular ratio (E¢= 38 GPa, L= 1.0m, t=1.0mm, and K ,;= 0.17E).
Source: Dandapat et al. (2011)

The commercial finite element program ABAQUS was used for analysis of a more realistic
numerical model of an FRP-confined concrete column. Two concrete cylinders were

considered with different styles, one stocky and the other slender. Both were 150 mm in
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diameter. Their heights were 350 mm and 1000 mm, respectively. Using the analytical model,
it is known that there is a strong connection between failure in the bond and rupture in the
fabric. That is, the damage to the bond between the fabric and the concrete results in
significant effects on the failure load and ultimate strain.

2.8 Summary
The behaviour of CFT columns has been extensively studied for both steel and FRP
confinement under various parameters and control measures to see what benefits FRP can

introduce to current tube designs.

Results from these studies have confirmed the following characteristics of these columns that

are applicable for both steel and FRP confined columns:

e Cross-sectional shape and column geometry have been shown to have a large impact
upon the performance of CFT columns.

- Square and rectangular columns have exhibited poor confinement with non-
uniform confining pressure resulting in local buckling of the tube.

- Failure of these columns has also resulted in undesirable wall bulging as opposed
to the radial expansion failure of circular specimens.

- Square and rectangular columns have also been shown to exhibit degrading
stiffness and strain softening post-yield, whereas circular specimens exhibit strain
hardening and are more ductile.

- Generally circular columns have been shown to possess superior characteristics in
virtually all areas as opposed to any other cross-sectional shape.

e It has been found that

- CFT specimens with smaller D/t ratios (one study stated D/t < 40) experience
significant lateral confinement pressure, higher ductility, higher flexural stiffness,
higher buckling strength, higher axial strength, and better section interaction
performance.

- CFT specimens with larger D/t ratios have also been shown to fail by buckling
before the concrete reaches a state of beneficial confinement pressure which
increases compressive strength.

e This beneficial confinement characteristic was only seen in short columns, which

generally possessed greater capacities than predicted.
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The compressive strength of the concrete core has also been observed to have large

effects upon the behaviour of CFTs.

This has been shown through the interaction with varying aspect ratios as the
benefits of confinement are reduced with an increase in concrete compressive
strength.

One study showed that confinement of a medium strength (50 MPa) concrete mix
occurred in tubes with D/t ratios ranging from 59 to 221 while a high strength (80
MPa) concrete mix resulted in confinement only at D/t ratios lower than 125.
Post-yield behaviour of higher strength concrete, especially with higher D/t ratios
has been shown to result in strain softening.

Increased compressive strength results in higher stiffness and higher axial and
moment capacities at the cost of a higher ratio of yield to ultimate stress and a
reduction in mechanical efficiency, ductility, flexural stiffness, curvature ductility

and section interaction performance.

Several conclusions can also be drawn regarding the effect of confinement material

properties:

It has been established that while steel confinement buckles and plastically
deforms, the stress-strain curve of FRP composites and an experimental study
indicates that these composite materials fail suddenly and in a brittle manner.
Stress-strain comparisons between steel and FRP also show that the confinement
pressure of FRP increases until the first ply reaches failure, although for steel this
pressure remains constant even after yielding under hoop tension.

It has been shown that for FRP confinement, an increase in the number of layers
or ply of the confining tube results in greater confinement pressure, strength and
ductility.

GFRP and CFRP composites have been tested almost exclusively and it has been

found that GFRP is more ductile although not as strong in compression.
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Chapter 3
METHODLOGY

In order to achieve an understanding of the behaviour of concrete-filled FRP tubes, an
experimental program was performed under uniaxial compressive load using 18 specimens
with a variety of diameters and thicknesses to examine the behaviour of columns with
different slenderness ratios. All testing was carried out at the civil engineering laboratory of
the Central Queensland University. The primary test variable of the experimental program is
the slenderness ratio of the FRP tube. Both concrete and FRP tubes were obtained from
external providers. In this chapter, the objective of the experimental program is described as
well as details of concrete-filled FRP tube specimens and material properties. For a better
understanding of this experimental program, further information is added such as details of
the instrumentation and test procedures that were used during the tests.

3.1 Objective of Experimental Program
The experimental program was designed to achieve the following objectives:

e Investigate the behaviour of FRP-confined tubes under uniaxial compressive load
with varying slenderness ratios (Diameter (D)/Wall thickness (t) & Length (L)/ Wall
thickness (t)),

e Investigate the failure mode of concrete-filled FRP tubes under uniaxial compressive

load.

3.2 Design of Test Specimen
To achieve the abovementioned objectives, columns with varying diameters and wall

thicknesses were selected. All specimens were circular columns, as circular tubes have
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superior capacities compared to both rectangular and square ones due to their axis symmetric
properties.
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Figure 6: Groups of specimens according to the diameter of FRP tube

The length of specimens was kept constant at 1200 mm to save time with the practical set-up.
The specimens were divided into three groups based on the outer diameter of the FRP tube.

Group 1(G1) — External diameter of the FRP is 100 mm
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Group 2(G2) — External diameter of the FRP is 150 mm
Group 3 (G3) — External diameter of the FRP is 200 mm

In each group, three different wall thicknesses were selected: 3.5 mm, 8 mm and 9 mm.
(Figure 6 shows these FRP tubes filled with concrete.)

ik

D1

00T3A

D200T3A D200T8A D200T9A

Figure 7: FRP tubes with a variety of diameters and wall thicknesses

The wall thicknesses were selected in consultation with the manufacturer and there were not
many options. As shown in Figure 7, in each group three different thicknesses were used.
Two specimens were made with each group. That means total of 18 specimens were cast by
pouring concrete into the FRP tubes. During the casting, concrete was poured into 3 layers
and each layer was compacted as required. Prior to pouring concrete into the FRP tubes, the
bottoms of the tubes were wrapped as shown in Figure 8 to prevent any leakage during the

concreting because of the viscosity of the concrete.Error! Reference source not found.
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14:03

