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Abstract

The use of composite construction has drawn more and more attention in recent
decades. This thesis contains a number of journal articles which aim to enrich the
knowledge of the performance of concrete filled tubular columns when subjected to blast
loading. Experimental investigations are used in conjunction with numerical analysis to
provide a thorough assessment of the blast-resistance of concrete filled tubular columns.

The first chapter mainly focuses on the experimental study on concrete filled tubular
columns under blast loading. A large-scale blast experimental program is carried out on
concrete filled double-skin steel tube (CFDST) columns. The blast experiment aims to
examine the blast-resistance of ten CFDST specimens, including five with square
cross-section and the other five with circular cross-section. The parameters that are
investigated during the blast experiment include: cross-sectional geometry, explosive
charge weight and magnitude of axial load. After the experiment, several damaged test
specimens are then transported back to the laboratory for residual axial load-carrying
capacity tests. The proposed CFDST columns are able to retain more than 60% of its axial
load-carrying capacity even after being subjected to close-range explosion.

As blast experiments are often costly and associated with potential safety concerns,
numerical tools have been adopted by more and more researchers. In the second chapter of
the thesis, numerical approaches in modelling the dynamic behaviour of concrete filled
steel tube (CFST) columns and CFDST columns under blast loading are presented. The
numerical models are validated against the results of the blast experiment as described in
the first chapter and good agreement is achieved. Parametric studies on the effect of
column dimensions and material properties are also discussed through intensive numerical
simulations.

In the last chapter, a numerical method to generate pressure-impulse diagrams for

CFDST columns is proposed which uses a damage criterion involving the residual axial



load-carrying capacity. Based on the numerical method, pressure-impulse diagrams for
different column configurations are derived and analytical expressions of deriving
pressure-impulse diagrams for CFDST columns are also developed through regression

analysis.
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Introductory Background
CFST & CFDST columns

The concept of concrete filled steel tubular (CFST) columns can be traced back to as
early as 1960s [1-3]. However, the use of CFST columns in actual construction was very
limited due to the fact that concrete casting for CFST columns during that time was
laborious and costly. Therefore, CFST columns were rarely considered until 1980s when
the concrete pumping technique was matured. Nowadays, CFST columns have been widely
used in the construction industry across the world. Some typical examples of using CFST
columns include the Latitude building in Sydney, the SEG Plaza in Shenzhen and the

Otemachi tower in Tokyo.

(b)
Fig. 1: The typical cross section of (a) a circular CFST (left) and (b) a circular CFDST (right)

CFST columns, as shown in Fig. 1(a), have a number of advantages in comparison to
conventional RC columns or steel columns [4]: 1) the confining pressure provided by the
steel tube put the concrete filler under a tri-axial stress state therefore the strength and
ductility of concrete can be significantly enhanced; 2) Local buckling of the steel tube is
delayed by the concrete filler and on the other hand, concrete spalling is delayed by the
steel tube; 3) The steel tube is able to develop its full strength under bending since it is
located at the outermost of the cross-section; 4) The steel tube can be directly used as
formwork and concrete casting is done by pumping method which leads to a cleaner

construction site and a reduction in project length and cost.
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A large number of studies have been carried out to investigate the behaviours of
CFST columns under a variety of loading conditions through experimental, analytical or
numerical methods.

Extensive experimental studies have been carried out to investigate the behaviour of
CFST columns under axial compression [5-7]. Parameters such as the cross-section shapes,
diameter-to-thickness (D/t) ratio, concrete and steel strengths were discussed thoroughly
and based on the results, a number of finite element models and analytical formulae were
proposed to predict the axial load-carrying capacity of CFST columns.

Elchalakani et al. [8] subjected 12 circular CFST specimens to pure bending. The
bond between concrete filler and steel tube was studied and reported to have little effect on
the strength of CFST columns under flexure. A simplified formula to determine the
ultimate bending capacity of circular CFSTs was also derived based on plastic stress blocks
and was shown to agree with experimental results.

Uy et al. [9] compared some test data to the predictions made by the four commonly
used international design codes. It was reported that all four codes underestimated the
load-carrying capacity of CFST columns both under axial compression and combined
loading condition. There is therefore, a need for a new standard or some modifications of
existing codes.

A unified theory was presented by [10-14] which can be used to predict the
behaviours of CFST columns under axial compression, flexural bending or combined
loading condition. In this theory, a confinement factor (§), which is a function of
cross-section area and material strength, was introduced to describe the composite action
between the steel tube and concrete filler. When validated against some test results, good
correlation was achieved.

Prichard [15] conducted a series of axial-direction drop hammer tests, with impact

velocity ranging from 3.2 m/s to 6.3 m/s, on concrete cylinders, passively confined by



sleeves of steel, aluminium and plastic. CFST cylinders were found to have higher strength
and better crack control over the other two types. Xiao [16] further explored the
effectiveness of using carbon fibre reinforced polymer as the additional external confining
layer to improve the performance of CFSTs under axial impact loads.

Bambach et al. [17] presented an experimental and analytical investigation of hollow
and CFST square beams subjected to transverse impacts with cross-section width ranging
from 20 mm to 50 mm. It was reported that concrete filler precluded the formation of local
buckling beneath/near the impactor and thus significantly increased the section moment
capacity. Deng et al. [18] investigated simply-supported circular CFST under impact
loading and the failure mode was carefully observed. It was reported that failure mode for
steel tubes was mainly tensile facture along the circumference and for concrete filler was
mainly crushing under compression and spalling under tension around the impact area.

Han [19] proposed a simplified analytical formulae to calculate the dynamic flexural
capacity for circular CFST columns based on results from an experimental program and
numerical parametric studies.

In addition to CFST columns, concrete filled double-skin steel tube (CFDST)
columns (as shown in Fig. 1(b)), which was developed based on the concept of CFST, has
also gained much attention in recent years. CFDST columns are structurally similar to
CFST columns except it is made from two concentrically placed steel tubes, instead of one
in CFST columns, filled with concrete in-between. Extensive studies have also been
undertaken in terms of the static and dynamic behaviours of CFDST columns under
different loads and the behaviours of CFDST columns are very similar to those of CFST
columns.

Wei et al. [20] reported the investigation of 26 circular CFDST stub columns under

axial compression and it was found that the axial load capacity of a CFDST stub column



was usually 10%-30% larger than the simply superposed capacity of steel tubes and
concrete filler when acting alone.

Uenaka et al. [21] and Zhao et al. [22] also undertook a series of tests on circular
CFDST stub columns subjected to axial compression with different D/t ratios, slenderness
ratios, hollow section areas and material strengths. The main failure mode of CFDST
columns under axial compression was found to be multiple buckling of steel tubes
associated with concrete cracks due to shear compression failure. Analytical equations
were also derived to predict the ultimate axial capacity of CFDST columns and good
agreement was achieved between the test results and the estimated strengths.

Comprehensive studies of the flexural capacity of CFDST beam-columns with
circular and square cross-sections have also been carried out [23, 24]. It was reported that
the energy-absorbing ability of CFDST columns with circular cross-sections was superior
to that of the specimens with square cross-sections and the behaviour of CFDST columns
during the experiment is very similar to that of CFST columns as discussed in [12, 14].
From the test results, an analytical formula was developed to predict the response of
CFDST beam-columns under combined axial load and cyclically increasing flexural load.

A lot of effort was also made to probe into the tensile behaviour [25, 26], torsional
behaviour [27] and fire resistance [28] of CFDST columns. Experiments and numerical
analysis were conducted to explore the behaviour of tapered CFDST columns under

concentric and eccentric axial compression as well [29, 30].

The use of UHPFRC

The previously mentioned studies indicate that CFDST members inherit the
advantages of CFST columns while having a smaller self-weight and that they exhibit very
ductile behaviour under axial compressive as well as transverse loading. However, the
concrete filler used in most of the existing literatures and design codes of either CFST or

CFDST members are limited to normal strength concrete only, and the topic of using
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ultra-high performance fibre-reinforced concrete (UHPFRC) has been barely discussed. It
is well known that UHPFRC has been more and more commonly used in the field of civil
engineering applications due to its superior high strength. Since CFDST members are
widely used in constructing super high-rise buildings, underground tunnels and bridge
piers, where large axial load-carrying capacity is required, replacing the normal-strength
concrete filler by UHPFRC can lead to a significant reduction in the self-weight of CFDST
members. In addition, owing to the presence of fibres, crushing and spalling damage of the
concrete can be better restrained thus can further delay the local buckling of steel tubes.
Although several studies have investigated CFST members filled with high-strength
concrete [31, 32], very little information can be found in regard to CFDST members filled

with UHPFRC.

The investigation of blast loading

Furthermore, over the past few decades, terrorist attacks, such as the infamous 9/11
world trade centre attack and the most recent Brussels airport attack, on structures has led
engineers and researchers to put more effort in assessing the vulnerability of buildings and
important infrastructures under hazardous loadings, and in this context, explosions. While
most research focus has been placed on the conventional structures, namely reinforced
concrete (RC) structures and steel structures, little resources have been allocated to other
structure types. Therefore, there exists a need to investigate into the blast-resistance of the
newly developed structure types and in this context, concrete filled tubular columns.

Various methods exist for analysing the dynamic response of structural members
subjected to blast loading and among which, experimental investigation, single degree of
freedom (SDOF) analysis and numerical analysis are the three most popular.

The simplest method is SDOF analysis since it converts the entire structural member
into a SDOF system, relying on various transformation factors, and only provides the

deflection response of the mid-span of the member. Many studies have shown that SDOF
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analysis provides an easy means to predict the structural response under blast loading
[33-35]. However, SDOF analysis cannot accurately incorporate the strain-rate effect
therefore is likely to underestimate the structural damage under impulsive loading, and is
incapable of accounting for different failure modes since its damage criterion is either
based on the maximum structural deflection or end rotation.

Experimental investigations are able to provide more intuitive observation of
structural members subjected to blast loading. However, as experiments are often
associated with issues such as safety concern, budget control and time constraints,
normally only a limited number of parameters can be investigated. As a result, the findings
discovered by one researcher often cannot be directly used by another if a different column
dimension or material property is adopted.

The third common method, namely numerical analysis, uses three-dimensional
meshes to determine the dynamic response of a structural member over time. Nowadays,
numerical tools are widely used to analyse situations where complex loading conditions
and/or interaction between materials are involved. This method has demonstrated its ability
to provide robust predictions of the dynamic response of different structural members
subjected to blast loading, especially when used in conjunction with experimental results
[36-43].

The pressure-impulse diagram, as shown in Fig. 2, is usually used to quickly
assess whether a structural member fails or survives a blast event in preliminary design.
It represents a group of loading histories (e.g. blast load) that cause the same level of
damage to a structural component. It can be used to assess the damage in a structural

component or even the blast-induced human injury [44, 45].
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Fig. 2: A typical pressure-impulse diagram

Although the use of a pressure-impulse diagram is efficient, the derivation of a
pressure-impulse diagram is usually very difficult since it involves a significantly
time-consuming trial and error process as shown in Fig. 3, which makes it almost
unrealistic to be experimentally derived. Therefore, analytical and numerical methods

are commonly used to obtain the pressure-impulse diagrams for a structural component.
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Fig. 3: The method to generate a pressure-impulse diagram

Fallah and Louca [46] proposed a SDOF model based on a bi-linear
resistance-deflection function which can be used to derive Pressure-impulse diagrams.
Dragos et al. [47] developed a finite element model to predict the pressure-impulse
diagram of UHPC members. The model was validated against blast tests and the results

showed reasonably good agreement. Shi et al. [48] derived pressure-impulse diagrams
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numerically for RC columns with different parameters. Based on a regression analysis
of the numerical results, mathematical formulas were proposed to predict the

pressure-impulse diagrams of RC columns at different damage levels.

Research gaps and objectives

It can be concluded from the literature review that there are several key knowledge
gaps in CFST and CFDST columns that need to be filled:

e Most existing open literature only investigate the behaviours of CFST and CFDST
columns under static loading (e.g. uniaxial compression test, flexural test), the
knowledge of their behaviours under dynamic loading, especially blast loading, is still
relatively lacking.

e Most CFST and CFDST columns are filled with normal strength concrete, and the use
of UHPC is very rare which requires more investigation as UHPFRC is becoming more
and more popular in the construction industry.

e Although there are a number of numerical studies of CFST columns under transverse
impact loading, there is a lack of numerical investigations of CFST and CFDST
columns under blast loading, especially when filled with UHPFRC.

e There is a lack of efficient means (i.e. pressure-impulse diagram) to quickly assess the
vulnerability/survivability of CFST and CFDST columns under blast loading.

This thesis aims to address those identified knowledge gaps. It contains a number of
manuscripts which have been published in, or accepted in, or submitted to, internationally
recognised journals. Each chapter contains an introduction, explaining the aims and how
the papers fit together, and each manuscript.

Chapter 1 contains two journal articles which report a series of laboratory and field
experiments on ultra-high performance concrete filled double-skinned tube (UHPCFDST)

columns. Firstly, a number of laboratory tests are carried out to obtain the material
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properties, namely compressive strength and flexural tensile strength of UHPC, yield and
ultimate strength of steel tubes. Also, uniaxial compression tests and three point bending
tests are also conducted to investigate the behaviours of UHPCFDST under axial and
flexural loading, respectively. Furthermore, a field experiment is then carried out to
examine the blast-resistance of ten UHPCFDST specimens, including five with square
cross-section and the other five with circular cross-section. In addition, one square and one
circular ultra-high performance concrete filled steel tube (UHPCFST) specimens are also
included to check the dissimilarities when compared with their double-skinned
counterparts. The parameters that are investigated in the blast tests include: cross-sectional
geometry, explosive charge weight and magnitude of axial load. Finally, some of the
specimens used in the blast experiment are transported back to the lab for residual axial
load-carrying capacity test.

Chapter 2 contains four journal papers which present numerical studies on CFST and
CFDST columns under blast loading. Numerical models for CFST and CFDST columns
are developed by using the finite element tool LS-DYNA. These numerical models are
then validated against the blast experiments as mentioned in Chapter 1 and good agreement
is achieved. Moreover, a parametric study is carried out to investigate the influence of the
geometrical properties on the blast-resistance of CFDST columns.

Based on the numerical model proposed within chapter 2, chapter 3 presents a
numerical method to generate pressure-impulse diagrams for UHPCFDST columns.
Analytical expressions for pressure-impulse diagrams of UHPCFDST columns are also

developed through regression analysis.
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Chapter 1 — Experimental Investigation of CFDST Columns under Close-range Blast
Loading

Introduction

In this chapter, experimental investigations are carried out to report a series of
laboratory and field experiments on ultra-high performance concrete filled double-skinned
tube (UHPCFDST) columns.

Firstly, in the paper entitled “Experimental study of CFDST columns infilled with
UHPC under close-range blast loading”, a field experiment is carried out to examine the
blast-resistance of ten UHPCFDST specimens, including five with square cross-section
and the other five with circular cross-section. In addition, one square and one circular
ultra-high performance concrete filled steel tube (UHPCFST) specimens are also included
to check the dissimilarities when compared with their double-skinned counterparts. The
parameters that are investigated in the blast tests include: cross-sectional geometry,
explosive charge weight and magnitude of axial load.