Figure 8: rapped FRP tubes

In Table 6, the details of the specimens are listed. Specimens were divided into three groups
according to their diameter and each group had six specimens with three different wall
thicknesses as shown. In this table, it is shown that the specimens had a variety of D/T and
L/T ratios. These ratios are primary factors in investigating the behaviour of concrete-filled
FRP tubes. In the results chapter, the outcomes of this experiment are analysed mainly in

terms of changes to the two types of ratio.
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Table 6: Details of specimen (as per initial plan)

Group | Specimen Inner Diameter | Wall thickness | Length D/t L/D
(mm) (mm) (mm) ratio ratio

D100T3A 100 3.5 1200 28.57 12.00
D100T3B 100 3.5 1200 28.57 12.00
D100T8A 100 8.0 1200 12.50 12.00

o D100T8B 100 8.0 1200 12.50 12.00
D100T9A 100 9.0 1200 11.11 12.00
D100T9B 100 9.0 1200 11.11 12.00
D150T3A 150 3.5 1200 42.86 8.00
D150T3B 150 35 1200 42.86 8.00
D150T8A 150 8.0 1200 18.75 8.00

o D150T8B 150 8.0 1200 18.75 8.00
D150T9A 150 9.0 1200 16.67 8.00
D150T9B 150 9.0 1200 16.67 8.00
D200T3A 200 3.5 1200 57.14 6.00
D200T3B 200 3.5 1200 57.14 6.00
D200T8A 200 8.0 1200 25.00 6.00

& D200T8B 200 8.0 1200 25.00 6.00
D200T9A 200 9.0 1200 22.22 6.00
D200T9B 200 9.0 1200 22.22 6.00

Note: D/T = Diameter/Wall thickness
L/D = Length/Diameter
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3.3 Material Properties

3.3.1 Concrete
Concrete was prepared by ordering from a ready-mix concrete supplier and all 18 specimens

were filled with identical concrete with the following properties:

e Slump =80 mmcm

e 20 mm nominal size aggregate

e Compressive strength = 32 MPa.
While the specimens were cast, a slump test was performed and, the compressive and tensile
strengths of the concrete were also measured at the time of the testing. Slump of the fresh
concrete was tested to measure the workability of concrete (Figure 9). The compressive
strength of the concrete is shown in Figure 10).All tests were conducted as indicated using
the Australian Standard AS 1012-1981 (Standards Australia 1981). As some of the AS 1012
standards have been altered since the introduction of the standards, the tests were performed
in accordance with the revised versions as follows:

e Sampling of fresh concrete: AS 1012.1 — 1993

e Indirect tensile strength of concrete: AS 1012.10 — 2000

e Compressive strength of concrete: AS 1012.14 — 1991.

Figure 9: Slump test of concrete
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All cylinder tests were conducted on the same day as the respective column tests and the

results are summarised in Table 7.

Table 7: Compressive strength of concrete

Figure 10: Compressive strength test

Number Load of failure (kN) Compressive Strength (MPa)
1 210.7 26.93
2 275.2 35.18
3 235.8 30.39
4 215.6 27.56
5 228.8 29.25
6 260.1 33.25

3.3.2 FRP Tubes

Each FRP tube was manufactured by an external supplier. The properties of these tubes are

listed in Table 8.
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Table 8: Properties of FRP tubes

Inner Diameter | Thickness | Elastic Modulus | Ultimate Tensile | Stiffness
(mm) (mm) (axial) (MPa) Capacity (kg) (N/m/m)
101.7 35 10,670 30,005
100NB 101.7 8 27,810 413,468
101.7 9.5 33,830 685,948
153 35 15,840 9,114
150NB 153 8 8,816 40,740 130,793
153 9.5 49,350 219,809
203 35 20,980 3,967
200NB 203 8 53,600 58,105
203 9.5 64,780 98,294

3.4 Instrumentation

During the test, several instruments were used to record the behaviour of the specimens. The

tests measured the loads, displacements and strains in the outer surface of FRP tubes filled

with concrete.

3.4.1 Load Measurement
Load cell was used to measure the applying load. In this research, the facilities at Central

Queensland University shown in Figure 11 were used. The tests were conducted using a

uniaxial load machine (model HCC200) and details are given in Table 9.
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Figure 11: Uniaxial loading machine

Table 9: Specification of HCC200 load cell

Parameter Value

Capacity 200 tonnes

Excitation 15 mv/V

Input resistance 700.0000 ohms + 10%
Output resistance 700.0000 ohms £ 1%

3.4.2 Strain Measurement
Strain gauges 30 mm in length were used to measure the variation of strain. PEL-30-11

gauges were used and they had a gauge resistance of 119.6 (£0.5) Q and a gauge factor 2.11

(x1) %. In total six strain gauges on two opposite surfaces in each specimen were attached in

three directional positions (Figure 12).

(a) Strain gauge location on the FRP surface (b) 30 mm Strain gauge
Figure 12: Strain gauges attached to the FRP tube
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Figure 13: Measurement system instrument (Signal Express & NI 9219)
(Source - http://www.ni.com/labview/signalexpress/whatis.htm)

Signal Express is a data-logging software package for quickly acquiring, and presenting data
with no programming required. After a series of steps involving the answering of questions
the software writes the program in the background. A National Instruments compact DAQ
chassis was used with four channel N19219 Modules (Figure 13). With the NI 9219, several
signals can be measured from sensors such as strain gauges, RTDs, thermocouples, load cells,
and other powered sensors. The channels are individually selectable as well. In addition, the
NI 9219 uses six-position spring terminal connectors in each channel for direct signal

connectivity and contains built-in quarter-, half-, and full-bridge supports.