Within the paper entitled “Residual axial capacity of CFDST columns infilled with
UHPFRC after close-range blast loading”, static tests, such as uniaxial compression tests
and three point bending tests, are conducted to investigate the behaviours of UHPCFDST
under axial and flexural loading. In addition, some of the specimens used during the blast

experiment are transported back to the lab for residual axial load-carrying capacity test.
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EXPERIMENTAL STUDY OF CFDST COLUMNS INFILLED WITH UHPC
UNDER CLOSE-RANGE BLAST LOADING
Fangrui Zhang, Chengqing Wu, Xiao-Ling Zhao, Hengbo Xiang, Zhong-Xian Li, Qin

Fang, Zhongxian Liu, Yadong Zhang, Amin Heidarpour, Jeffrey A. Packer

Abstract

Concrete-filled double-skin tubes (CFDST) have been increasingly popular in the
field of engineering in recent years. A lot of research has been carried out to investigate the
behaviour of CFDST members under a variety of loading conditions. This paper presents
an experimental investigation on ultra-high performance concrete infilled double-skin tube
columns subjected to close-in blast loading. Two types of CFDST columns were
investigated in the experiments — one with both inner and outer tubes circular and the other
one with both square. The main test parameters included the explosive charge weight and
the magnitude of axial load. After the blast tests, there was no visible buckling nor ruptures
found on the steel tubes and only minor cracks, of no more than Imm width, were
observed in the core concrete when the outer steel tube was removed. Based on the
findings of the experiments, it is evident that CFDST column has excellent blast resistance.
This feature has the potential to be used in high-value structures which may be the targets
of terrorist attacks, such as embassies, government buildings and critical infrastructures.

Keywords: CFDST columns, Ultra-high-performance concrete, Blast loading

1. Introduction

In the past decades, thousands of lives have been lost all over the world due to
terrorist activities. Much research has been carried out, aiming to improve the reliability of
vulnerable structures so as to reduce the number of human casualties. A number of studies

have discussed retrofitting techniques to protect existing structures [1-3] while others have
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proposed the use of innovative structures and materials of higher strength to construct new
buildings [4-7]. In recent years, a new steel-concrete composite member, known as a
concrete-filled double-skin steel tube (CFDST), has gained interest in the construction
industry due to its attractive properties such as ease of construction, light weight, high
strength and good seismic resistance.

A CFDST member is simply made from two concentrically placed steel skins filled
with concrete in between and it utilises the advantages of both steel and concrete. Under
axial compression, due to the different Poisson’s ratio of steel and concrete, the concrete of
a CFDST column is normally in a tri-axially confined state and consequently the confining
pressures can effectively enhance the strength and the ductility of the concrete which is
known as the confinement effect. Wei et al. [8] reported the investigation on 26 circular
CFDST stub columns under axial compression and it was found that the axial load capacity
of a CFDST stub column was usually 10%—-30% larger than the simply superposed
capacity of the steel tubes and core concrete when acting alone. Following references [9,
10] the failure mode of CFDST stub columns under axial compression was also
investigated: the most dominant failure mode was found to be local buckling of the outer
steel tube associated with concrete shear failure; also, the outer diameter to
steel-tube-thickness ratio had the most significant influence on the failure mode. Analytical
models have also been derived, based on a large number of experiments, to predict the
behaviour of CFDST members under axial compression and these have showed good
agreement with the test results [11-13].

On the other hand, studies have also been carried out to examine the performance of
CFDST members under transverse cyclic load [14, 15]. In the experiments, different
cross-sectional geometries were compared and it was found that the energy-absorbing
ability of the CFDST columns with circular cross-sections was superior to those of the

specimens with square cross-sections. From the test results, an analytical model was also

23



developed to predict the response of CFDST beam-columns under combined axial load and
cyclically increasing flexural load. Efforts were also put into studying the tensile behaviour
[16, 17], torsional behaviour [18] and fire resistance of CFDST columns [19]. Experiments
and numerical analyses were also carried out to explore the behaviour of tapered CFDST
members under concentric and eccentric axial compression [20, 21].

All of the previously mentioned studies indicate that CFDST members inherit the
advantages of both steel and concrete and that they exhibit very ductile behaviour under
axial compressive as well as transverse loading. However, most existing studies are strictly
limited to static loading only, thus the analytical models developed cannot be applied to
evaluate situations where impact and blast loads are introduced. Therefore, there is a need
to evaluate the performance of CFDST members subjected to impact and blast loads.
Furthermore, as CFDST members has been more and more commonly adopted in the field
of civil engineering applications, where large axial bearing capacity is required. Therefore,
by replacing normal strength concrete by UHPC in CFDST members, the cross-section
area as well as the self-weight of the structural members can be further reduced, owing to
its much higher strength and ductility. In addition, for UHPC mixed with fibres, crushing
and spalling damage of the concrete can be well restrained thus can further delay the
buckling of the steel tubes. Moreover, CFDST columns are becoming more and more
commonly seen in high rise buildings and bridge piers where large axial capacity is
required; therefore, by replacing the normal strength concrete filler by ultra-high
performance concrete (UHPC), the axial load capacity and ductility can be further
enhanced whilst the cross-section area and the self-weight of the column can be reduced.
Additionally, for UHPC mixed with fibres, crushing and spalling damage of the concrete
can be also restrained; consequently the buckling of the steel tubes can be delayed or

prevented.
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Three types of how blast loading could be applied to a structure in terms of the
distance from the explosives to the surface of the structure, i.e. near-field blast (e.g. [22,
23]), close-range blast (e.g. [1, 3]) and direct contact (e.g. [24, 25]). This paper presents an
experimental investigation on ultra-high-performance concrete-filled double-skin tubes
subjected to close-range blast loading. In total, 10 CFDST column specimens, including 5
specimens with SHS (square hollow section) outer and SHS inner, and 5 specimens with
CHS (circular hollow section) outer and CHS (circular hollow section) inner, and 2 regular
CFST column specimens for comparison purposes, were subjected to blast loads from a
distance of 1.5 meters. All specimens were filled with ultra-high-performance concrete
(UHPC) of compressive strength averaging 170 MPa. The parameters that were
investigated in the blast tests included: cross-sectional geometry, explosive charge weight

and magnitude of axial load.

2. Experimental Program
2.1 Specimen preparation

Ten CFDST specimens, including 5 specimens with SHS outer and SHS inner and 5
circular specimens with CHS outer and CHS inner were tested. In addition, one square and
one circular concrete-filled steel tube (CFST) specimens were also investigated to check
the dissimilarities, in terms of their structural response when subjected to blast loading,
when compared with their double-skinned counterparts. All specimens had a span of 2500
mm. The tubes had outer-diameter/width D, = 210 mm, inner-diameter/width D; =
100 mm, and the steel tube thickness ty; = t;, = 5 mm. Therefore, the hollow section

. Di
ratio (y = .

5 ) were 0.5. For ease of concrete pouring, a steel plate was first welded to
o~ 4tso

one end of the empty steel tube prior to pouring concrete. The empty tube was then set
up straight and concrete was poured from the top with concrete vibrators being used for the

purpose of consolidation. Last, each specimen was maintained at room temperature for 28
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days and then levelled and polished before any tests. Fig. 1 shows the typical cross sections
of the CFDST specimens used in the blast tests and Table 1 presents detailed information

for each of the tested specimens.

210.0mm -

+——100.0mm——*

Fig. 1: Cross sections of a square and a circular CFDST specimen

Table 1: The characteristics of each test specimen

Nominal N?m1na1 Axial ~Maximum  Residual
Cross Test L outer inner TNT
. Label . . . . X load A A
section setup (mm)  dimensions  dimensions (kg)* kN) (mm) (mm)
Dxt,mm) (Dxt, mm)
S1A a 2500 210x 5 110x 5 0.5 35 - 41 16
S1B a 2500 210x 5 110x 5 0.5 50 - 49 22
Square S2A a 2500 210x 5 110x 5 0.5 35 1000 36 8
S2B a 2500 210x 5 110x 5 0.5 50 1000 - 14**
S3A a 2500 210x 5 110x 5 0.5 50 1000 41 8
S3B a 2500 210x 5 - - 50 1000 50 10
CIA b 2500 210x 5 110x 5 0.5 35 - 98 65
CIB c 2500 210x 5 110x 5 0.5 35 - 50 20
Circular C2A b 2500 210x 5 110x 5 0.5 35 1000 - 39%*
C2B c 2500 210x 5 110x 5 0.5 17.2 - 35 12
C3A b 2500 210x 5 110x 5 0.5 50 1000 91 52
C3B b 2500 210x 5 - - 50 1000 83 43

*Note: TNT-equivalent charge, based on impulse

**Note: LVDT readings were lost for S2B and C2A, residual displacements were manually measured.
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2.2 Material properties

The mechanical properties of the steel tubes were determined from two tensile
coupons taken from the outer steel tube of a square CFDST specimen. The loading
increment was 10 MPa/s before steel yielding and the pulling chuck pulled at a rate less
than 0.5 L/min (L represents the total length of the specimen) after steel yielding. The
average yield strength and ultimate strength of the steel tubes test are 360 MPa and 515
MPa, respectively with an elongation of 22%. Fig. 2 shows a typical stress—strain

relationship of the tested steel tubes.

Typical Stress-Strain for Steel Tube
600

500

Stress (MPa)
w =
8 8

g

100

0 0.05 01 0.15 0.2 0.25
Strain

Fig. 2: A typical stress-strain relationship of steel tube material

Steel fibre reinforced self-consolidating concrete with nanoparticles was used as the
concrete in all CFDST specimens. The nanoparticle, namely CaCO3, was used as a
nano-scale additive to fill up the void existing in concrete as well as to enhance the
hydration process. The mixture was produced by mixing silica fume, fine sand and powder
materials, which consisted of cement and nanoparticles, in a laboratory concrete mixer.
They were firstly mixed in dry condition for 5 minutes prior to pouring in additives. To
fluidise the mix, approximately 70% water was then added and mixed for 3 minutes.
Superplasticiser was added followed by the other 30% water. The mixing process was then
continued for another 5 minutes and micro steel fibres were added afterwards which were

manually dispersed and added to the mixer in order to avoid clumping.
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Twenty-nine 100mm X 100mm X 100mm specimens were made for compressive
tests and another twenty-nine 100mm X 100mm X 400mm specimens were made for
flexural tensile tests as shown in Fig. 3. Prior to the compressive tests, each cube was
properly levelled, sanded, polished, cleaned and dried to attain smooth surfaces. The
average cube compressive strength and the flexural tensile strength of the concrete at 28
days were 170 MPa and 33.8 MPa, respectively, which are much higher than normal

strength concrete.

Fig. 3: Concrete compression test (left) and flexural tensile test (right)

2.3 Data acquisition and measurement devices

The blast tests on CFDST columns were carried out by PLA University of Science
and Technology in Nanjing, China. As shown in Fig. 4, a 3 m x 0.4 m x 1.5 m test pit was
excavated for the placement of recording apparatus and corresponding data cables. The
surface of the test pit was fully covered with 20 mm thick steel plates to prevent the test pit
and the recording apparatus from being damaged by the incoming blast wave. A pneumatic
jack was also installed and buried beneath the ground at one side of the test pit to apply an
axial load to test specimens. The test specimen was simply-supported at both ends by
rollers. Bolts were also used to provide an upward restraint against column rebound, thus
making the effective span of the CFDST specimen 2300 mm. Emulsion explosive was used
in the experiment which has an average TNT-equivalent value of 0.7 in terms of the

magnitude of impulse [26].
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Steel frame

Test pit

Fig. 4: Blast test setup

As shown in Figs. 5 and 6, three displacement gauges (LVDTs) spaced at 380 mm
were attached to each test specimen to measure the displacement-time histories and each

LVDT had a 120 mm measuring range for both upward and downward displacement.

Pressure Transducer

Pneumatic Jack

r=-380.0mm-»<-380,0mm =

Roller Support Lvpr

Ground

Fig. 5: Schematic view of the test setup
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Fig. 6: The installation of LVDTs

To capture the pressure-time history of each blast event acting on a specimen, a
pressure transducer was also used, considering the chances of the pressure transducer
malfunctioning due to an excessive amount of blast pressure if directly placed under the
explosive. Therefore, the pressure transducer was positioned 760 mm away from the centre

of the specimen, as shown in Fig. 7.

The pressure transducer

Fig. 7: Location of the pressure transducer

All data cables from the measurement devices were buried beneath the ground. The
data-acquisition systems as well as the command console were placed inside a protected

concrete bunker nearby.
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2.4 Experiment setup

Three different test setups were used during the blast tests as depicted in Figs. 8 and
9. The test pit was designed in such a way that it was as wide as the test specimens;
therefore, as shown in setup (a), when the square specimen was placed into it, its front side
(the side which received the blast load) was levelled with the ground surface so that there
would be no clearing effect nor would the incident wave damage the recording apparatus
which were placed at the bottom of the pit. However, the same design cannot be directly
applied to circular specimens due to the location of the pneumatic jack. The geometric
centre of the pneumatic jack was aligned with that of the square specimen as shown in
setup (a). Since the pneumatic jack cannot be moved upward nor downward, setup (b) had
to be used for circular specimens if axial load needed to be applied. However, because of
the circular cross section shape, the blast wave could now travel into the pit and get
reflected & amplified within the narrow space (like a confined blast scenario). Therefore,
setup (c) was then introduced for these circular specimens without axial load so that the
loading condition would not be too complicated to analyse.

In summary, setup (a) was used for square CFDST columns with and without axial
load: the specimen was put into the test pit with its top surface level with the ground
surface to ensure that the blast wave could not travel into the pit. Setup (b) was used for
circular CFDST columns with axial load: almost the entire specimen was placed beneath
the ground with steel angles also being used to reduce the blast wave that travels into the
pit. Setup (c¢) was used for circular CFDST columns without axial load: half of the

specimen was above the ground surface.
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f— Ground Steel Angle

\

Setup (a) Setup (b)

Roller Support

L~

Setup (c)

Fig. 8: Cross-sectional view of the test setups

3. Test Results
3.1 Pressure-time histories

Emulsion explosive was used in the blast test program. Simoens [26] reported that
emulsion explosive generates a blast wave that has peak pressures of the same magnitude
as an identical mass of TNT but for impulse, however, a mass of emulsion explosives
equals about 70% of that mass in TNT. Under high strain rate impact load, structural
response is mainly governed by the magnitude of impulse; thus in this study 1.4 kg of

emulsion explosive was equated to 1 kg of TNT explosive (see Table 2). It should be noted
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that Simoens [26] only tested relatively small amounts of emulsion explosive (i.e. 4.8kg);

therefore the conversion factor may vary once a much larger charge weight is used.

Pressure transducer Pneumatic jack

Upward restraint

(b) O
Fig. 9: Elevation of specimens: setup (a), setup (b) and setup (c) respectively
Since the explosive charge weight used in the blast experiment was large, the
diameter of the emulsion explosive could be up to half a meter if made spherical, which

would cause inconvenience for transportation and storage. As a result, several smaller
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cylindrical explosives of identical mass and dimension were used as shown in Fig. 10(a).
These smaller cylindrical explosives were firstly placed in a sack in such a way that they
together assembled a larger cylindrical shape, and they were then lifted to a desired
standoff distance as shown in Fig. 10(b). In addition to the explosive shape, the orientation
also plays an important role in determining the magnitude of pressure and impulse of a
blast event; therefore, the positioning of the explosive in every test was very carefully
adjusted so that it was parallel to the test specimen in the axial direction. According to Wu
et al. [27], the pressure and impulse that resulted from such experiment setup would be

similar to that resulted from a spherical explosive of the same weight and standoff distance.