3.5 Testing Procedure

3.5.1 Test Set-up
During the test an identical load was applied to all specimens, which was a monotonically

increasing load applied using a displacement control method. As the specimens were
designed as pin ended columns, the test procedure was relatively simple. Apart from the
longitudinal deformations, buckling was one major focus of this test. By considering the
buckling effect on the columns, the strain gauges were attached at the same height on the
opposite side of the column. It was also essential in the setting up of the experiment that
certain safety procedures were established to protect the staff during the application of the
load on the columns. Since neither the top nor bottom ends of specimens were fixed, this
could lead fatal accidents. In particular, it was necessary to ensure that the columns were

exactly vertical (Figure 14).
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Figure 14: Set-up the FRP Column

3.5.2 Testing of specimens
Among the FRP columns from D100T3A~D150T9B, 12 specimens with different wall

thicknesses (3.5mm, 8.5mm, 9.0mm) were first tested. Load increases of 1mm/min were
applied monotonically to each column until it yielded. While 18 specimens were originally
set up for this experiment, only 12 specimens with diameters of 100mm and 150mm were
tested due to the limitations of load cell capacity. Even though the load cell was able to apply
a load of 200,000 kg, it was necessary to reinstall the frames that supported the load cell for
applying loads of this magnitude. This would have taken more time and the budget did not

allow this.

After curing the columns, it was found that some of them had an empty space on the top of
the tube which was formed due to the contraction of the concrete. To avoid different
conditions on the top surface of each column, these gaps were filled with mortar (Figure 15)
so that the load would be applied to both the concrete and the FRP tube simultaneously in

spite of the lack of cohesion.

Figure 15: Filling the gaps with mortar
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3.6 Risk Assessment and Health and Safety Procedures

Work place health and safety is emphasised heavily in engineering laboratories at the Central
Queensland University. As this experimental program involved a heavy loading machine and
FRP, there were a number of safety issues involved.

Simple safety measures were observed for the construction and loading of the specimens. All
recommended personal protective equipment (PPE) such as hats and safety glasses were worn
when the specimens were loaded. Other pieces of PPE were worn for specific activities
during the construction.

In addition to general PPE, additional safety precautions were taken to avoid any possible

hazardous incidents:

e A steel cage was used to protect the staff from flying particles from the specimens in
the event of sudden failure (Figure 16)

e A steel plate was used to distribute the load on the top surface equally (Figure 17)

e Timber was used to ensure the columns were perpendicular (Figure 17)

Figure 16: Steel cage

3.7 Summary

In this chapter, the all preparations for this experiment were described and information on the
main materials such as FRP and equipment were provided, along with their specifications.
Most of the time devoted to conducting this experiment was assigned to making the
specimens. The selection of the FRP manufacturer was the hardest part and there were not
many options, as they only supply the products manufactured on their production lines. This

meant that the diameters and thicknesses of the tubes were decided by the manufacturer
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rather than the researchers. Another factor that affected this research was the condition of the
facilities at Central Queensland University, as we needed to consider the capacity of the load
cell and lab-environmental supports. More information such as data sheets related to the

experiment can be found in Appendix A.
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Chapter 4
EXPERIMENTAL RESULTS

This chapter presents the experimental results obtained by the testing 12 specimens in the
civil engineering laboratory at the Central Queensland University, along with an assessment
of these results. This experiment was performed under the conditions described in the
previous chapter. Preparations included configuring specimens, manufacturing the columns

and installing the measuring instruments on the surfaces of the columns.

The information from the compression tests is presented in association with descriptions of
the failure modes of the specimens. The main focus of discussion in these results is the
behaviour of the composite columns under uniaxial compression with a variety of aspect

ratios such as D/t and L/D. The observation of buckling is another issue in this experiment.

4.1 Overview of the Results

Table 10 summarises the results of the experiment. This table reveals the increase in the
strength of columns due confinement by FRP tubes on the surface of the concrete columns.
The specimens are according several different criteria such as diameter, thickness and

strength of materials.

In general, the strength of composite columns increases as D/t ratio decreases. In this
experiment, the strength of FRP columns decreased as the L/D radio (slenderness ratio)
decreased, which indicated that higher slenderness ratios cause columns to buckle more
easily. However, it is not possible to reach this conclusion with certainty as the last three tests
with the specimens D150T8B, D150T9A and D150T9B did not continue until they failed. In
particular, there was unexpected buckling during the testing with specimen D150T8A and
D150T8B, which may due to sliding at the loading point.
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Table 10: Summary of experimental results

. Diameter | Thickness Concrete Tensile Strength - FRP CO'U”T
Specimen (mm) (mm) Strength (MPa) of FRP (kN) Ultimate- Ultimate- Remarks
g load(kN) | strength (MPa)
D100T3A 101.7 3.5 30.83 104.6 320 36.8 Buckling
D100T3B 101.7 3.5 30.02 104.6 281 32.3 Buckling
D100T8A 101.7 8 30.83 272.5 481 50.9 Buckling
D100T8B 101.7 8 30.83 272.5 505 53.5 Buckling
D100T9A 101.7 9.5 30.83 331.5 594 61.2 Buckling
D100T9B 101.7 9.5 30.02 331.5 498 51.3 Buckling
D150T3A 153.0 3.5 30.02 155.2 663 34.5 Buckling
D150T3B 153.0 3.5 30.02 155.2 601 31.3 Buckling
DIS0T8A |  153.0 8 30.02 399.3 901 443 S-line buckling, failure at
the top
D150T8B | 153.0 8 30.02 399.3 931 458 Small buckling, Excess
the load capacity

D150T9A 153.0 9.5 30.02 483.6 928 44.8 Excess the load capacity
D150T9B 153.0 9.5 30.02 483.6 932 45.0 Excess the load capacity
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4.2 Ultimate Behaviour of FRP Columns

4.2.1 Behaviour of the Specimens with 100 mm Diameter and 3.5 mm Wall

Thickness

350

300
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200 /
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Axial Load (kN)

100

/ D100T3A
50

0 5 10 15 20 25 30 35
Deflection (mm)

Figure 18: Load-deflection behaviour of specimens with 100 mm diameter and 3.5 mm wall thickness

(D100T3A)

As explained in Chapter 3, the load on the columns was increased at a constant rate of 1

mm/min until their failure. During the loading, the load varied linearly with displacement

until about 180 kN. At a load of about 180 kN, some changes were observed in the columns.