WEH T AR
Py

(a) (b)
Fig. 10: Shape and orientation of the explosive
In this study, CONWEP predictions of spherical explosive was used as benchmarks
for calculation of the peak reflected pressure and impulse for TNT [28, 29]. Table 2 lists
the comparisons between the measured and CONWEP-predicted peak reflected pressures
and impulses. Errors between the measured and CONWEP-predicted peak reflected
pressures and impulses are on average 20% and 18% respectively, without taking specimen
S3B into consideration since it deviates from the average too significantly. Fig. 11

compares the measured pressure-time histories to the CONWEP-predicted ones of the
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corresponding TNT equivalents. It is observed that except for Figs. 11 (a), (b), (f) and (g),
the measured blast loads are generally in good agreement with the CONWEP predictions.
Discrepancies are found in measured pressures and impulses between identical blasts and
most measured pressure-time histories have multiple peaks rather than only having one
peak pressure as found in the CONWEP-predicted cases. In the authors’ opinions, these
issues are mainly resulted from the following reasons: 1) first of all, when the blast wave
travels toward a test specimen, a lot of sand and soil particles travel along with it which
inevitably hit on the pressure transducer. As the pressure transducer is highly sensitive, the
pressure resulted from the particle collision is therefore also regarded as part of the blast
load; 2) secondly, the explosive charge weights used in the blast tests are relatively large;
therefore, the accuracy and sensitivity of the pressure transducer can deteriorate over time.
It is found that it is more likely to obtain more accurate results every time when a new
pressure transducer is put to use such as specimens S2A and C3A; 3) last, the size of a
70kg emulsion explosive may be too large that the chemical reactions within the explosive

compound were unthorough and incomplete at the initial detonation.

Table 2: Comparison between measured and CONWEP-predicted pressures & impulses

Specimen  Emulsion TNT Standoff Peak Reflected Pressure Peak Reflected Impulse
No. Explosive  Equivalent  Distance (Mpa) (Mpa-ms)
(Kg) (Kg) (mm) Measured  CONWEP Error Measured CONWEP Error
(%) (%0)
S1A 48 35 1500 18.7 24.5 -24% 3.07 3.76 -18%
S1B 70 50 1500 18.6 322 -42% 4.20 4.98 -16%
S2A 48 35 1500 18.2 24.5 -26% 2.50 3.76 -34%
S2A 1.4 1 1500 1.05 1.2 -13% 0.29 0.28 +4%
S2B 70 50 1500 373 322 +16% 6.54 4.98 +31%
S3A 70 50 1500 18.6 322 -42% 3.50 4.98 -30%
S3B 70 50 1500 90.3 322 +180% 24.0 4.98 +382%
C2A 48 35 1500 234 245 -4% 3.85 3.76 +2%
C2B 24 17.2 1500 154 14.0 +10% 2.36 2.18 +8%
C3A 70 50 1500 374 322 +16% 5.90 4.98 +18%
C3B 70 50 1500 333 322 +3% 3.80 4.98 -24%
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Fig. 11: Pressure-time histories for tested specimens

3.2 Displacement-time histories

Fig. 12 reports two of the typical displacement-time histories of the test specimens.
All three LVDTs were aligned along the centreline of the member. LVDT1 was installed
right below the centre of the specimen and LVDT2 and LVDT3 were installed 360 mm and
720 mm away from LVDT]1, respectively. None of the displacement measurements reached
the LVDT measuring range (120 mm). The mid-span residual displacements of the tested
specimens were measured manually post-testing and they were also found to be in good

agreement with the LVDT readings.
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Fig. 12: Typical displacement-time histories for tested specimens

4. Analysis and Discussion

4.1 The effect of charge weight

Fig. 13 compares the displacement-time histories of CFDST specimens subjected to
different blast loads (LVDT1 recording at mid-span only). As expected, larger charge
weight yields larger deflection. However, the test results also suggest that the effect of
charge weight is more noticeable for the specimens without axial load than the
axially-loaded ones. The differences between axially-loaded specimens S2A and S3A were
small in Fig. 13(b) while for their axial-load-free counterparts in Fig. 13(a), S1B undergoes

25% larger peak displacement and 50% larger residual deflection than STA.
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Fig. 13: Effect of charge weight

4.2 The effect of axial load

The effect of axial load was investigated by applying two different axial loads,
namely 0 kN and 1000 kN, on several identical specimens and then comparing their
displacement-time histories under the same blast loads. In both cases shown in Fig. 14, the
application of 1000 kN axial load results in a reduction in the deflection. Similar results
were also observed by Wang et al. [30] who discussed the relationship between the axial
load ratio (i.e. applied axial load nominal axial load capacity ) and the peak displacement.
It was found that a small axial load ratio (e.g. less than 0.3) can effectively reduce the
deflection while a large axial load ratio (e.g. more than 0.6) was likely to amplify the
deflection. In the current research, the applied axial load (i.e. 1000 kN) corresponds to
approximately an axial load ratio of 0.2.

Another possible reason is the membrane effect. In the present study, axial loads
application provides lateral restrain to the column, and compressive membrane action may
occur. Early age deflection may cause a migration of the neutral axis which is accompanied
by in-plane expansion of the column at its boundaries. If this expansion is restrained, in
this case by the axial load application, the development of arching action enhances the
strength of the column. The compressive membrane effects can be accounted for the

different column deflections under the same blast loading condition.
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Fig. 14: Effect of axial load

4.3 The effect of test setups

As mentioned previously, two different test setups were used on the circular CFDST
specimens due to limitations of the pneumatic jack. If the test specimen was to be axially
loaded, then setup (b) had to be used since the entire pneumatic jack was buried beneath
the ground surface and it could not be moved up or down; otherwise, setup (c) was
adopted.

Fig. 15 depicts the blast-pressure distributions on CFDST specimens by using the
two different setups. Due to the presence of the steel angles, the pressure distribution in
setup (b) is similar to the pressure acting on a square specimen: it reaches a peak at the
middle and decays very slightly along its width. On the other hand, setup (c) exhibits the
typical pressure distribution for circular columns: it reaches peak at the middle by the same
magnitude as setup (b) and then decreases significantly along its circumference due to its
roundness.

Fig. 16 compares setup (b) to setup (c) in terms of the displacement-time history. The
deflection of the CFDST specimen in setup (b) yielded 100% more maximum deflection

and 200% more residual deflection than that of the CFDST specimen in setup (c).
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Fig. 16: Effect of different specimen setups

4.4 The effect of hollow core

By having a hollow core in the current study, the cross-sectional area and self-weight

of the specimens (both the circular and square ones) was reduced by 23% relative to fully
concrete-filled tubes. In prior research, not much effort has been put into investigating the
difference caused by a hollow core versus a fully filled section. Han [15] studied this effect
with the area of hollow core ranging from 0 to 0.77 of the total cross-sectional area, for

CFDST specimens under cyclic flexural load. It was then reported that most hollow
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specimens exhibited a larger flexural load capacity and ductility than their solid
counterparts if the hollow ratio can be kept under a certain value which is dependent on the
amount of steel. For specimens with a hollow ratio of 0.77, a very significant decline in the
flexural load capacity and ductility was observed.

However, during the blast test, it was found that both CFDST and CFST column
specimens behaved in a very similar manner, regardless of the cross-sectional geometry.
Despite of the difference in the maximum deflection, as shown in Fig. 17(a) and (b), the
hollow area inside seems to have little effect on the overall structural responses as both

types showed similar period of oscillation, maximum and residual deflection.

20

0§ 0 ™,
al 10 20 30 40 50 oy )[, \zu —\30 — 50
| IRV e i
-20 :\ 20 N ) Bas
3 | ——C3Afhollow | E \ I ——s3a(hallow
E H e inside) E I’é./ ’ inside)
£ 40 1\ T e £ 40
g Y \ ,‘/_,1‘ ~ ===-3B(solid g L) -==-538(s0lid
g 4 | '-:,f' \,/-\ _— inside) ] ! inside)
X} ! k]
B 60 'f/ 2 60
a \Ll . P=1000kN - P=1000kN
1 7l TNT=50kg TNT=50kg
80 S -80
U
-100 -100
Time (ms) Time (ms)
(a) (b)

Fig. 17: Effect of hollowness: S3A and C3A are CFDST and S3B and C3B are CFST

4.5 The deformed shape of and crack formation on CFDST specimens
For a CFDST specimen filled with normal strength concrete, its failure under flexural
load is mainly due to the crushing of the concrete associated with local buckling of the

steel tube, or even rupture, as shown in Fig. 18 [31-33].
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Steel tube rupture
Concrete crushing

Buckling outward

Fig. 18: Failure of CFDST [15] (courtesy of Prof. L.H. Han, Tsinghua University, China)

In the current study, the CFDST specimen is filled with steel-fibre reinforced UHPC;
therefore its structural response is very different from those filled with normal strength
concrete. Fig. 19 shows the deformed shapes of specimens S1A and C1A; no steel buckling
or localised damage can be observed on both specimens which were subjected to 35 kg
TNT equivalent despite specimen C1A yielded the largest maximum (98 mm) and residual
deflection (65 mm) of all test specimens. Fig. 20 shows the crack propagation in the
concrete after removing the outer steel skin from specimens S1A and C1A. There was no
obvious sign of concrete crushing on both specimens, only minor flexural cracks of no
more than 0.5 mm width on the tensile face of both specimens. Both figures show that the
tested CFDST specimens were also able to remain overall of global flexural response as
opposed to localised structural failure. This is one of the main advantages of using UHPC
over conventional concrete in CFST/CFDST members: due to the higher compressive/
tensile strength and steel fibres, UHPC is very resistant to crushing or spalling. As

mentioned previously, the steel tubes of a CFDST member normally only buckles after the
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concrete filler at the same location crushes; therefore, compared to conventional concrete,

UHPC can more effectively prevent or delay steel buckling.

(b) C1A
Fig. 19: Deformed shapes of specimens S1A and C1A

(b) C1A

Fig. 20: Crack propagation in specimens S1A and C1A

5. Conclusions

This paper has presented an experimental study on the performance of concrete-filled
double-skin steel tube (CFDST) columns under blast loading. The following conclusions

can be drawn based on the test results and observations:
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1) CFDST columns filled with UHPC can effectively withstand severe blast load
without failure. Compared to normal strength concrete filled CFDST, the UHPC filled
CFDST can better delay/prevent concrete crushing and steel buckling, and thus have an
overall of global flexural response as opposed to localised structural failure.

2) The peak reflected pressures and impulses measured by the pressure transducer
yield 18% and 20% error respectively compared to the CONWEP-predictions.

3) The increase in explosive charge weight caused a larger mid-span deflection, with
this effect being more noticeable on axial-load-free specimens rather than
axially-loaded specimens.

4) The presence of an axial compressive load, corresponding to approximately 20% of
the squash load, led to a slight reduction in the peak deflection in two comparative
cases.

5) In the current study, both CFDST and CFST specimens showed similar behaviours.
The hollow area inside seems to have little effect on the overall structural responses as

both types had similar period of oscillation, maximum and residual deflection.
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RESIDUAL AXIAL CAPACITY OF CFDST COLUMNS INFILLED WITH
UHPFRC AFTER CLOSE-RANGE BLAST LOADING

Fangrui Zhang, Chengqing Wu, Zhong-Xian Li, Xiao-Ling Zhao

Abstract

Concrete-filled double-skin tubes (CFDST) consist of two concentrically placed steel
tubes with concrete filled in between and they have more and more commonly been used in
the field of civil engineering in recent years. A number of recent researches evidenced the
excellent performance of CFDST columns under a variety of loading conditions. However,
very limited knowledge is known about the residual axial capacity of CFDST columns
following severe blast loadings. This paper presents an experimental study on the residual
behaviours of ultra-high performance concrete infilled double-skin steel tubular columns
after close-in blast loading. In total, eight CFDST columns, including 3 square ones and 5
circular ones, were first tested under different blast loads with two axial load levels. After
the blast tests, all CFDST columns were transported to the laboratory and each of them was
then subjected to static axially compressive load until failure. It was found that the CFDST
columns with smaller permanent displacement had larger peak residual axial capacity and
the CFDST columns which were not subjected to axial load during the blast test exhibited
more ductile behaviour than those which were axially loaded during the blast test exhibited
more ductile behaviour than those which were axially loaded during the blast test.

Keywords: Concrete-filled double-skin tubes, Blast loading, Residual axial capacity

1. Introduction

Terrorist activities, especially blast attacks, have taken away thousands of innocent
lives in the past decades. As a result, countless effort has been made to investigate and

improve the reliability of vulnerable structures under blast loads. Progressive collapse, one
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of the most common types of structural failure, is mainly triggered by failure of the key
columns; therefore, the residual strength of these columns after blast loads has become one
of the decisive factors when it comes to assessing the stability of a structure [1]. Although
there is a large number of researches in regard to structural columns, very few of them are
about the residual axial load capacity, let alone the fact that the majority of them are
strictly limited to conventional reinforced concrete columns only [1-4]. In recent years, a
new steel-concrete composite member, known as a concrete-filled double-skin steel tube
(CFDST), has been more and more commonly used as load-bearing columns in the
construction industry due to its attractive properties such as ease of construction, light
weight and high strength. Therefore, there is a need to better understand the residual
behaviours of CFDST columns after blast loads.

A CFDST member consists of two concentrically placed steel tubes with concrete
filler poured in between them. One of the advantages of CFDST columns is the passive
confinement which is attributed to the interaction between the steel tubes and concrete filler.
Wei et al. [5] subjected 26 circular CFDST stub columns to axial compression and it was
found that the axial load capacity of the CFDST stub column can be enhanced by up to
30% when compared to the simply superposed capacity of the steel tubes and concrete
filler when acting alone. Furthermore, the failure mode of CFDST columns under axial
load was reported predominantly to be local buckling of the steel tubes associated with
concrete shear failure and the outer diameter-to-tube-thickness ratio affected the failure
mode the most [6, 7]. On top of experimental investigations, a number of analytical models
were also developed which could be used to predict the behaviour of CFDST members
under different loads [8-13].

On the other hand, studies were also carried out to investigate the behaviours of
CFDST members under transverse loading [14-16]. Different cross-sectional geometries

were compared in terms of energy dissipation capacity and specimens of circular
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cross-sections were found to have an advantage over those of the specimens of square
cross-sections. Analytical models were also developed to predict the response of CFDST
beam—columns under combined axial and flexural loading. Experimental efforts were also
made to study the tensile behaviour [17, 18], torsional behaviour [19] and fire resistance of
CFDST members [20], all of which have shown good results, recommending CFDST for
building construction.

It is well known that ultra-high performance concrete (UHPC) has been more and
more widely used in the field of civil engineering applications. Since CFDST members are
mainly used in building underground tunnels, high-rise buildings or bridge piers, where
large axial bearing capacity is required; therefore, by replacing normal strength concrete by
UHPC in CFDST members, the cross-section area as well as the self-weight of the
structural members can be significantly reduced, owning to its much higher strength. In
addition, for UHPC mixed with fibres, crushing and spalling damage of the concrete can be
well restrained by the fibres thus can further delay the buckling of the steel tubes. Despite
several studies have investigated the behaviours of CFST members filled with high
strength concrete [21-23], very little knowledge can be found in regard to CFDST
members filled with ultra-high performance fibre reinforced concrete (UHPFRC).

In this research, an experimental study is presented to investigate the residual axial
load capacity of CFDST columns infilled with UHPFRC. The experimental program
mainly consists of three phases: the first phase includes experimentally determining the
axial load capacity of undamaged CFDST columns by uniaxial compressive tests along
with three point bending tests to determine the flexural capacity. The second phase includes
conducting blast experiments on CFDST columns and then sending damaged columns
back to laboratory for experiment phase three. The last phase includes conducting residual
axial compressive tests on the blast-damaged CFDST columns from phase two. In total, 7

CFDST columns (including 4 with circular cross section and 3 with square cross section)
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were used for phase one, 12 CFDST columns (including 6 with circular cross section and 6
with square cross section) were used for phase two and 8 CFDST columns (including 5

with circular cross section and 3 with square cross section) were used for phase three.

2. Test Specimens

All specimens measured 2500 mm in length with outer-diameter/width D, =
210 mm, inner-diameter/width D; = 100 mm and both steel tubes’ thickness tg; = t5, =
5mm. The steel tubes were made of hot-rolled seamless steel conforming to Chinese
Standard GT/B 8162 — 2008 [24]. For ease of concrete pouring, a steel plate was first
welded to one end of the empty steel tube prior to pouring concrete, making sure that both
their geometric centres were aligned. The empty tube was then set up straight and concrete
was poured from the top with concrete vibrators being used for compaction. All specimens
maintained at room temperature for 28 days and then levelled and polished before any tests.
Fig. 1 shows the typical cross sections of the CFDST specimens used in the blast tests.