The FRP tubes stretched and started to buckle. This was shown by texture changes in the

middle part of the tube as shown in Figure 19.
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Figure 19: Change of texture

After this point the column apparently started to bend in the vertical plane. However, no
damage/fracture was observed in the outer surface. As loading continued, the column buckled
and load started to decrease. After a drop of about 10% from the ultimate load, the load was
removed. An ultimate load of 320 kN was recorded.

The behaviour of specimen D100T3A is revealed from analysing the strain variation on the
external surface of the tube. As indicated in Chapter 3, a total of six strain gauges were

attached to the column on two opposite sides, with three gauges on each side.

Initially, as shown in Figure 20, no significant strain variation was measured in any of the six
strain gauges until the load reached about 180 kN, at which point the beginning of buckling
was noticed. After this stage, highly increased strains are observed in the gauges attached in
horizontal and longitudinal directions (X, Y), while the other gauges in the oblique direction
(2Z) show a steady increase in strain. The tensile stress can be calculated approximately from
Equation 4.1, which is about 88.16 kg. Comparison with the ultimate tensile capacity of the
FRP of 10,670 kg as mentioned in methodology shows that this is very far from the failure

point.
o, =Eeg, (4.1)
Where,
Ox = Normal stress
E = Elastic Modulus
& = Normal strain
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Having similar variations in R1 and L1, and R2 and L2, it shows that the load applied on the

top of the column distributed the hoop stress on the FRP tube equally.
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Figure 20: Strain-deflection behaviour of specimen D100T3A

Although the load-deflection behaviour of specimen D100T3B (Figure 21) showed a similar
pattern to D100T3A, the ultimate stress was measured at the lower point, about 280 kN. At a
load of nearly 250 kN, buckling was observed but no visible fracture was observed. This

specimen exhibited slightly larger ductility than D100T3A.
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Figure 21: Load-deflection behaviour of specimen D100T3B
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Figure 22: Strain-deflection behaviour of specimen D100T3B
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Each pair of strain gauges for specimen D100T3B showed similar behaviour with strains in X
and Y directions showing significant increases, from about 20 mm of deflection while the Z

direction shows no changes as shown in Figure 22.

4.2.2 Behaviour of the Specimens with 100 mm Diameter and 8.0 mm Wall
Thickness
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Figure 23: Load-deflection behaviour of specimens with 100 mm diameter and 8.0 mm wall thickness

As shown in Figure 23, D100T8A carried a higher ultimate load, about 480 kN and suddenly
showed a drop in the load down without much ductility after the ultimate load. Until its
ultimate load of 500 kN, similar load-deflection behaviour was observed in D100T8B as in
D100T8A. However D100T8B exhibited slightly better ductility than D100T8A before
failure. This variation may have been due to various factors such as loading pattern, and
orientation of FRP in the tubes.
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Figure 24: Strain-deflection behaviour of specimen D100T8A

The buckling of the specimens can be further confirmed by looking at the strain variation in
the outer surfaces of the columns. Figure 24 shows the strain behaviour of specimen
D100T8A, which reveals that R1, R2 increased considerably with 15 mm of deflection while
the others showed only small changes. A similar pattern can be also seen in Figure 25, which
shows the strain variation in the specimen D100T8B. When the strain increased rapidly, that

means buckling occurred or started towards that side.

43



D100T8B

30000

20000

10000
S
3] 0 -
£ 35
3 —R1
-
& -10000 e R
—R3
-20000 —L1
—2
—13
-30000

Deflection (mm)
Figure 25: Strain-deflection behaviour of specimen D100T8B

4.2.3 Behaviour of the Specimens with 100 mm Diameter and 9.0 mm Wall
Thickness
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Figure 26: Load-deflection behaviour of specimens with 100 mm diameter and 9.0 mm wall thickness
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Specimen D100T9A was the specimen with the thickest FRP tube and it recorded higher
ultimate stress, almost 600 kN, than the other specimens. Load increased slowly until
reaching 100 kN. This may be due mainly to seating errors in the specimen. After this point a
steady nearly linear increase was observed until about 500 kN. Then the load increment
dropped and it carried about 600 kN before the load dropped. Specimen D100T9B follows a
similar path, as shown in Figure 26, but reached a slightly lower ultimate load of about 500

kN.
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Figure 27: Strain-deflection behaviour of specimen D100T9A

Similar to former specimens, the variation in all strain gauges for D100T9A indicates that
during the first 15 minutes of test time there was no significant change. However, after that,
considerable movement was observed on every gauge. In the last part of test, all strain gauges
were detached except R1land R2 (Figure 27).

From about 7 mm of deflection in specimen D100T9B, strain-deflection behaviour increased
variously as both X directional gauges show some increase and both Y directional gauges
show significant contraction. With a change to a burred colour, D100T9B started buckling in

the middle part of the column (Figure 28).
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Figure 28: Strain-deflection behaviour of specimen D100T9B

4.2.4 Behaviour of the Specimens with 150 mm Diameter and 3.5 mm Wall
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Figure 29: Load-deflection behaviour of specimens with 150 mm diameter and 3.5 mm wall thickness
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Specimen D150T3A which was 150 mm in diameter, had a relatively high ultimate stress,
and until its failure the axial load increased at a fairly constant rate (Figure 29). The load-
deflection behaviour of specimen D150T3B showed a similar pattern to specimen D150T3A

and the column failed when the load reached 600 kN.
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Figure 30: Strain-deflection behaviour of specimen D150T3A

The testing of specimen D150T3A showed some of the same strain-deflection behaviour as
previous specimens as there is no significant variation until 20 mm of deflection appeared in
all gauges. After that, however, the strain started stretching on gauge L1 along with
contracting on L2 (Figure 30).

The strain-deflection behaviour of specimen D150T3B also showed a similar pattern to
specimen D150T3A. There was no significant strain behaviour until it reached to 20 mm of
deflection, then, both horizontal strain gauges recorded remarkable changes and one side of

longitudinal appeared strain change (Figure 31).
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Figure 31: Strain-deflection behaviour of specimen D150T3B

4.2.5 Behaviour of the Specimens with 150 mm Diameter and 8.0 mm Wall
Thickness
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Figure 32: Load-Deflection behaviour of specimens with 150 mm diameter and 8.0 mm wall thickness
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The ultimate stress of specimen D150T8A was recorded at over 900 kN during the test,
which increased gradually from the initial time of test (Figure 32). S-line buckling was
detected on this column, which occurred towards the top and bottom of the column whereas
for most specimens buckling appeared at the middle of the column (Figure 33). Although
axial load increased to over 900 kN in specimen D150T8B, it was necessary stop loading due

to the limitations of the loading frame.

& Buckling

D Buckling

Figure 33: Buckling in specimen D150T8A
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Figure 34: Strain-deflection behaviour of specimen D150T8A
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In a similar way, all strain gauges showed no significant variation until the deflection reached
20 mm, and after that, L1 showed highly increased strain up to the failure (Figure 34 &

Figure 35).

D150T8B
30000 R1
—R2
20000 -+ R3
—] 1
¥ . L
10000 || @ ©
.3
e
[&]
é O 1
Pt 40
<
9 .10000
-20000
-30000
Deflection (mm)

Figure 35: Strain-deflection behaviour of specimen D150T8B
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4.2.6 Behaviour of the Specimens with 150 mm Diameter and 9.0 mm Wall
Thickness

1000
900 / /V’;
800 D150T9B
/ D150T9A
700 / /
600
X
~ 500
©
®©
: / /
= 400
[4o]
< 300 /
200
0 = T T T T T T T 1
0 5 10 15 20 25 30 35 40
Deflection (mm)

Figure 36: Load-deflection behaviour of specimens with 150 mm diameter and 9.0 mm wall thickness

As shown in Figure 36, during the initial stage of both tests, these two specimens displayed
different behaviours under load. However, average features of loading behaviour mostly
followed the same pattern. Due to the load cell limitations, further loading was not allowed in
these specimens.

The pattern of strain in D150T9A resulted in active movements in all six gauges after
approximately 20mm of deflection as shown in Figure 37. From this behaviour, it can be
assumed that expansion occurred from inside of columns owing to the compression force

which was applied without any buckling.
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Figure 37: Strain-deflection behaviour of specimen D150T9A

The strain gauges in Specimen D150T9B showed similar behaviour to D150T9A, and

movements developed at the point of approximately 15mm of deflection.
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Figure 38: Strain-deflection behaviour of specimen D150T9B
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4.3 Failure Mode and Equivalent Slenderness Ratio

Failure mode refers to how the columns failed under the compressive load; either buckling
failure or compressive strength failure. Through this experiment, it was found that in all
specimens except D150T8B, D150T9A and D150T9B, failure occurred in the form of
buckling, and no friction of the FRP tubes was observed. At the same time, the ultimate load
decreased with the slenderness ratio. As the specimens were composed of both FRP and

concrete, the slenderness ratio is calculated as follows:

e The equivalent area of the cross section was estimated based on the elastic modulus of

the FRP and concrete

Acon = A+ EEFRP Arrp 4.2
c
Where,
Accon - Equivalent area of concrete
Ac - Area of concrete
Arrp - Area of FRP tube
E. - Elastic modulus of concrete
Errp - Elastic modulus of FRP

: : _ I
e The slenderness ratio was calculated using the equation A = ?e

For a circular section, the radius of gyration is r = '% and for pin-supported columns

the effective length is equal to the actual length. Therefore the slenderness ratio can be
expressed by the following equation.

A= 4D£e 4.3
Where
L - Length of the column
De - Equivalent diameter obtained from equation 4.2
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The equivalent slenderness ratio for each specimens are summarised in Table 11. The
equivalent slenderness ratios have a good correlation with the D/t value of the columns, as

can be seen in the Figure 39.

Table 11: Variation of ultimate load with slenderness of the column

Specimen | Ultimate load Total Area of Equivalent D/t
(KN) column (mm?) Slenderness ratio (1)

D100T3B 320 8 016 86.26 28.57
D100T3B 281 8 016 92.06 28.57
D100T8A 481 8 226 71.28 12.50
D100T8B 505 8 226 69.57 12.50
D100T9A 594 8 274 64.33 11.11
D100T9B 498 8 274 70.25 11.11
D150T3A 663 17914 89.59 42.86
D150T3B 601 17914 94.10 42.86
D150T8A 901 18 228 77.52 18.75
D150T8B 931 18 228 76.27 18.75
D150T9A 928 18 298 76.54 16.67
D150T9B 932 18 298 76.37 16.67
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Figure 39: Variation of equivalent slenderness ratio with D/t ratio

4.4 General Observations

4.4.1 Bonding between FRP and Concrete
Even though FRP has increased in popularity for structural applications in recent years, the
main issues with the FRP are

1. Low elastic modulus

2. Bonding with concrete.

Figure 40: De-bonding between FRP tube and concrete column
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As shown in Figure 40, de-bonding was observed during the test. Unlike the bonding between
steel and concrete, FRP did not attach to the concrete surface as one material. This meant that

the two materials did not behave in the same way when load was applied.

4.4.2 Permanent Deformation in FRP pipes
The permanent deformation of the columns was recorded after the load was removed. The

permanent deformation values are summarised in Table 12. From the table it can be seen the

permanent deformation is high in the columns with high slenderness ratios.

Table 12: Permanent deformation of the specimens

Column Maximum Vertical Permanent
Deflection (mm) Deformation (mm)

D100T3B 34.17 22.29

D100T3B 30.53 11.83
D100T8A 28.62 6.95

D100T8B 32.31 18.62

D100T9A 36.23 15.54

D100T9B 33.78 14.20

D150T3A 39.34 12.00

[ Perfanent oeformation |

D150T3B 43.83 18.73

D150T8A 55.63 18.33

D150T8B 34.65 12.00

D150T9A 35.55 2.00

D150T9B 29.17 11.30
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Chapter 5
CONCLUSTIONS

The chief objectives and history of this project are presented in the first and second chapters
of this thesis. The details related to the experimental program that was undertaken to achieve
the objectives are stated in subsequent chapters. In this chapter, the conclusions of this
research study will be shown in order to provide effective ways to adjust FRP columns to

practical uses.