The mechanical properties of the steel tubes were determined from tensile coupons
taken from the outer steel tube of a square CFDST specimen in conformance with Chinese
Standard GBT228-2010 [25]. The average yield strength and ultimate strength of the steel
were 360 MPa and 515 MPa, respectively, with an average maximum elongation of 22%.

The cross sectional classification of the test specimens were determined in
accordance with AS4100 [26]. A cross section can be classified as compact, non-compact

or slender based on the section slenderness which can be calculated as:

B-2t | f, )
A= . 550 for square cross section (1a)

_Dhy
£ 250

A for circular cross section (1b)
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where, B is the outer length of the square cross section, D is the outer diameter of the
circular cross section, ¢ is the thickness of the outer tube and f; is the yield stress of the
outer tube.

For unfilled square hollow tube, the plastic limit, A, is 82 whereas for unfilled
circular hollow tube, A, is 50. According to Elchalakani et al. [27], the concrete filler in
CFST/CFDST specimens increases the plastic limit by about 50%. As a result, A, for
the square and circular CFDST columns in this paper are 123 and 75, respectively. By
using equations 1(a) and 1(b), the section slenderness for the square and circular cross
sections are 48 and 60.5, respectively, which are both less than their corresponding
plastic limits; therefore, the square and circular CFDST specimens used in this paper

can be classified as compact sections.

210.0mm -

+——100.0mm——*

Outer tube

UHPFRC

Inner tube

Fig. 1: Cross sections of a square and a circular CFDST specimen
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All CFDST specimens used steel-fibre reinforced concrete as the concrete filler and
nanoparticles, namely CaCO3, were also added into the concrete mixture to fill the voids
between cement grains as well as to improve the hydration process. The mixture was
produced by mixing silica fume, fine sand and powder materials, which consisted of
cement and nanoparticles, in a laboratory concrete mixer. They were firstly mixed in dry
condition for 5 minutes prior to pouring in additives. Following that, approximate 70% of
the water used in the entire process was added to fluidise the mix. Three minutes later,
superplasticiser was then added followed by the other 30% of the water. The mixing
process then continued for another 5 minutes and until then, micro steel fibres were poured
into the mix and manually dispersed to avoid clumping.

To obtain the material properties, twenty-nine 100mm X 100mm X 100mm
specimens were made for cube compressive tests and another twenty-nine 100mm X
100mm X 400mm specimens were made for flexural tensile tests. Prior to any tests, each
specimen was properly levelled, sanded, polished, cleaned and dried to attain smooth
surfaces. On average, the 28-day compressive strength and flexural tensile strength of the

proposed concrete were 170 MPa and 33.8 MPa, respectively.

3. Experimental Program
3.1 Phase one: the static test

The axial compression tests and three point bending tests were carried out to
investigate the behaviours of CFDST columns when subjected to axial compressive and
transverse load, respectively. Those tests were carried out by using the experimental
machineries as shown in Fig. 2. The test machine was displacement-controlled which
mainly consisted of two fluid power systems: a horizontal hydraulic loading system for
axial loading and a vertical hydraulic loading system for lateral loading. Both hydraulic

jacks can carry up to 10,000 kN load and the test specimen length can be from 2000 mm to
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3550 mm with the maximum displacement range of both hydraulic rams being 200 mm. As
for support condition, the test specimen was simply supported near both ends and the
location of supports can be adjusted accordingly to meet different experiment requirements

Tables 1 and 2 summarise the results of the axial compressive tests and three point
bending tests, respectively. For comparison purpose, one circular and one square
concrete-filled steel tube (CFST) specimens, namely TPB _C3 and TPB S2, were also
included to check the dissimilarities, in terms of their structural response, when compared

with their double-skinned counterparts.
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Fig. 2: The test machineries for the axial load test and three point bending tests: (a) elevation and (b) top
view
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Table 1: Axial compressive test

Specimen Label Specimen Nominal outer Nominal inner Axial Load
Type dimensions dimensions (kN)
(D X tso) (D X tio)
AC _C1 CFDST 210 100 4000
AC Sl CFDST 210 100 4025

Note: “AC” means axial compression test

Table 2: Three point bending test

Specimen Specimen Nominal outer Nominal inner Axial Load Peak Lateral
Label Type dimensions dimensions (kN) Load (kN)
(D X tso) (D X tio)
TPB_C1 CFDST 210 100 0 290.54
TPB C2 CFDST 210 100 1000 484.03
TPB_C3 CFST 210 / 1000 412.52
TPB_S1 CFDST 210 100 1000 660.78
TPB_S2 CFST 210 / 1000 631.12

Note: “TPB” means three point bending test

Fig. 3 shows the axial load vs. axial shortening diagrams from the axial compressive
tests. It can be seen that both specimens have similar peak axial load capacity although the
specimen with square cross section has a larger cross sectional area. This verifies the
theory that circular cross sections often result in better confinement under axial
compression, thus larger axial capacity. Fig. 4 depicts the lateral load vs. lateral

displacement diagrams from the three point bending tests.
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Axial Shortening (mm) Axial Shortening (mm)
(a) (b)

Fig. 3: Axial compressive load vs. axial shortening curve: (a) circular CFDST and (b) square CFDST
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Fig. 4: Load-displacement histories of three point bending tests for (a) circular and (b) square CFDST

3.1.1  Effect of axial load

Fig. 5 compares the axially loaded specimen TPB C2 to the axial-load-free specimen
TPB Cl1. It is evident that the applied axial load on specimen TPB C2 significantly
increased the peak lateral load carrying capacity by 67%, compared to specimen TPB_Cl1
which was not axially loaded. However, in terms of ductility, specimen TPB C1 behaved
in a more ductile manner under flexural load while the load capacity of specimen TBP C2
declined immediately after reaching its peak. The increase in the flexural load capacity due
to axial loads can be well explained by the schematic moment—load interaction curve
depicted in Fig. 6 where the moment capacity of a CFDST column can be enhanced by a
low level of axial load (i.e. within branch BD). More details can be found in Zhao et al.

[28] where an analytical model was also given to calculate the interaction curve for both

CFST and CFDST columns.

58



700

600
3
=
E ——TPB_C1
B
2
L] -==-TPB_C2

0 30 60 90 120 150
Lateral Displacement (mm)
Fig. 5: Effect of axial load
AN
A
N«

Fig. 6: Schematic view of M-N interaction diagram for CFST and CFDST [28]

In addition, the failure mode of axial-load-free specimen TPB C1 was also found to
be different from the rest axially loaded specimens. As shown in Figs. 7 and 8, the failure
mode of the axial-load-free specimen was local buckling of the outer steel tube on the
compression zone near the mid-span associated with noticeable outer steel tube crack on
the tension zone near the mid-span whereas the failure mode of the axially loaded
specimens was local buckling of the outer steel tube on the compression zone near the

mid-span only.
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Steel rupture

~ * | Local buckling of steel tube

Fig. 8: Failure mode of other specimens (except TPB_C1)

3.1.2  Effect of the hollow core

Fig. 9 shows the effect of the hollow core on the circular and square cross sections. It
was observed that the presence of the hollow cores in CFDST specimens does not impose a
significant effect on the flexural behaviours as both curves showed very similar trend
regardless of the cross section type. However, the presence of hollow cores caused a slight
increase in the peak lateral load capacity, with this effect being more noticeable on circular

specimens (i.e. 17%) rather than square specimens (i.e. 5%).
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Fig. 9: Effect of hollow core: (a) circular CFDST and (b) square CFDST
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3.1.3  Effect of the cross section geometry

Fig. 10 shows the effect of the cross section geometry on the test specimens. It was
shown that, although the overall behaviours of the circular and square specimens followed
a similar pattern, the peak flexural load capacities of the square specimens were
significantly larger than those of the circular specimens. In addition, the initial stiffness (i.e.
the slope of the ascending branch) of the square specimens was also larger than those of
the circular specimens. This finding indicates that the better confinement gained by the
circular cross section does not significantly enhance the flexural load capacity as it does to

the axial load capacity.
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Fig. 10: Effect of cross section geometry

3.2 Phase two: the blast experiment

As shown in Fig. 11(a), the test specimens and corresponding data cables were
placed into the pre-excavated 3 m x 0.4 m x 1.5 m test pit during blast tests. It can be seen
from Fig. 11(b) that the test pit was designed in such a way that it was as wide as the test
specimens. As a result, once the test specimen was placed into the pit, the blast incident
wave should be fully reflected thus preventing clearing effect from happening [29, 30]. A
pneumatic jack was also installed at one side of the test pit to apply an axial load during the
blast test. Important equipment (e.g. the pneumatic jack) was protected by 20 mm thick
steel plates, preventing them from being disturbed or damaged by the blast wave. The test

setup only allowed roller support at both ends and steel bolts were used to provide an
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upward restraint against column rebound, thus making the effective span of the CFDST

specimen 2300 mm.

(b)

Fig. 11: Blast experiment setup

In terms of data acquisition, three displacement gauges (LVDTs) spaced at 380 mm,
as shown in Fig. 12, were installed to measure the displacement—time histories along each
test specimen. As for pressure—time histories, a pressure transducer was installed 760 mm
away from the mid-span of the specimen; any closer positioning could significantly
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increase the risk of damaging the pressure transducer due to the excessive amount of blast

pressure.

Fig. 12: Schematic view of the test setup

Since this paper mainly focuses on the residual performance of CFDST columns
after blast loading, the blast test itself therefore is not discussed in great details. The results
of the blast test are given in Table 3. The only thing that should draw extra attention was

the differences in the test setups as shown in Fig. 13.

Table 3: Detailed information for each blast test specimen

Speci- Nominal N?mlnal Axial Maximum  Residual
Test series ~ Label  men L . oute.r . 1nne.r INT load A A
setup (mm) dimensions dimensions (kg) (kN) (mm) (mm)
(D X tso) (D X tio)
S1A a* 2500 210x 5 110x 5 35 - 41 16
S1B a 2500 210x 5 110x 5 50 - 49 22
Square S2A a 2500 210x 5 110x 5 35 1000 36 8
specimens S2B a 2500 210x 5 110x 5 50 1000 / 14%*
S3A a 2500 210x 5 110x 5 50 1000 41 8
S3B a 2500 210x 5 - 50 1000 50 10
Cl1A b 2500 210x 5 110x 5 35 - 98 65
CIB c 2500 210x 5 110x 5 35 - 50 20
Circular C2A b 2500 210x 5 110x 5 35 1000 / 39*
specimens C2B c 2500 210x 5 110x 5 17.2 - 35 12
C3A b 2500 210x 5 110x 5 50 1000 91 52
C3B b 2500 210x 5 - 50 1000 83 43

Note: *the different experimental setups.

**LVDT readings were lost for S2B and C2A, residual displacements were manually measured.

In order to explore the relationship among the residual deflection, the blast load and
the geometry of the specimen, a normalised parameter A is introduced which is a

dimensionless form of the initial kinetic energy of the CFDST specimen [31].
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- mv,2L? )
= M (2)

where, m is the mass per unit length, v, is the initial velocity of the specimen, L is half
of the effective length of the specimen, M, is the ultimate moment capacity, H is the

depth of the specimen.
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Fig. 13: Cross-sectional view of the specimen setups

Table 4 lists the parameters needed to calculate the value of A for each CFDST
specimen used in the blast experiment. The initial velocity was derived from differentiating
the displacement-time history of each specimen. According to Zhao [28], when subjected
to flexural loading, the outer steel of a CFDST column behaves in the same way as a CFST
column whereas the inner steel tube behaves in a similar way as an empty steel tube.

Therefore, the ultimate moment capacity of a CFDST column can be approximately by
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simply superposing the section capacity of an inner tube and that of an outer tube filled

with concrete:

MCFDST = Minner tube + MOuter tube with concrete (3)

The step by step calculations for M rpsr have been demonstrated by Zhao and Choi
[32] in detail thus only the results are given hereafter. It should be mentioned that since

UHPFRC is used in the current research, its tensile strength shall not be ignored in

calculation.
Table 4: Parameters of each specimen for A
Axial Mass. per Initial Half Ultimate Cro'ss Residual
. TNT unit . column moment section .
Specimen load velocity . deflection A
(kg) (kN) length (m/s) length capacity depth (mm)
(kg/m) (m) (N-m) (m)
S1A 35 0 1153 18.3 1.15 269200 0.21 16 0.90
S1B 50 0 1153 28 1.15 269200 0.21 22 2.11
S2A 35 1000 1153 13 1.15 269200 0.21 8 0.46
S2B 50 1000 1153 / 1.15 269200 0.21 14 /
S3A 50 1000 1153 22 1.15 269200 0.21 8 1.31
S3B 50 1000 128 33 1.15 230400 0.21 10 3.81
Cl1A 35 0 90.6 433 1.15 183800 0.21 65 5.82
C1B 35 0 90.6 24 1.15 183800 0.21 20 1.79
C2A 35 1000 90.6 / 1.15 183800 0.21 39 /
C2B 17.2 0 90.6 16 1.15 183800 0.21 12 0.79
C3A 50 1000 90.6 36.8 1.15 183800 0.21 52 4.20
C3B 50 1000 100.5 45.6 1.15 164000 0.21 43 8.02

It can be observed that specimens S3B and C3B deviated from the rest of the points
quite significantly. This could be due to the fact that both S3B and C3B were CFST
specimens (i.e. no hollow section inside) which were structurally different from the rest of
the CFDST specimens. Fig. 14 also reveals that the residual deflection of a CFDST column
increased linearly, regardless of the cross section geometry, and the relationship can be
expressed as:

Residual deflection = 13.14A + 1.18 4)
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Fig. 14: Residual deflection vs. dimensionless parameter A

3.3 Phase three: the residual performance test

The residual performance tests were carried out in the Joint Research Centre of
Tianjin Chengjian University and The University of Adelaide. The same experiment
machineries used for the previous static tests were also used for this test. During the
experiment, instead of directly load specimens to their peak capacities, the loading
schematic in Fig. 15 was introduced. At first, the specimen was gradually loaded axially to
500 kN, it was then maintained at this load level for 60 s to eliminate any the
inhomogeneity in the specimen. This procedure was also repeated at 1000 kN and 2000 kN

load level to achieve the best stability.
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Fig. 15: The loading schematic for residual capacity test

Figs. 16 and 17 show the residual axial load vs. axial shortening diagrams of all test
specimens and for comparison purpose, the curves of the undamaged specimens were also
included. As a result of the damage accumulated during the blast test, none of the test
specimens could carry as much axial load as before. In addition, all damaged specimens
also behaved in a much less ductile manner under axial compressive load when compared

to the undamaged control specimens.
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Fig. 16: The residual axial load vs. axial shortening histories for circular specimens
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Fig. 17: The residual axial load vs. axial shortening histories for square specimens

The residual axial load capacities of the test specimens are listed in Table 4. The
damage criterion is defined as the ratio between the residual axial load capacity and the

designed axial load capacity of an undamaged specimen, known as the damage index D
[2]:

P .
D=1— — NResidual (5)

Py Undamaged

In order to calculate the damage index for the CFST specimen C3B, its designed
axial load needs to be calculated. It was estimated by simply calculating the extra nominal
axial capacity obtained by taking out the inner steel tube and then filling the hollow section
by UHPFRC.