5.1 Conclusions

5.1.1 Main Conclusion
From the experimental study, it is concluded the diameter-to-wall thickness (D/t) of the FRP

influences the capacity of CFT with FRP tubes, particularly when buckling failure is
significant. From the experimental study, the slenderness ratio of the combined column was
estimated. The proposed equivalent slenderness ratio has a good correlation with the D/t ratio
of the FRP tube.

5.1.2 Specific Conclusions
According to the results of this experimental program as explained in the previous chapter,

the following conclusions were reached:

e Equivalent slenderness ratio increases as D/t ratio increases. That means the strength
of FPR columns filled with concrete will increase as D/t ratio decreases.

e The capacity of the column decreased when the diameter of the tube decreased. As the
height of the columns was kept constant at 1200 mm, it can be concluded that the
strength of FRP columns filled with concrete decreases as L/D ratio increases

e The wall thickness of the FRP tube is a more important (sensitive) parameter than the
diameter of the tube — as increasing the thickness from D100T3B to D100T8A the
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strength increases from 36.8 MPa to 50.9 MPa while increasing the diameter from
D100T3B to D150T3A changes the strength from 36.8 MPa to 34.5 MPa.
As expected a low slenderness ratio of columns is associated with less likelihood of

buckling failure.

5.2 Recommendation for Future Studies
Based on the range of studies described in the literature review and the results of this study,

the following recommendations are presented for future studies in this area of ‘the behaviour

of concrete columns confined with FRP tubes’.

More studies similar to those that have already been conducted are needed in order to
investigate different types of FRP materials and the properties of concrete.

During the test, loading on the specimens needs to continue until they fracture as the
experimental results of this program do not show a whole procedure of failure.
Through this additional step a more accurate investigation of the behaviour of the
specimens is expected.

It is also suggested that a higher capacity load cell is required in order to extend the
range of tests as some of specimens for this program could not be tested due to the
load cell capacity that this would have required.

Detailed finite element analysis would significantly enhance this research project.
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Appendix A

EXPERIMENTAL DATA

A.1 Material properites

A.1.1 Concrete Strength

Batch | Cylinder | Diameter Weight (g) | Concrete Strength | Number of Day
(mm) (MPa)
1 11 199.0 3616.2 26.93 86
1 12 200.0 3624.2 35.18 86
1 13 199.0 3623.8 30.39 86
2 2.1 201.0 3613.1 27.56 80
2 2.2 201.0 3616.4 29.25 80
2 2.3 201.0 3561.5 33.25 80

62




Al

2 Strain Gauges

TML STRAIN GAUGE TEST DATA

GAUGE_TYPE © PFL-30-11
LOT NO. : AT0361A —
GAUGE FACTOR - 2.11 *1%
ADHESIVE . P-2

THERMAL OUTPUT (& app : APPARENT STRAIN)

TESTED ON 1 S8 400

COEFFICIENT OF

THERMAL EXpaMsioN = 11.8 ®105C
TEMPERATURE

COEFFICIENT OF G.F. -+0. 110. 05 /10°C
DATA NO. . D0053 )

gapp = —3. 76x10'42 T4x T =5, 76 1072 T8 05 x 105K TP+ 1,53 10K T (un/m)

TOLERANCE © +0.85 [(un/m)/C] , T : TEMPERATURE
200 CINSTRUMENT G.F.SET : 2,00) —APPARENT STRAIN ----- GAUGE FACTOR §§
= .
[T
g ™ o B3
= :
2 o o B2
E b= e - LLE
g _1m ‘2-0 [=171]
z y
- -4.0 ;§
- -6.0
300 L L L |

TEMPERATURE ()

e,

DEHT—OBREOOIEEE

[ CAUTIONS ON HANDLING STRAIN GAUGES |

@ LEaSHEF =53 U= FROfte L AREEES L
TR A, BEOEC - FEOIITR 0BT
HoTHELT (S,

@y -UofEni EdncRBEE LYo L aFhy
27

BEEEATLOSBE NMEEES 0 VETFIZLTAN
XL,

@7 -2 - FRCEELHEELLCT (S,

@y VEECENSERELTESLT IS,

SOTAY - JOEEIRBARLTHEOETOT,. AN
AN LT OMEL,

O -V OEEEHHEL ER L EFTEEL T (M
[

@ CEHIE LTI A MR T Lrns, iR
TEEGAhE (M EL,

@ The above characteristic data do not include influence
due to lead wires. Correct the data In accordance with

the influence of lead wires on measurad values described

overieaf,
@ The service temperature of strain gauge depends on the
operating temperature of adhesive, eto.
® Check of insulation resistance, etc. should be made at
a voltage of less than 50V, :
@ Do not apply an excessive force to the gauge leads,
@ Apply an adhesive to the back of a strain gauge and
stick the gauge to & specimean.
® Ag the back of sirain gauge has been degreased and
washed, do not contaminate it
@ After unpacking, store strain gauges in 2 dry piace,

® If you have any questions on strain gauges or installation,

contact THIL or your local agent.
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A.1.3 Load Cell

6.“# o] l;ﬁ'l-‘nh-
TRANSOUCER DEVELOPMENT fo. Pty. Ltd.

P.0. Bow 591. Archerfleld, LD, 4108, AUSTRALIA.

Phans . QF . IBAs-G143 Fax . OF=-384F 44832
Intnl. ++61=-7-3049-5143 +46 ] -7 A0 T4
Lok CELL TEST CERTIFICATE. Date : OB/06S199%

Hodel ! HCC200
Sar . Mo, 6736
Bate of Manufackure 101/06/1599

Capaciby @ ....,........ 200,000 Kilagrams.
Esxcitation = ___ . . . .... 18 V. D, Hax,
Dutput Signal ¢ ..., (F.5126 TR
Input Resistamce : | | = R F7- 10 %
Qutput Resistance : .., 790 0000 Bhms .+7~- 1 % &
Overlosad Capability 1 . 1m0 % of FE. Mo Demmge. :
Ultlmate = ......... 400 X of Fa. to Failure,

Tn{r;peﬁ'ntu-'u Bange = ,,. 10 to 90 Degreass o,

‘Effect on Zero : .0 ,0020 L S Degrese [,

Effact en Span = ... 90,0020 ¥ 7 Degres C.