Table 5 indicates that, all damage indices of the test specimens were within 0.4,
meaning only minor to moderate damage was done to the specimens during the blast test
despite that large TNT equivalent charge weight was used and placed at a small standoff

distance.
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Table 5: Results of residual performance test

Specimen ~ TNT test App.l fed Axial load R§51dual Res1du.al Max. Support Damage

label (kg) setup axial capacity(kN) axial load  Deflection rotation (degree) index
load (kN) (kN) (mm)

S1B 50 a - 4025 3670 22 2.44 0.09
S2A 35 a 1000 4025 3970 8 1.79 0.01
S2B 50 a 1000 4025 3184 14 / 0.21
C1B 35 c - 4000 3060 20 2.49 0.24
C2A 35 b 1000 4000 2733 39 / 0.32
C2B 17.2 c - 4000 3594 12 1.74 0.10
C3A 50 b 1000 4000 2573 52 4.52 0.36
C3B 50 b 1000 4780 2962 43 4.13 0.38

3.3.1  Effect of the explosive charge weight

Fig. 18 shows the effect of explosive charge weight on the residual axial capacity. It
is conclusive that, with the same applied axial load, specimens subjected to lesser
explosive charge weight can always retain more residual axial capacity regardless of the

cross section geometry, thus having a smaller damage index.
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Fig. 18: Effect of explosive charge weight on residual performance
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3.3.2  Effect of the hollow core

From Fig. 19, the CFST specimen C3B was able to retain a larger residual axial
capacity than the CFDST specimen C3A under the same blast load. However, since
specimen C3A had a smaller designed axial load capacity, the damage indices of both
specimens were very similar. In addition, specimen C3A seems to have a more ductile

behaviour over specimen C3B.
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Fig. 19: Effect of hollow core on residual performance

3.3.3  Effect of the axial load

It can be noticed in the previous section that the axially loaded CFDST column (e.g.
S2B) always had a smaller residual deflection than the axial-load-free column (e.g. S1B)
under the same blast loads. However, as shown in Fig. 20, the CFDST specimen (e.g. S1B),
which was not previously axially loaded in a blast event, can not only behave in a more
ductile manner, but also retain a greater residual axial capacity, thus resulting in a smaller

damage index, than an previously axially loaded CFDST specimen (e.g. S2B).

70



4500
4000
3500 ,\v]
£ 3000 / P
-] ,’ S
3 / \
S 2500 i ——51B
Z 2000 !
: / H ----52B
3 1500 / }
v
Q [}
& 1000 4
[/
500
7’
O T T T T T 1
0 10 20 30 40 50 60
Axial Shortening (mm)

Fig. 20: Effect of axial load on residual performance

3.3.4  Failure Mode

Table 6 summaries the failure modes of all test specimens and Figs. 21 and 22 depict
the deformed shape of the circular and square specimens, respectively.

For the circular CFDST columns, it was found that if the damage index was less than
0.3, local buckling of steel tube was more likely to happen (i.e. C1B & C2B); otherwise,
steel rupture was more likely to happen (i.e. C2A & C3B). The only exception was
specimen C3A, whose failure mode was global flexural failure despite having a damage
index of 0.36. However, it can be found in Fig. 16 that the displacement curve of specimen
C3A was very similar to that of specimen C2A (the latter was subjected to a lesser blast
load during the blast test with the rest of the parameters being the same) except the loading
somehow stopped when its axial shortening reached 23 mm whereas the rest of the circular
specimens were normally loaded until column instability was observed; also, no obvious
sign of local buckling of steel were seen on specimen C3A either. It is then reasonable to
speculate that if specimen C3A was further loaded until failure, it would fail due to
mid-span rupture just like C2A. Elchalakani et al. [33] also reported similar phenomenon
(i.e. rupture of steel tube near mid-span) on CFST columns under large deformation cyclic

loading.
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On the other hand, for square specimens, local buckling at mid-span and/or column
ends was the main failure mode with no signs of steel rupture. This type of local damage
mode was also observed by [34] where they subjected square CFST columns to cyclic axial
loading.

Table 6: failure modes of all specimens

Label Failure Modes Damage index
S1B Local buckling at ends 0.09
S2A Local buckling at mid-span 0.01
S2B Local buckling at mid-span and ends 0.21
CIB Local buckling at mid-span and ends 0.23
C2A Outer steel rupture at mid-span 0.32
C2B Local buckling at mid-span 0.10
C3A Global flexural failure 0.36
C3B Outer steel rupture at mid-span 0.38

(d): C3A

(e): C3B

Fig. 21: Failure modes of circular specimens
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Fig. 22: Failure modes of square specimens

4. Conclusion

This paper has presented an experimental study on the static, dynamic and residual
performance of concrete-filled double-skin steel tube (CFDST) columns filled with
UHPFRC after close-range blast loading. The following conclusions can be drawn based
on the test results and observations:

1. The axial load capacities of undamaged circular and square CFDST specimens
were very similar, which were 4000 kN and 4025 kN, respectively, although square
specimens had larger nominal cross sectional area. This is probably due to better
confinement provided by the circular cross section.

2. Under static lateral load, the flexural load capacity of a square CFDST specimen
was larger than its circular counterpart; also, an axially loaded CFDST specimen, with
about 25% of its axial capacity, yielded a larger flexural load capacity than an axial-
load-free counterpart, however this also led to a reduction in the ductility.

3. A dimensionless parameter A was introduced to describe the relationship among the
residual deflection, the blast load and the geometric dimension of the CFDST
specimens. It was found that the residual deflection almost increased linearly with A and

the equation describing this linear relationship was also derived.
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4. A damage index was used to assess the residual performance of CFDST specimens
after blast loading and it was found that the damage indices of all CFDST specimens
were less than 0.4, indicating that the CFDST specimens were able to retain more than
60% of its axial load capacity even after severe blast loading.

5. During the residual axial capacity tests after close-range blast loading, localised
buckling failure of the outer steel tubes at mid-span and/or column ends always
occurred for square CFDST; whereas for circular CFDST, localised buckling failure
occurred when the damage level was low and steel rupture happened when the damage
level was high. The failure modes were similar to those of CFST members subjected to

damage caused by large deformation cyclic loading.
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Chapter 2 — Numerical Study of Concrete-filled Steel Columns under Close-range
Blast Loading

Introduction

While the first chapter focuses only on experimental studies, the second chapter of
this thesis presents numerical analysis of concrete filled steel columns under blast loading.
Numerical models within this chapter are all developed by using the finite element tool
LS-DYNA.

In the first journal paper entitled “Numerical simulation of concrete filled steel tube
columns against blast loads”, CFST columns filled with normal-strength concrete are
investigated. In this paper, numerical studies are carried out to investigate the flexural
behaviour of CFST columns under both static and blast loads. The proposed numerical
models are validated against a number of experimental data where they showed reasonable
agreement with the test results. The numerical models can be easily used to predict the
performance of CFST columns under different loading conditions.

In the second journal paper, which is “Numerical modelling of concrete-filled
double-skin steel square tubular columns under blast loading”, numerical models of
CFDST columns with two different cross sections are developed: one is with a CHS
(circular hollow section) outer and CHS (circular hollow section) inner, and the other one
is with SHS (square hollow section) outer and SHS (square hollow section) inner.
Normal-strength concrete is filled in double-skin steel tubes. Different blast loads are
applied to the surface of these columns for dynamic analysis and different axial loads are
also applied to simulate combined load conditions.

Within the third paper entitled “Experimental and numerical study of the blast
resistance of square CFDST columns with steel-fibre reinforced concrete”, existing
constitutive material model for concrete in LS-DYNA is tuned, based on a series of
laboratory test results, in order to successfully simulate the behaviours of UHPC. The

proposed numerical models of UHPCFDST columns are then validated against the flexural
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and blast tests as discussed in chapter 1 previously and they are proven to be able to

accurately predict the behaviours of UHPCFDST under various loading conditions.
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NUMERICAL SIMULATION OF CONCRETE FILLED STEEL TUBE
COLUMNS AGAINST BLAST LOADS

Fangrui Zhang, Chengqing Wu, Hongwei Wang, Yun Zhou

Abstract

Concrete filled steel tubes (CFST) have been widely used in constructing high-rise
buildings, arch bridges and factories for the past few decades. In this research, numerical
studies were carried out to investigate the flexural behaviour of CFST columns under both
static and dynamic loads. The numerical models were calibrated and validated against a
number of experimental data where the proposed models showed very good agreement
with the test results. The results indicated that CFST columns showed good resistance
against flexural loads under both static and dynamic loading conditions and therefore it has
the potential to be widely used in these areas where potential blast attacks or frequent
earthquakes are expected. The verified numerical model can also be extended to predict

performances of concrete-filled steel tubes under different loading conditions.

1. Introduction

A concrete filled steel tube (CFST) simply consists of one steel tube with concrete
filled inside. In recent years, the use of CFST members has been increasingly popular in
the field of construction due to the attractive properties such as ease of construction, high
strength and excellent ductility [1-3]. For the past few decades, a large amount of research
has been conducted to explore the performance of CFST columns under various loading
conditions.

The main advantage of CFST columns is the passive confinement effect resulted
from the interaction between the core concrete and the steel tube. Several studies have

suggested that the overall axial load capacity of a CFST column can be much larger than
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the combined ultimate capacity of the steel tube and the concrete when acting alone and
the ductility of a CFST column under axial load as well as flexural load can be also
significantly enhanced [4-8].

Although much effort has been put to study the behaviours of CFST columns under
static load, the investigation on its structural behaviours under dynamic load is still
relatively lacking. Prichard and Perry [9] carried out axial-direction drop hammer tests on
CFST cylinders and compared them to unreinforced concrete cylinders. The test results
suggested that unconfined concrete cylinders failed mainly by splitting axially into several
sections while for CFST cylinders, only minor cracks were found on the contact surface at
high velocity impact. Xiao and Shen [10] further explored the feasibility and effectiveness
of using carbon fibre reinforced polymer (CFRP) as additional external confinement for
CFST columns when subjected to axial impact load.

Recently, a number of tests on CFST members under transverse impact load have
been also carried out. Han et al. [11] proposed a simplified method to calculate the
dynamic flexural load capacity for circular CFST members. Yousuf et al. [12] studied the
transverse impact resistance and failure mode of CFST columns made of stainless steel and
compared the results with the Australian Standard. Their results suggested that the
Australian Standard underestimates the strength of CFST columns when subjected to
transverse impact load and it cannot account for the failure caused by the local buckling of
steel tube neither. Deng et al. [13] experimentally studied the effectiveness of using
post-tensioned or steel—fibre reinforced CFST columns to mitigate transverse impact load.
The test results indicated that the use of pre-stressing strands and steel fibres reinforced
concrete can effectively restrain the concrete tension cracks thus reducing the column
deflection under transverse impact load. Wang et al. [14] carried out a number of
experimental studies to investigate the influence of the axial load level (n) and the

confinement factor (§) on CFST columns under different impact load. Remennikov et al.
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[15] conducted some dynamic three point bending tests on foam- and concrete-filled square
steel tubes. The concrete infill exhibited better energy-absorbing capacity while foam infill
takes less time to become effective.

Numerical simulation has been widely adopted as an effective way to study the
behaviours of CFST members under different loading conditions since the laboratory tests
are often costly and time-consuming. A number of previous researches have demonstrated
the ability of numerical simulations to deliver reliable predictions of CFST columns under
transverse impact load [12, 14, 16, 17].

The previously mentioned research evidently demonstrated the outstanding
performance of CFST members under static and dynamic loading conditions. However,
due to the increasing threat of terrorist attack, the ability of a structural member to
withstand and survive an explosion has never been more important. Blast loading is
generally classified into three different types based on the distance from the explosives to
the surface of the structure, including near-field blast [18], close-range blast [19, 20] and
direct contact [21, 22]. This paper thus presents a numerical study on the performance of
CFST columns under a variety of loading conditions including close-range blast loading.
The proposed numerical models were validated against a number of three point bending

tests and field blast tests which were undertaken by the Guangzhou University recently.

2. Finite Element Analysis of CFST Members

The finite element model was developed using steel and concrete elements in
LS-DYNA [23]. In order to ensure the simulating accuracy and efficiency, the steel tube
and the concrete were simulated by 8-node solid elements with single point integration
algorithm. In this paper, LS-DYNA/Implicit Solver was used for used for the static

analysis (i.e. the three point bending test) and LS-DYNA/Explicit Solver was used for the
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dynamic analysis (i.e. the blast test). Viscos-type hourglass control was activated during

the blast test simulation to prevent element distortion and zero energy modes.

2.1 Concrete model

The K&C concrete model (MAT CONCRETE DAMAGE REL3) was used herein
because it is able to model the behaviours of concrete member subjected to active/passive
confining stress and high strain rate effect which is particularly suitable for the simulation
of blast experiment [24]. A number of previous studies have already demonstrated the
ability of the K&C concrete model to provide a robust representation of the complex
behaviours of concrete structures under blast load [25-28]. The material model provides a
parameter self-generation function where the entire set of material properties is generated
based on the unconfined compressive strength of the concrete. However, according to the
recently released validation studies [24, 29], the K&C material model is mesh-size
sensitive, especially for concrete under little to moderate confinement, where the default
generated parameters are only valid for mesh size around 25.4mm (1 inch). In order to
achieve an accurate representation of concrete element with, on average, 8 mm mesh size
in the current study, necessary modifications have to be made to three parameters namely
B1, B2 and Omega which governs the compressive damage evolution, tensile damage
evolution and volume expansion respectively. The equations for calculating Bl and B2 are
provided by Wu [29]:

B1 = 0.34 x h + 0.79 (1a)

B2 = (0.09 x wj — 0.98 X w;, +3.06) X (1 —0.004 X f/2 + 0.097 x f; — 0.484) (1b)
where 4 is the characteristic length of the element in the unit of inch; w;, is the aggregate
size in the unit of inch and w;, must be set to smaller than the element regardless of the

actual aggregate size; f. is the unconfined compressive strength in the unit of ksi.
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Additionally, Omega, which controls the volume expansion, is suggested to be 0.75
for a case without confinement and 0.9 for a confined case. Table 1 summarises the key

parameters of the K&C material model used in this paper.

Table 1: Key inputs for Material 72

Model parameter Value

fe 40MPa

f: 3.5MPa

Poisson’s ratio 0.19

B1 0.92(default=1.6)
B2 2.68(default=1.35)
Omega 0.9(default=0.5)

It is well known that under high strain rate impact, the strength of concrete can
significantly increase, by more than 100% for concrete in compression and by more than
600% for concrete in tension [26]. The dynamic increase factor (DIF) is usually used to
represent the increase of the compressive and tensile strength of concrete under blast
loading. For concrete in compression, the CEB Code [30], which has been widely used by
most researchers as an accurate representation of actual behaviour, is adopted. The DIF of

the concrete strength in compression is given by:

f &\ 1:026as
f—” = (?) for é, <3051 (2a)
CcS S
é\1/3
=% (e_) for & >30s71 (2b)
S

where f.= dynamic compressive strength at &
fos= static compressive strength at &g
& = strain rate in the range of 30 X 107° t0 300 s71
&, = static strain rate which is 30 X 107°
log, = 6.156a — 2
a =1/(5 + 9fcs/ feo)
fco =10MPa

The formulation used for concrete’s DIF in tension was developed by Malvar and

Crawford [31] which essentially is a modification to the CEB Code [30] and it is given by:
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T _ (if for ¢ <157t (3a)

ﬂS B és
g\1/3
=p (—) for ég>1s71 (3b)
Es
where f; = dynamic tensile strength at &
fts = static tensile strength at &;
& = strain rate in the range of 107 to 160 s1
&, = static strain rate which is 107®
logg = 66 — 2
8 =1/(1 + 8fes/ feo)

f.o =10MPa

2.2 Steel model

Material model 24, namely MAT PIECEWISE LINEAR PLASTICITY, is used to
represent the steel tube. It should be noted that an elasto-plastic stress—strain relationship
for steel is assumed and the strain rate effect on the steel tube is incorporated by the

Cowper and Symonds law which multiplies the yield stress by a factor given as:

ol

DIF of steel =1+ (g) 4)
where ¢ = strain rate of steel.

Since the test required to obtain the exact values for parameter C and P is beyond the
current research scope, the test results from a series of steel tube crush tests conducted in

the past were directly adopted without modifications which suggested C = 808 s~ and P

= 3.585 are most suitable [32].
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3. Experimental Program
3.1 Specimen preparation

In total, four CFST specimens were used for three point bending test and four CFST
specimens were used for blast tests and the details are listed in Table 2. The steel tubes
were straight welded with inside welding in Guangzhou University and the manufacture
procedure was conforming to Chinese Standard the GB50017-2003. For ease of concrete
pouring and specimen installation, two steel plates (400 mm x 500 mm x 16 mm) were
manufactured for each CFST column. Before pouring concrete, one steel plate was firstly
welded to one end of the empty steel tube, making sure that both their geometric centres
were aligned. The tube was then set upstraight and concrete was poured from the top with
concrete vibrators also being used for consolidation. At last, each specimen maintained at
room temperature for 28 days and then levelled and polished by Gypsum before the other
steel plate was welded to the end. Fig. 1 shows the CFST specimens that are used in the

tests.

Table 2: Details of CFST members used in this paper

Three point bending tests

Column No. Cross Section Span Dx t;/ B x t;(mm)
(mm)
S1 Square 2100 200x 2.8
S2 Square 2100 200x 2.8
Cl Circular 2100 194x 2.8
C2 Circular 2100 194x 2.8
Blast tests
Column No. Cross Section Span Dxt,/ B x t,(mm)
(mm)
S3 Square 2500 200x 2.8
S4 Square 2500 200x 2.8
S5 Square 2500 200x 3.8
C3 Circular 2500 200x 3.8
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Fig. 1: Square (right) and Circular (left) CFST specimens

3.2 Material test
3.2.1  Compressive test of concrete

C40 grade concrete was used for all specimens and the compression testing was
conducted on 100 mm x 100 mm x 100 mm cubes. In total, four groups of laboratory tests
were conducted, containing three concrete cubes in each group. From the test results listed
in Table 3, the average cubic compressive strength obtained from the compression tests

was 47.4MPa which is 37.9MPa if converted to cylindrical compressive strength.

Table 3: Concrete compressive test results

Group 1 Group 2 Group 3 Group 4
Sample 1 (MPa) 46.7 45.9 48.4 443
Sample 2 (MPa) 49.8 46.4 48.4 483
Sample 3 (MPa) 50.9 46.9 48.9 44.6
Average (MPa) 49.1 46.4 48.6 457
Average of all (MPa) 47.4

3.2.2. Tensile test of steel
The strengths of steel tubes were determined by direct tensile test using a high
capacity hydraulic machine, in accordance with the Chinese Standard GBT228-2002. The
specimen size used for direct tensile test was as shown in Fig. 2. The loading increment
was 10 MPa/s before steel yielding and the pulling chuck pulled at a rate less than 0.5
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L/min (L represents the total length of the specimen) after steel yielding. The average

strengths of the steel tubes obtained from the direct tensile test are listed in Table 4.

Z - o

d |3

60 s &0 1. 695
~4()

Fig. 2: Specimen size for direct tensile test

Table 4. The average steel strength

Thickness Yield Strength Ultimate Strength Young's Modulus Elongation
Geometry (mm) (MPa) (MPa) (GPa) (%)
Circular 2.8 311.5 414.0 203.6 22.1
Square 2.8 358.2 437.4 202.6 213
Circular 3.8 471.9 535.5 226.3 25.4
Square 3.8 484.7 535.3 215.8 20.8

3.3 Three Point Bending Tests

Three point bending tests were carried out to investigate the behaviours of CFST
columns under static transverse load combined with axial load. The test machine was
displacement-controlled and both ends of the specimen were simply supported and the
axial load was only applied to one end of the specimen. The applied axial Ny was roughly
20% of Nu (i.e. the axial load capacity) and the axial load capacities were calculated by
using the following equations [33]:

Noc = Agc (1212 + BE + CE) fiy (5)
where, Ag. is the cross sectional area of the CFST column; A; and A, are the cross

sectional areas of the steel tube and the concrete, respectively; f, and f¢ are the yield

strength of the steel tube and the characteristic strength of the concrete, respectively.

Asf
g= 2L ©
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_ 0.1759f,,/235 + 0.974 (circular cross section) 7
- 0.131f,/235 + 0.723 (square cross section) @)

C= {—0.1038fck/20 + 0.0309 (circular cross section) )

—0.07f/20 4+ 0.0262 (square cross section)

The calculated axial load capacities were 2200 kN and 2800 kN for the circular and
square CFST columns, respectively, and the applied axial load was 404 kN on the circular
CFST specimens and 514 kN on the square CFST specimens.

Prior to applying the lateral displacement, the specimen was gradually loaded axially
to 0.5Nj and then unloaded to eliminate the inhomogeneity in the CFST specimen. The
specimen was then loaded to Ny followed by the lateral displacement. Fig. 3 shows the test

setup of the three point bending test.

Hydraulic jack CFT column . Hinge

R o i b
B El

/ Presstire N\_|__Roller [ \ /
4 L

transducer 4

SN A ol A AN s
Hydraulic jac

SN

SO

=<

5

Fig. 3: The test setup for three point bending test
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In total, 4 CFST columns were tested including 2 square CFST columns and 2
circular CFST columns; however, due to mechanical failure, the data of CFST column S1
were not recorded. Table 5 summarises the results of the three point bending tests. It is
evident that the tested square specimen S2 exhibited a larger lateral load capacity than the
circular specimen C2; moreover, the axially load specimen C2 also showed a slightly larger

lateral load capacity than its axial-load free counterpart C1.

Table 5: Results of the three point bending tests

Maximum Lateral Load

Column . Applied Axial (KN) Error
C Sect
No. ross Section Load (kN) (%)

Test LS-DYNA

Square
S1 0 / / /
(200mmx200mmx2.8mm)

Square
S2 504 168 178 6%
(200mmx200mmx2.8mm)
Circular
Cl1 0 88 87 0%
(194mm Dia.x2.8mm)
Circular
C2 414 95 103 8.4%

(194mm Dia.x2.8mm)

3.4 Blast Tests

Blast tests on CFST columns were carried out by PLA University of Science and
Technology in China. It is shown in Fig. 4 that a 3000 mm x 400 mm x 1500 mm test pit
was excavated for the placement of the recording apparatus and corresponding data cables.
The top of the test pit was covered with 20 mm thick steel plate to prevent the test pit itself
as well as the recording apparatus from being damaged by the blast wave. A pneumatic
jack was also installed and buried beneath the ground on side of the test pit to apply axial
load on test specimens. During the test, the test specimen was firstly placed on a steel

frame and then the steel frame was placed into the test pit.
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The steel frame

The test pit The pneumatic jack

Fig. 4: The steel frame that holds the specimens in place

Fig. 5 shows the schematic view of the test setup: the test specimen was simply
supported at both ends and bolts were also used to provide an upward restraint against
column rebound, thus the effective span of the CFST specimen was around 2300 mm.
Emulsion explosive was used in the experiment which has an average TNT-equivalent

value of 0.7 in terms of the magnitude of blast impulse [34].

™ Heer: Pneumatic Jack

=-380.0mm -*-=-380.0mm -*

Roller Support Hor

Ground

Fig. 5: The schematic view of the test setup
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3.4.1  Data Acquisition and Measurement Devices

As shown in Figs. 5 and 6, three displacement gauges (LVDTs) spaced at 380 mm
were attached to each test specimen to measure the displacement-time histories and each

LVDT has a 120 mm measuring range for both upward and downward displacement.

Fig. 6: The installation of LVDTs

To capture the pressure-time history of each blast event acting on the specimens, a
pressure transducer was also used. In order to minimise the risk of damaging the pressure
transducer, it was positioned 760 mm away from, instead of right under, the centre of the

specimen as shown in Figs. 7 and 8.

Fig. 7: The position of the pressure transducer
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Fig. 8: Detailed view of the pressure transducer

All the data cables of the measurement devices were buried beneath the ground and
the data-acquisition system as well as the command console was placed inside a protected

concrete bunker.

3.4.2  Test results

During the blast test on specimen S3, the blast wave propagating into the test pit and
several recording apparatus were destroyed. Consequently, the deflection—time histories of
specimen S3 were not recorded successfully and only the residual deflection was measured
manually afterwards. Table 6 summaries the results of the blast test.

Table 6: Results of the blast test

Tube TNT Maximum

CO;Jl‘l)mll SCeZ:ii)sn Thickness Equivalence deflection (mm) Residual deflection (mm)
) (mm) (kg) Test LS-DYNA Test LS-DYNA
C3 Circular 3.8 25 20 23 4 5
S3 2.8 17.5 / 17 5 3
S4” Square 2.8 35 60 46 34 38
S5 3.8 35 37 32 8 12

"Note: For specimen S4, the recording of LVDT1 was missing thus the value of LVDT2, which is 380 mm
from LVDT1, was used instead.

4. Finite element Model validation
4.1 Validation of Three Point Bending Tests
The corresponding LS-DYNA numerical model of the three point bending test

shown in Fig. 3 is presented in Fig. 9. The cross section geometries and meshing for the
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CFST members are shown in Fig. 10. In the current research, the average mesh size was
8 mm and a mesh size convergence study was also performed which suggested that
further refining the mesh can only marginally improve the performance but greatly
increase the computational burden. The interface between the steel tube and the
concrete was merged to assume a perfect bonding between them since no research has
mentioned noticeable debonding issue during their experiments. The model was simply
supported at both ends and the axial load was applied on the rotatory hinge. It should be
noted that the numerical model was analysed by using the implicit solver in LS-DYNA

to simulate the static loading condition.

Axial load Steel plate

Hydraulic jack Rotatory hinge
Fig. 9: The numerical model for three point bending test
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Fig. 10: Element division of the numerical model

Table 5 shows the comparisons of the maximum lateral forces between the laboratory
tests and the numerical simulations and Figs. 11-13 compare the force—displacement
histories obtained from the laboratory tests and the numerical simulations. It is evident that
the proposed numerical model can not only provide accurate predictions of the maximum
lateral load bearing capacities of the tested CFST specimens with no more than 10% error,
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it can also correctly predict the lateral displacement at which the tested CFST columns

reach their peaks along with the corresponding descending branches.

Square CFST Column S2

200

180

e N T
160 I’/" %

140 ;
=
2120 ¢/ Test Result
[
5100 1 ===-LS-DYNA Result
e
]
§ 80
36

S
o o
H.‘
B

~
o

o

0 20 40 60
Lateral Displacement (mm)

Fig. 11: Comparison between the numerical results and test results for column S2

Circular CFST Column C1

Test Result

====L5-DYNA Result

0 10 20 30 40 50 60
Lateral Displacement (mm)

Fig. 12: Comparison between the numerical results and test results for column C1
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Circular CFST Column C2

Test Result

====LS-DYNA
Result

0 10 20 30 40 50 60

Lateral Displacement (mm)

Fig. 13: Comparison between the numerical results and test results for column C2

By comparing specimen C1-C2, it is clear that the applied axial load increased the
maximum flexural load capacity while sacrificing the specimen's ductility. To further
demonstrate the influence of axial load on the flexural load capacity and the ductility,
another numerical simulation was conducted on a circular CFST specimen with an axial
load of 808 kN, around 40% of the ultimate axial load capacity. Fig. 14 compares the
force—displacement histories of circular CFST specimens with 3 axial load levels, namely
0%, 20% and 40% of their ultimate capacity. It is evident that the ductility of a circular
CFST specimen decreased significantly with the increase in the applied axial load; however,
the flexural load capacity does not always increase with the increase in the applied axial
load: the specimen with 404 kN axial load actually resulted in a greater flexural load

capacity than the one with 808 kN axial load.
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The Influence of Axial Load on the Flexural Load Capacity
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Fig. 14: The influence of axial load on the flexural load capacity

4.2 Validation of the Blast Tests

Fig. 15 shows the numerical model corresponding to the blast tests mentioned
previously. The column was 2500 mm in length which was simply supported by 4 rollers —
2 at each ends and all rollers were fully fixed against motions in all directions. A thick steel
plate was also placed in between the roller and the column to avoid stress concentration. A

head and a footing were included in the numerical model for the purpose of applying axial

load.

Head Roller support
1500mm

)

M1

Fig. 15: The numerical model for the blast test

In blast effects analysis of columns, it is often necessary to use several phases to
apply the loading to avoid undesired oscillation [24]. In this paper, two loading phases, as
shown in Fig. 16, were used and these included: (1) to apply the axial load to the column
prior to the detonation of the explosive. This was done by applying a gradually increased

axial quasi-static load to the top of the column implicitly to avoid too much oscillation in
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the way of wave propagation and (2) to apply the blast load while keeping the axial load
unchanged and at this stage, the computational algorithm was switched from implicit to

explicit in order to allow for dynamic analysis of the CFST specimens.

Load
M
Blast load
Axial load ;
Time
* >
1
Phase 1 Phase 2
{(Implicit) {Explicit)

Fig. 16: Two loading phases (not to scale)

In LS-DYNA, one approach to simulate a blast event is to build an air domain which
contains the explosive and target structure inside. However, in order to capture the realistic
blast physics such as wave propagation within the air, a very high grid resolution is
required which is too computationally expensive especially for a large standoff distance.

An alternative way is to use the ConWep air blast model [35] which was derived
empirically from a large number of well-designed blast experiments. It is a built-in
function, namely Load Blast Enhanced, in LS-DYNA which only requires simple inputs
such as equivalent TNT charge weight and charge location [36]. The blast load acts on a set
of user-predefined receptor segments (normally the area that faces the explosive) and the
magnitude of pressure p that acts on each segment is calculated by:

p=p; X (14 cosf —2cos?0) + p, X cos? 6 9)
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where p; and p, are the incident pressure and reflected pressure respectively and 6 is
the angle of incidence of the pressure wave.

ConWep air blast model has been widely adopted to investigate the structural
response under blast load and it has shown a high level of accuracy with a reasonable
computational cost compared to other techniques [37-39]. However, it should be noted that
ConWep is only applicable to situations where there is no offset or superposition of blast
waves and the explosive must be either spherical or hemi-spherical. In the current research,
ConWep air blast model was utilised due to the fact that (1) the method of building an air
domain returned unrealistic computational time and (2) there was no obstacle between the

explosive and the column so that ConWep was actually practicable.

4.2.1  Conversion between emulsion explosives and TNT explosives

Emulsion explosives were used in the current study during the blast test. Simoens
[34] discovered that emulsion explosives generated blast wave that has peak pressures of
the same magnitude as an identical mass of TNT and for impulse however, a mass of
emulsion explosives equals about 70% of that mass in TNT. It should be noted that
Simoens [34] only tested on a relatively small amount of emulsion explosives (i.e. up to
4.8kg), therefore if the conversion factors still holds once much larger charge weight is
used needs to be examined. In addition, according to Wu et al. [40], the shape of the
explosive also plays a significant role in the pressure-time history. In the current study, the
applied charge weight is up to 50 kg which is too large to be made spherical; therefore the
explosive is more cylindrical rather than spherical which could potential make a significant
difference in the blast pressure—time histories.

To investigate the aforementioned matters, ConWep is used as a benchmark for the
peak overpressure and the impulse for TNT [35, 41]. It should also be noted that in

ConWep, the shape of the explosive is assumed to be spherical. Figs. 17-20 show the
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comparison between the measured pressure-time histories and the ConWep predicted
pressure-time histories of the corresponding TNT equivalences. Although the measured
reflected pressures were slightly different to the predicted ones by equating 1.4 mass of
emulsion explosive to 1 mass of TNT, the predicted blast impulses (i.e. the area enclosed
by the curve) and loading duration agreed with the experiment data very well. Therefore, it
is of reasonable accuracy to use ConWep to simulate the blast pressure in LS-DYNA and it
also makes no significant difference by assuming the explosive charge weight to be

spherical although it is closer to be cylindrical in the current study.