Mon Limsarity & .,...:. ©0.1000 ¥ of Fs .
Hraleresis 5 ....0.00.0,, 0.0200 % of FS,
Rapeatability @ ... O 0200 X of FS,
Electrical Isclation @, S000 Heg Uhes .,
Seallwg Class = _ .. IP &7
TEAMIMATION.
HEA10ZE-14-8=8&
Colour Codimg :

L Borean 0 Tsalated,

o Fed _ : A {+) and Black i D (=) Excltation,

Green © F {+] and White i E{=) signal.
. B {+) and T (-] Gense.

CALTBRATION CHECK, (May Mok Ba Applicanlel

A resigter satnected across one brides arm will produse an electtical
signal preporiional to an applied laad.
The flyures below were obtalned durlrg factory calibration.

Resistor Used @ ......, 0,00 Ghms .
Acrems RPlns + ... ..., . AT
Equivelant Luad : ..., 5 of 75,
- L 1% I 3 3
e i oL, Tkl vedie o . ||:,.._ ) & BEDe 12 g, I'./X]
- "
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BEENEFITS AND FUNCTION

OPERATIONEL BEMEATS OF DIRECT DRIVE SERNVO WE LVES (DDAV)

= Directly driven by 2 paemanant magnet linear forca mator
weithi high force: lkeval

Mo pilot ol flow requined

Freszure Independent dynamic performance

Lo hystoresis and low threshold

Lo curmentt consumption at and near bydraulic null

=
=
=
=

= Standardized spool postion maonttoring signal with loar
residual rippla

= Elactric null adpet

= 'With ko= of supply woltage or broken cable or emergenay
stop, the spool returns to s spring centared postion
without pasing a loed move position.

DIRECT DRIVE VALVE (DDV) OPERATION
The posttion contrel loop for the spool with position transducer
and ingar forcs motor s dosed by the imtegrated ekecronks.

An eloctric signal cormesponding to the desired spool position
Is appliad to tha Integrated elodronis and produce 2 puls
width modulated (P& M) cumrent to driva the Inaar fonos motor.
An osdllator sxdies the spool position transducer (LWDT)

produsdng an ekecdric signal proportionz fo spool position.

D633 Sarks singls staga
Sarvo Comtmol vabe

A B

T

el

2

¥ [

Hydraulic symbok

Tha demodulated speol position signal & compared with tha

command signal, and the resulting spool posttion armor causes
cumant in the foroe motor ood wuntil the spool has moved 1o s

commandad posttion and tha spood postion amor Is reduced to
mara. Tha resulting spool position & thus proportional to tha
command signal

el 3t covr piug

Sym bol shownwith alaciric supply on and
zoro oo and sigral.

PERMA NENT MAGNET LINEAR FORCE MOTOR OPERATION

The lingar force motor ks & permanent magnet differantisl
motor. The permanent magnets provida part of the required
magnstic force. For the lingar foroe motor the cumrent: nesdod
Is considarably lowsr than would be reguired for a comparaibla
proporisonal solanoid. The linaar force motor has 2 nautral mid-
position from which it genarates form and stroke in bath
directions. Foroe and stroke ane proportional to orrment.

High spring stiffness and resutting comtering fome phe scdorel
forces {Ls. flowr foroes, friction forces due to contaminagion)
miuet ba pworoom g during out-stroking During hadestroking to
ankar position, the spring forme adds to the motor foroe and
prowides additional spoal driving forewhich makes the wabe
much bess comtamination sansive. The lingar forcem otor needs
wary low ourrant ini tha spring centered postion.

Froportional solanold sypstems reguirs two solencidswith morn
wbling for the same function. Another solution uses a singla
solanoid, working against a spring. in czss of ourment ko Inthe
solanoid, the spring drives tha spool to the end position by
paming through a fully open position. This @n kad to
wncontrolled loed mosements.

RBearng ol
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GENERAL TECHNICAL DATA,
SYMEOLS

PERFORMANCE SPECIRCETIONS FOR STRNDARD MODELS

Dparating pressure rangs

Ports F A and B up o 350 bar {5000 puib
Port T saa data for indridusl sarias
Temparature ranga
Amblemt —20 "Cbo 50 "C {-&°F 1o + 140
Fluid ~20 "Cbo 80 "C {-&°F 1o + 170°F)
Seal matarial HER, FPM,
others on requast
Oparating fwid minaral oill based hydraulic
fluid (DN 51524, part 1 1o 30,
athers on request
recoenmended 15 to 100 ek
allcwwad % £0800 mais
System filtation

High pressura filter faithout bypass, but with dirt alaen)
mounted in the main flow and f possible directly upstream of
thawabes.

Clas of deanliness

Tha deanlines of the hydaulic flud parboulardy effecs the
parfoemania (spoal posttioning, high resclution) and waar
(matering edges, prasmre gain, laakagal of tha mrmvak.
Recommended deanliness dass
For nommal oparation

For langar Iife famar}

Altar rating recommendad

For nommal oparation

For longar Itfie famar)

B0 480 o 15012
B0 A8t 14111

By = 75010 pm absohsial
B =75( & pm absohata)

Installation cptions any pasition,
feoed or movable

Vibration 300, 3 anes

Dicsgras of protection EMBOE2S: dEs IP &5 with
mating mornector mountsd

Shipping plate Dalveradwith an ol seakd
shigping plate

& IED0G * DEISE 3 Sarkes

LANEY FUNCTION

Ay warsion

soring cantred
Flow conitrol (throttha wabes) in port A and port B
Fort ¥ required If pressura py » 50 bar (715 psd injport T
fior 3uway function dosa port & or port B of the m anifold
Spook with axact ads oo, 1,5 to 3 % or 10 % oeerlap
vallanle

DAY FURCTION

vRe

2y warskon

(¥-Fort required

= Flow contral (throtths vk in port A

= Port ¥ required

= Connect axternally port Fwith port B, and port & with
port T
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GENERAL TECHNICAL DATA,
ELECTRONICS

WEIVE FLOW CELCULATIONS

Thi actual valkme floar & dependent on the spool posttion and
thes: pressure drop across tha spool lands.

At 100% command signal (La. + P0VDT = 1 00% vahea opsning],
theei waiben flow 2t ratod peessurs: drop Apy, = 35 bar par metaring
land s tha rated flow Gy For other than rated presure drop,
the walkva flow chamges at constant command signal according
to tha sguara roct function for sharp edged orifices.

ETH
e

G [min] = calculatod fiow

Oy [imin] = rated fiow

#p [bar] = acwualvabes prosurs drop
tpy [bar] = ratedvake presure drop

The realvake floar O clmulated in thisway should result Inam
avwranga floar valochty In ports B, A, B or T of ke than 30mi.

Flaw oriad] [Prda]

e

-

dg, = 15D bar [S000 o}

" ERL L R R
‘abv presuare drog b Rar

GEMERAL REQUNREMENTS FOR VALVE ELECTROMNICS

= Supply 24 VDC, min. 19VOC, max T2V
Currant comumphion |y, forDE3E 124

forpEas Z2a

for D633 1.6 A (showd

for D634 2.5 A (=low]

= all signal lines, ako thoss of extemnal transducars, shigkded.

= Shialding connected radilly to L %0 V1, poser supply sida,
and mmnected to tha mating connector housing [EMCL

Extemal fuse parvais

= EMIC: Megts tha requirem ants of
ambsion: EMS5011:15584+A1-1955 (imit das: B and
Immunity: ENEGI00-E-2:1559

= Minkmemn oross-section of all leads = 075 mn? (0,001 ).
Corsiderwoltage keses batweon cbinat andwake.

= Motec When making elecric connecsons to tha vak shisld,
protectve aarthl, approprigte measures must ba tken 1o
ansure that loczlly dffarent earth potentials do not ressi in
el ground ouments. See abo Moog Application Note
TH 353

MODG = DE3IE3 Sarkes S
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ELECTRONICS

WAIWE ELECTROMICS WITH 24 VOLT SUPPLY WVOLTAGE AMD 6-PE POLE COMNECTOR

Command signal o to 10 ma

flazting, Vales with corment command nput

Tha spool stroka of the wakee & proporSional toig = .

100 % vakm opening P * A and B * T I5 achiaeed at
I =+ 10 At Om A ooemenand thespaol ks in centered postion.
Tha input pirs O and E ane imverting. Efther pin D or E s usad
acrording to the reguired cparating direction. The other pin is
connscted 1o signal ground at chinat side.

Command signal & to =10 %,

Wahvas with woltage comm and Input

Tha spood stroka of the wake & proporsonal to (U, - UL
100% wakio opaning F % A and B ¥ T & achioved at
g - Ug) = 2000

At 0V command tha spool Is In centored position. Tha Input
staga k a difforential amplifiar. If only ona command sgnal s
awallzbla, pin O or E k& connected 1o signal ground at cabinet
side acconding to tha required opsrating direction.

Achml walug 4 to 20 ma

The aciual spool position valua cn be messured at pin F Goe
dizgram belowd. This signal an ba wed for monifioring and
fault detection purposes.

Thi spool stroks range cormesponds to 4 to 70 mA

The centered posttion ks at 12 maA. 20mA comesponids to 100%
walvm opening F* A and B * T . Tha position signal output 410
Foma alloas detecting 3 chis break when k= 0ma.

Ciroit dizgram for measurement of acualvalue |
{posttion of spooll forvalees with &4PE pols connactor

Wakes uide

mm%?l

For falure detoction purposes, it Is adeisod 1o connect pin F
aof the mating connactor and route this signal to the confred
cabinat.

B0 3 1, 25

U lklullnlu
U 2-10%

WIRING FDR Vi LVES WITH £-PE CONNECTOR

to EN 175201 Part B34} and mating connactor (ypss R and 5, matal shalll with kading profedive aarth cnnecton (L)

S abo Application Mota AM 426 E.

o  Cormaricsr

IED0G * DEISE 3 Sarkes

_"\_',1' S o Catnetuse | FURCHON ‘CummtCommand Vioitage Command
LN o '||
TR I* T waEEY 49D {1940 233 VD0
& o - Spphy (Sl Ground 1w
Mt e
el
o = Do &M =0z al0Y
D, Inpart rated ﬁ E’-Enummn unﬁ = 10
|3 Ao :
B Inpuivaitage for U, ard L, , for both ignal ype & imided in
- rrin 15 sz 2
E Cerput actialvalue |7 =410 20mi AL 12 ml spool b in cemtened paaition.
— -] spasl pouiten P, =200 825000
!____@ (5] Proisdive sarth
! +* 1 ] Forrmery D P
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TECHNICAL DATA

PERFORMANCE SPEOACATIONS FOR STANDERD MODELS

HE3

Mounting paitzrnwith or without Iesiage port ¥
Port dlam ctar

Vahia wersion )

Spood actuation

Mot supgdy

Mazs

Ratoe! fiar £+10%) ot Ap, = 5 har [500 pel] per land
M wadvs T

Oparating pressms max

Forts FAE

Port T withaut Y

Puort Twith ¥

Fart ¥

Rasponsa Hme for 040 W0% stroka, fypical
Thireshaid 7

Hystaresss 0
Wull shift with AT = 55 it
Ml beaikcacge ficves 1) maa o o)

kg bl
#nin igpm)
imin jgpm)

min igpm)

[=E
150 4801 -03-065-0-54
79031

gk stage, ool In bushing
Fowmy, dway, Bk

diroctly, with parnarant magnet
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5410/ 30/ 40013/ 26153/ 108
TE (198
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IS

350 (3000
dirocty ko kank
=12

<l

<0F

<1k

DS 703 POET 1.3 9004/ 008/ 016/ 03T
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- 4
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wwrifi - 3nd dway durction and g, > 50 Bar (T12pe]
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TECHNICAL DATA

CHARACTERISTIC CURWES (TWPCAL)
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TECHNICAL DATA
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