Measured & predicted pressure-time history
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' ‘\\VLN
w
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Fig. 17: Comparison between 1.4kg emulsion explosive and 1kg TNT explosive
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Fig. 18: Comparison between 24kg emulsion explosive and 17.2kg TNT
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Measured & predicted pressure-time history
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Fig. 19: Comparison between 36kg emulsion explosive and 25kg TNT
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Fig. 20: Comparison between 50kg emulsion explosive and 35kg TNT

4.2.2  Validation results

Table 6 lists the numerical results of the blast tests against the experiment results and
Figs. 21-23 compare the predicted and measured displacement-time histories. The
comparisons indicate that the predicted maximum deflection and period of oscillation
correspond with the measured curves very well. Although there are discrepancies in the
residual deflections between the test results and the predictions, the difference is no more
than 10 mm which was acceptable considering the complexity and uncertainty associated

with blast experiments.
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Circular CFST Column C3
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Fig. 21: Comparison between the numerical results and test results for column C3

Square CFST Column S4
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Fig. 22: Comparison between the numerical results and test results for column S4

Square CFST Column S5

———Test Result

====L5-DYNA Result

Mid-Height Deflection (mm)

Time (ms)

Fig. 23: Comparison between the numerical results and test results for column S5
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It is well known that steel structure is prone to local buckling due to its thinness
which can result in the reduction of load capacity. Although the concrete infill can delay
the local buckling of the steel tube, it still cannot be prevented especially when subjected to
large impact load [14, 42]. Fig. 24 compares the deformed shape along with the crack
formations between the tested specimen S4 and the numerical simulation. Fig. 25 evidently
demonstrates the ability of the proposed numerical model to accurately capture the
localised structural responses (i.e. local buckling of steel) during the blast experiment

which can be hardly achieved by other analytical methods.

Fig. 24: Comparison of the deformed shape and cracks from numerical and experimental studies for
specimen S4
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4.2.3  Energy absorbed by local and flexural deformation

The energy absorbed by local and flexural deformation was investigated based on the
numerical simulation of specimen S4. The local deformation, as shown in Fig. 25, was
only found at mid-span and its width was measured to be approximately 95 mm. According
to Jama [21], the energy absorbed by local deformation can be up to 50% of the total
energy absorbed for a steel square hollow section under transverse blast loads. Under blast
loading, the work done by the external force is firstly turned into kinetic energy of the
specimen and then the kinetic energy is further absorbed by local and global plastic
deformation, which is also known as the internal energy. Fig. 26(a) shows the internal
energy of the entirety of specimen S4 after blast loading and Fig. 26(b) shows only the
internal energy of where the local deformation occurred. It should be noted that Jama [21]
assumed that the local deformation preceded the global deformation; however, it is not the
case for CFST specimens in the current research. It was observed from the numerical
simulation that the specimen began to deform as soon as the blast wave reached (i.e. t=0

ms) whereas the sign of local deformation was only found 3 milliseconds later (i.e. t=3 ms).
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The global and local deformation continued developing simultaneously until 6
milliseconds after the time of arrival (i.e. t=6 ms), at which the local deformation fully
developed. The global deformation then continued developing and reached its peak at t= 13
ms. Significant changes in slope of Fig. 26(b) can be noticed at t= 3 ms and t= 6 ms which
indicates that the local deformation does have a notable impact on the energy absorbing

mechanism of CFST columns.
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Fig. 26: The internal energy of (a) the entire specimen S4 and (b) the mid-span part of S4 where local
deformation occurred

In order to compare the ratio between the energy absorbed by local and global
deformation, it is assumed that between t=3 ms and t=6 ms, all of the energy absorbed in
Fig. 26(b) was due to local deformation. It should be mentioned that this assumption

overestimates the energy absorbed by local deformation because global deformation also
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happens between t=3 ms and t= 6ms simultaneously. With the assumption made, the
energy absorbed by local deformation of specimen S4 was 2600 J and the energy absorbed
by local and global deformation combined was 12000 J which means local deformation

accounts for 22% of the total energy absorbed.

5. Conclusions

This paper presented a numerical study of CFST members, with both circular and
square cross sections, under both static and blast loads and the following conclusions can
be drawn based on the numerical results presented in this paper:

1. The CFST member behaved in a very ductile manner under lateral static load. The
applied axial load can slightly increase its flexural load capacity, however, at the cost of
reducing the column's ductility at the same time.

2. The numerical model developed in this paper can deliver accurate predictions for
CFST members under transverse static load. When validated against the blast test, the
model still corresponded with test results quite well in terms of the maximum deflection
and the period of oscillation. Discrepancies in the residual deflections were found,
however considering the complexity and uncertainty associated with a blast experiment,
the error is still within the acceptable range.

3. Based on the numerical results, for a CFST member under blast loading, the
majority of the energy is absorbed by global deformation due to the fact that local
deformation of steel can be effectively prevented by the infilled concrete.

More parametric studies can be made using the developed numerical models in the
future to address the key parameters that affect the overall behaviours of CFST members

under blast loading.
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NUMERICAL MODELING OF CONCRETE-FILLED DOUBLE-SKIN STEEL
SQUARE TUBULAR COLUMNS UNDER BLAST LOADING
Fangrui Zhang, Chengqing Wu, Xiao-Ling Zhao, Zhong-Xian Li, Amin Heidarpour,

Hongwei Wang

Abstract

Concrete-filled double-skin steel tubes (CFDST) have been widely used in
constructing high-rise buildings, arch bridges, and factories over the past years. Although a
number of researches have been conducted to study the behaviour of CFDST columns
under a variety of loading conditions, their performance when subjected to lateral impact
load is still lacking. In this paper, numerical models of CFDST columns with two different
cross sections are developed: one is with a CHS (circular hollow section) outer and CHS
(circular hollow section) inner, and the other one is with SHS (square hollow section) outer
and SHS (square hollow section) inner. Conventional concrete is filled in double-skin steel
tubes. Different blast loads are applied to the surface of these columns for dynamic
analysis. In addition, different axial loads are also applied to simulate combined load
conditions. The displacement-time history obtained from each simulation is recorded and
then compared. The key parameters that affect the performance of CFDST columns under

blast load are also investigated.

1. Introduction

Due to the increasing threat of terrorist activities over the world, much research has
been done to protect important structures as well as to reduce human casualties from blast
loads. Some literatures discussed the feasibility of using retrofitting techniques to protect
existing structures [1-4] while others proposed the use of new materials with higher

strengths to construct new buildings [5, 6]. In recent years, a new steel-concrete composite
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structure developed based on the concept of the Concrete-filled tube, also known as CFT
[7-9], has gained much popularity in the construction industry due to its attractive
properties such as ease of construction, light weight, high strength, and good seismic
resistance. This new composite structure is known as a Concrete-Filled Double-Skin Tube
(CFDST), which is simply made from two concentrically placed steel skins filled with
concrete in between.

A CFDST column utilizes the advantages of both steel and concrete. Its advantages
over conventional reinforced-concrete structures or steel structures include:

The presence of concrete can effectively restrain and delay the local buckling of

steel tubes, and the presence of steel tubes, on the other hand, can prevent spalling
damage of the core concrete;

o The interaction between steel tubes and concrete induces a confining pressure on
the concrete that significantly increases its strength and ductility;

e A CFDST column requires a smaller cross section area, hence less self-weight, to
achieve the same axial load capacity compared to a RC column;

e The steel tube can be used as a framework for concrete pouring and it can also
provide a self-curing environment for the concrete afterwards;

e A CFDST column has good fire resistance as concrete has low thermal
conductivity, which protects the inner steel tube;

o The core concrete requires less maintenance as the outer steel tube isolates it from
the outer environment.

So far, not much research has been undertaken to directly evaluate the blast
resistance of CFDST columns; however, a number of static tests have shown some
promising results, suggesting that CFDST columns can effectively mitigate blast damage.

Under axial compression, due to the different expansion rates of the steel tube and

concrete, the core concrete of a CFDST column is tri-axially confined by (1) the axial
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pressure induced by dead and live loads, (2) the lateral pressure induced by steel tubes, and
(3) the circumferential pressure induced by arching action. As a result, these confining
pressures can effectively enhance the strength and the ductility of the core concrete, which
is known as the confinement effect [8, 10]. The effect of confinement has been verified by
several quasi-static tests. Wei et al. [11] firstly reported their investigation on 26 CFDST
stub columns under axial compression. In their experiment, the overall axial load capacity
of the CFDST stub columns was 10-30% larger than the combined ultimate capacity of the
steel tubes and concrete when acting alone. In addition, the ultimate axial strain at failure
was also much larger than these components acting alone. Subsequent to Wei [11], Uenaka
et al. [12] investigated the influence of hollowness ratio (i.e. the ratio between the inner
diameter D; and the outer diameter D,) on the confinement effect of CFDST columns
under axial compression. The test results showed that the confinement effect developed in
the CFDST columns enhanced the concrete’s strength by 5% up to 30%, which was
inversely proportional to the hollowness ratio. Han [9] introduced a constraining factor ¢,
which is a function of steel ratio, steel yield strength and concrete cube strength, to
describe the confinement effect between the steel tube and concrete. They reported that the
higher the constraining factor &, the stronger and more ductile the CFDST columns are
[13].

Han et al. [14] and Fan et al. [15] both investigated the influence of cross section
geometry on the behavior of CFDST columns under axial and flexural loads, respectively.
The columns with circular cross sections exhibited better ductility than those with square
cross sections under either axial loads or flexural loads. Furthermore, CFDST columns
behaved in a similar manner as CFT columns under flexural load, the latter of which can be
accurately predicted by the analytical model developed by Han and Yang [16].

Several experiments conducted recently investigated the failure modes of CFDST

columns under different load conditions [17-19]. Under axial compression, the failure
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mode of CFDST columns was local bulking of both tubes associated with shear failure of
the core concrete, however, the thickness of the inner tube did not significantly affect the
structural response. Under a flexural load, the failure model of CFDST columns was local
bulking and cracking of the outer steel tube while the deformability of CFDSTs with a
small hollowness ratio obtained under flexural load was similar to that of CFTs.

Although a large number of experimental studies have been carried out, the
numerical analysis of CFDST columns is still lacking; however, some numerical and
analytical studies on CFT columns or steel elements [20, 21] or steel-concrete composite
elements [22] have been conducted previously.

Fouché and Bruneau [23] studied the behavior of cylindrical CFT bridge piers under
multihazard conditions including close-range explosions. LS-DYNA [24] was used in their
research to build numerical models and then to conduct parametric studies. It was found
that LS-DYNA models slightly overestimated blast impulses due to the roundness of the
section. As a result, a correction factor was applied to the pressure history to account for
the reduction in impulse, and the overall results then showed reasonably good correlation
with the experiment data.

Qu et al. [25] simulated the drop hammer test conducted by Li [26] using LS-DYNA.
The column was simply supported at one end while being fixed at the other. Since the
model was fully symmetric along its length, only a half model was analyzed. The concrete
material model used in their research was CONCRETE DAMAGE REL3 [27] and the
steel material model used was PLASTIC KINEMATIC, which assumes a bilinear
stress-strain relationship. The interface between the steel tube and the concrete was
assumed to be bonded perfectly, thus excluding any considerations of debonding. Only
small discrepancy was observed between the numerical simulation and the experimental

results, showing that LS-DYNA is able to account for the increase in concrete strength due
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to the confinement effect and strain rate effect, thus being a reliable tool to study CFDST
columns.

In summary, most existing research as only investigated the behavior of CFDST
columns under static loads; however, knowledge of the behavior of CFDST columns under
impact loads, especially under blast loads, is lacking.

In the current research, the performance of CFDST columns under close-range blast
loading is studied using LS-DYNA. The main objectives include: firstly, to study the
structural response of CFDST columns under different blast loads ranging from 20 to 80 kg
TNT charge weight, from a standoff distance of 1.5 m; secondly, to determine the influence
of parameters such as the concrete strength, outer and inner tubes thicknesses, cross section
type on blast response of CFDST columns; and finally, to determine the influence of axial

load and support condition on CFDST columns under blast loads.

2. Finite Element Modelling
2.1 Elements and boundaries

In order to conduct a parametric study, different model set-ups are used. However,
for comparison purposes, a control specimen is introduced. The circular CFDST control
specimen has a 210 mm outer diameter and a 100 mm inner diameter as shown in Fig. 1,
with a clear span of 2,500 mm. Both its inner and outer steel tubes are 5 mm thick. All
elements are built using hexahedrons to achieve the best stability, and solid elements of
around 6 mm cube with single point integration algorithm are used. Mesh size convergence
study suggests that further refinement of the mesh only has a marginal effect on the

numerical results but significantly increases the computational effort.

117



Fig. 1: Circular cross section of the numerical model (left) and the actual column (right)

Similarly, Fig. 2 depicted the square CFDST control specimen. It has a 210 mm outer
side length and 100 mm inner side length. The rest of its parameters are the same as those

of the circular column.

Fig. 2: Square cross section of the numerical model (left) and the actual column (right)

In order to provide higher fidelity for the column end constraints, a footing and a
head are included in the numerical model as shown in Fig. 3. The outer face of head and
footing are constrained against horizontal motions (i.e., in x and y directions)— both
translational or rotational motions [28]. For a structural member with fully fixed support
conditions on both ends, brittle shear failure near the supports could be the potential
concern. In circumstances where CFDST or CFT columns are used, hardly any studies but
Wang et al. [29], who reported an occurrence of shear failure: it only occurred on the

column with an extremely thin outer steel tube (1.7 mm) and there were no signs of shear
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failure on any other columns with a steel tube thicker than 1.7 mm. In the current research,
outer and inner steel tubes are both 5 mm thick, thus shear failure near supports is not
expected nor considered. Furthermore, almost no researchers except Yu et al. [30]
discovered noticeable slip between the concrete and the tube. Therefore, in this paper, the
nodes at the interface of concrete and steel tubes are merged to assume no debonding

conditions.

Head S 3 Footing
\
N

Fig. 3: Model set-up of circular column

2.2 Material properties
2.2.1  Concrete model

It is well known that under a high strain rate impact, the strength of concrete can
significantly increase, by more than 100% for concrete in compression and by more than
600% for concrete in tension [31], thus the strain rate effect cannot be neglected in the
numerical model.

The dynamic increase factor (DIF) is usually used to represent the increase of
concrete’s compressive and tensile strength under blast loading. For concrete in
compression, the CEB Code [32], which has been widely used by most researchers as an
accurate representation of actual behaviour, is adopted. The DIF of the concrete strength in

compression is given by:

f & 10260
f—c = (s_) for é,<30s71 (1a)
CcS S
£\1/3
=y, (e_) for é,>30s71 (1b)
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where f. = dynamic compressive strength at &
fes = static compressive strength at &
& = strain rate in the range of 30 X 107% t0 300 s 1
&, = static strain rate which is 30 x 107°
log, = 6.156a — 2
a =1/(5 + 9fes/ feo)
feo =10MPa

The formulation used for concrete DIF in tension was developed by Malvar and

Crawford [33] which essentially was a modification to the CEB Code [32] and it is given

by:
fo _ (EY . 1 gt ,
E—(g) for é&,<1s (2a)
. 1/3
y (gi) for & >1s1 (2b)

where f; = dynamic tensile strength at &

fts = static tensile strength at &

& = strain rate in the range of 1076 to 160 s~1

&, = static strain rate which is 107

logg = 66 —2

8 =1/(1 + 8fcs/feo)

fco =10MPa

The K&C concrete model (MAT 72 REL3) is used in the current research. The

K&C concrete model is a plasticity-based model that can be used either with complete
user-specified inputs or internal parameter generation. Internal parameter generation only
requires the concrete’s unconfined compressive strength. This model includes (1) a third,

independent failure surface based on a Willam-Warnke three-invariant formulation, (2)

introduction of a radial stress path for the strain rate enhancement algorithm, and (3) a
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fracture-energy-dependent strain in tension [27]. Previous researches suggest that the K&C
concrete model is able to provide a robust representation of the complex behaviours of
concrete; thus it can be used to analyse the structure’s response under a blast load [27, 28,

31, 34].

2.2.2  Steel model

The steel tube is modelled by PLASTIC KINEMATIC (MAT 003) due to its
simplicity of the input parameters as well as the ability to incorporate the strain-rate effect
[24]. In the current research, a perfect elasto-plastic stress-strain relationship for steel is
assumed. The DIF for steel is calculated by the Cowper and Symonds Model [24], which

multiplies the yield stress by a factor given as:

ol

DIF of steel = 1 + @ 3)

& =strain rate of steel
C=40.4 s~! & P =75 are used in the current research as this combination was used
in other literatures and it has shown a reasonable accuracy [35]. The material properties of

steel tube are listed in Table 1.

Table 1: Material properties of steel tube

Parameter Value
Mass density (kg/m®) 7830
Yield stress (MPa) 300
Young’s modulus (GPa) 200
Poisson’s ratio 0.28

2.3 Simulation of blast load

In LS-DYNA, one standard approach to simulate a blast event is to build an air
domain that contains the explosive and target structure inside. However, in order to capture
the realistic blast physics in which the wave propagates within the air, a very high grid
resolution is required and this is too computationally expensive, especially for a large

standoff distance.
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An alternative way is to use the conventional weapons (ConWep) air blast model
[36], which was derived empirically from a large number of blast experiments. It is a
build-in function in LS-DYNA, which only requires simple inputs such as equivalent TNT
charge weight and charge location. This model has been widely adopted to investigate the
structural response under blast loads and it has shown a high level of accuracy with a
reasonable computational cost compared to any other analytical techniques [37-39].
However, it should be noted that this model is only applicable to situations where there is
no offset or superposition of blast waves and the explosive must be either spherical or
hemispherical.

In the present research, the ConWep air blast model is utilized due to the fact that no

obstacle is present between the explosive and the column.

2.4 Validation of the uniaxial compression test

As mentioned previously, confinement effects due to composite action are very
important for CFDST members. Therefore, the proposed numerical model was validated
against the uniaxial compression tests conducted by Fan [15] to demonstrate the capability
of the proposed LS-DYNA numerical model to accurately account for the strength
enhancement due to confinement.

Two specimens reported by Fan [15] were included in the validation study. They are
both 720 mm in height, and one has a 240 mm outer diameter and 80 mm inner diameter
and the other one has a 240 mm outer diameter and 120 mm inner diameter. The outer and
inner steel tubes for both specimens are 4 mm thick. The elastic modulus of steel E is
200,000 MPa, and the modular of concrete E. is 29,000 MPa. The average yield stress of
steel is 280 MPa and the average cylinder strength of concrete is 29 MPa. The loading
condition is axial compression applied by using the implicit solver in LS-DYNA to achieve

force equilibrium at each time step. Fig. 4 shows the comparisons between the test results
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and the numerical results. In general, the numerical results slightly overestimate the initial
stiffness of the tested CFDST specimens; however, the predicted ultimate axial load
capacities as well as the predicted post-yield behaviours are in close agreement with the
experimentally measured values. By comparison to the ACI [40] design code as shown in
Table 2, the numerical results only deviate from the experimental results by 8% while the
design code underestimates the axial load capacity by 26% since it does not take into

consideration the concrete confinement.

3500
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~8— 240_120_EXP.
2000
= = 240_120_DYNA

—ie— 240_80_EXP.
1500 -

Axial Force [kN)

240_80_DYNA

1000

500 !

0 5 10 15 20 s
Axial Shortening (mm)

Fig. 4: Validation results against experiment data [15]

Table 2: Values given by numerical model, ACI code and test results

Column Dimension Experiment Numerical Num./Exp. ACI ACI/Exp.
Result Result Prediction
240x80 2735 2670 0.98 2072 0.76
240x120 2571 2930 1.14 1887 0.73

3. Parametric Studies and Discussions

The previously introduced numerically validated model is used to study the
influence of different parameters on CFDST columns under blast loads. The parameters
investigated in this research include concrete strength, outer and inner tube thicknesses,
cross section geometry, hollowness ratio, support condition, and axial load. The
concrete strength varies from 30 to 60 MPa; the outer and inner tube thicknesses vary

from 2 to 5 mm; the cross section geometry is either circular or square; the hollowness
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ratio varies from 0 to 0.75; the support is either fixed or pinned, and the axial load ratio
varies from 0 to 50% of the ultimate axial load capacity. The gauge point is located on

the centre of each column to measure the deflection-time history.

3.1 Concrete strength

To investigate the influence of the concrete strength on CFDST columns under blast
loads, three different concrete strengths, namely 30, 45, and 60 MPa, are studied. The
applied equivalent TNT charge varies from 20 to 80 kg and the standoff distance remains
1,500 mm for all cases thus making the scaled distance range from 0.35 m/kgl/ ? t0 0.55

. Table 3 lists the maximum pressure and impulse values of a blast event at a variety
of standoff distances. The column configuration in this section is the same as the circular

CFDST control specimen as shown in Fig. 1.

Table 3: Pressure & impulse values at various scaled distances

TNT Standoff Scaled Distance Pressure Impulse
Equivalence (kg) Distance (m) (m/kgm) (Mpa) (MPa-ms)
20 1.5 0.55 24.6 32
40 1.5 0.44 43.7 6.04
60 1.5 0.38 50.5 8.83
80 1.5 0.35 63.2 10.6

Interestingly, Fig. 5 shows that varying the concrete strength between 30 and 60 MPa
when the column is subjected to 60 kg charge weight has no significant influence on the
maximum deflection. It is believed that the steel tubes of a CFDST specimen are the main
contributor to the section moment, which makes the concrete strength become insignificant
as normal strength concrete is knowingly very weak in tension. Similar results were also

reported by other researches on CFT columns as well [41].
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Influence of f'c at 60Kg charge weight
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Fig. 5: Influence of f'c when charge weight = 60 kg

Similar trends are also found when subjecting the column to 20, 40, and 80 kg charge

weights, which are not further discussed herein.

3.2 Outer tube thickness

To investigate the influence of outer tube thickness on the response of CFDST
columns under blast loads, the outer tube thickness is varied between 2 and 5 mm, while
keeping the other parameters the same as the circular CFDST control specimen.

Fig. 6 shows the deflection-time histories for CFDST columns under the blast load
induced by 60 kg TNT. Generally, the column’s maximum deflection decreases with
increases in outer tube thickness. However, thicker the outer tube, the lower the reduction
rate in the maximum deflection that can be achieved by further thickening. For example,
by increasing the outer tube thickness from 2 to 3 mm, the maximum deflection can be
reduced by 31%, whereas by increasing it from 4 to 5 mm, the reduction in the maximum

deflection is only 17%.
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Fig. 6: Influence of outer tube thickness when charge weight = 60 kg

Fig. 7 shows the maximum deflection versus outer tube thickness of the column
under various loading conditions. The slope of these curves becomes steeper as the TNT
charge weight increases, suggesting that it is more cost-effective to increase the outer steel

tube thickness only when a large blast load is expected.
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Fig. 7: Maximum deflection vs. outer tube thickness for various blast loads

Moreover, it is also observed that local buckling (bulge on the steel tube) is likely to
occur near the fixed ends on a column with a thinner outer tube rather than on one with a

thicker outer tube as shown in Fig. 8.
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(a)

Fig. 8: Local buckling near column support for (a) 2-mm-thick outer tube; (b) 5S-mm-thick outer tube

3.3 Inner tube thickness

Similar to the study of outer tube thickness, the influence of inner tube thickness is
also investigated in a similar fashion by varying the inner tube thickness from 2 to 5 mm
while keeping the remaining parameters the same as for the circular CFDST control
specimen.

Figs. 9 and 10 indicate that increasing the inner tube thickness can also reduce the
maximum deflection, but much less significantly compared to increasing the outer tube
thickness. This may be due to the fact that since the outer diameter is considerably larger
than the inner diameter, increasing the outer tube thickness by 1 mm can result in a greater
increase in the steel ratio than increasing the inner tube thickness by the same amount (e.g.,
increasing the outer tube thickness from 4 to 5 mm increases the cross section area by 657
mm” while doing the same for the inner tube only increases the cross section area by 317

mmz).
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Fig. 9: Influence of inner tube thickness when charge weight = 60 kg
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Fig. 10: Maximum deflection vs. inner tube thickness for various blast loads

3.4 Cross sectional geometry

Two commonly used cross section geometries, namely circular cross sections and
square cross sections, are investigated in this section. Han [14] suggested that under lateral
static loads (i.e., cyclic flexural load), the energy dissipation ability of the CFDST column
with a circular cross section was much higher than those of the specimens with a square
cross section. Similar trends (as shown in Fig. 11) are also observed when subjecting
CFDST columns to blast loads, but it is only valid when the explosive charge weight is
more than 60 kg. However, for a moderate blast load (i.e., less than 40 kg TNT), columns

with circular and square cross sections both yield the similar maximum deflections.
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Fig. 11: Influence of cross section geometry
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To compare the blast force experienced by both circular and square columns in the
numerical analysis, pressure-time histories recorded from 80 kg TNT at three locations on
the cross section of the mid-span are outputted as shown in Figs. 12—15. Sensor 1 is located
right under the explosive, thus receiving the largest blast load. Sensor 3 is located at the
edge, thus receiving the smallest blast load. Sensor 2 is located between Sensors 1 and 3.
The pressure-time histories recorded at Sensor 1 are almost identical for both circular and
square columns. Once looking at Sensors 2 and 3, the maximum pressure on the circular
columns declines dramatically whereas no significant change in the maximum pressure is
experienced by the square counterpart, consequently the impulse values for circular
columns at Locations 2 (6.42 MPa * ms) and 3 (1.06 MPa ¢ ms) are 40 and 90% smaller
than those for square columns, respectively. The simulated results are somewhat in
agreement with the experimental data of Allahverdi [42]. In his experiment, it was
observed that the cross section geometry of a RC column could considerably affect the
blast wave propagation pattern. The impulse experienced by a circular column was, on

average, 20% less than that experienced by a square column.

Fig. 12: Locations of the pressure sensors 1, 2 and 3 and the pressure distribution
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Fig. 13: Force vs. time history at sensor 1 for charge weight = 80 kg
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Fig. 14: Force vs. time history at sensor 2 for charge weight = 80 kg
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Fig. 15: Force vs. time history at sensor 3 for charge weight = 80 kg

Another possible reason for square CFDST columns having a larger mid-span
deflection than circular CFDST columns might be because the effective confinement area
obtained from a square cross section is much less than that from a circular cross section

[43-45]. The boundaries that identify the effective confinement of a square cross section
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are four parabolas intersecting the edges at 45°, while the entire concrete area of a circular

cross section can be effectively confined as shown in Fig. 16.

R

Fig. 16: Effective confinement area (shadowed) for both circular and square cross section (Mander [43])

3.5 Hollowness ratio

Hollowness ratio () is defined as the ratio between the inner diameter D; and the

outer diameter D, as shown in Fig. 17, and x = 0 indicates a Concrete Filled Tube (CFT).

Fig. 17: Hollowness ratio y = %

[

Some research [12] suggested that when subjected to axial load, the effectiveness of
confinement is inversely proportional to the hollowness ratio; however, the influence of
hollowness ratio on CFDST columns under blast loads has not been yet investigated.
Therefore, in the current study, four different hollowness ratios are studied and compared,

namely x =0, 0.25, 0.35, 0.5 and 0.75 as shown in Fig. 18.
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Fig. 18: Cross sections of columns with different hollowness ratios

Figs. 19 and 20 indicate that when yx is less than 0.5, columns with different
hollowness ratios behave in a very similar manner, resulting in almost identical
deflection-time histories. However, once y is further increased beyond 0.5 (i.e., to 0.75), a
noticeable difference can be observed in the maximum deflection and residual deflection as
well as in the period of structural response. More interestingly, when y is less than 0.5, the
differences between a single-skinned column (i.e., CFT) and a double-skinned column (i.e.,
CFDST) seem insignificant, which again proves the fact that the core concrete contributes

more to preventing steel tube buckling rather than to increasing the moment capacity.
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Fig. 19: Influence of hollowness ratio when charge weight = 60 kg
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Fig. 20: Maximum deflection vs. hollowness ratio for various blast loads

3.6 Axial load

In reality, columns are always loaded by live and dead load prior to a blast incident.
Several literatures [37, 46] reported that compared to unloaded RC columns, the maximum
deflection of axially loaded RC columns under blast loads increases dramatically with
increasing axial load. The amplification of deflection is caused by the “P-A” effect: when a
column deflects due to blast loads, the applied axial load causes a moment at each end that
can further increases the deflection; as the deflection increases, the column reaches its
plastic limit, transitioning from a gradual strength degradation to a rapid loss of strength
due to buckling.

In order to reflect the influence of axial load on CFDST columns under blast loads,
three axial loads, namely 575, 862, and 1,150 kN, corresponding to 25, 37.5, and 50% of
the ultimate axial load capacity respectively, are applied.

In the blast effects analysis of columns, it is often necessary to use several phases to
apply the loading to avoid undesired oscillation [47]. In this paper, two loading phases, as
shown in Fig. 21, are used. These include: (1) applying the axial load to the column prior
to the detonation of the explosive. This is done by applying a gradually increased axial
quasi-static load to the top of the column implicitly to avoid too much oscillation in the

way of wave propagation; (2) applying the blast load while keeping the axial load
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unchanged; at this stage, the computational algorithm is switched from implicit to explicit

to allow for dynamic analysis of the column.

Load
n
Blast load
Axial load
Time
>
Phase 1 Phase 2
(Implicit) (Explicit)

Fig. 21: Two loading phases (not to scale)

It can be seen from Figs. 22 and 23 that the magnitude of axial load ratio does not
have a noticeable effect on the maximum deflection, especially when the charge weight is
small. This is because the blast-induced deflection is relatively small for these analysed
CFDST columns, thus the moment caused by the P-A effect is not large enough to have a

significant increase in the maximum deflection.
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Charge weight = 60Kg
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senas 2504
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Fig. 22: Influence of axial load when charge weight = 60 kg
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Fig. 23: Maximum deflection vs. axial load ratio of fixed column for various blast loads

3.7 Support condition

The support condition plays an important role when analysing structural response
and determining structural damage. The numerical results discussed previously were all
obtained from CFDST columns with fixed-support conditions. In this study, the influence
of support condition is also investigated by changing the fixed-fixed support condition to
the pin-pin support condition.

Necessary modifications to the LS-DYNA model are made to account for the change
of support condition, and Fig. 24 shows the modified model setup. Different axial load

ratios are also applied and all results are then compared to the CFDST columns discussed

in the previous section.

40

—+—20Kg TNT

~m-40Kg TNT

* et 60Kg TNT

il -— - ——80Kg TNT
0 0.1 0.2 0.3 0.4 0.5

Axial load ratio

Pinned support
: pp

S,
<

Fig. 24: Model set-up of circular column with pinned support

Figs. 25 and 26 indicate that under severe blast loads of more than 60 kg TNT charge

weight, the maximum deflection of a CFDST column increases dramatically with axial
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load ratio; however, for moderate blast loads (20 and 40 kg TNT), varying axial load ratio

does not have a significant influence.
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Fig. 25: Influence of axial load ratio on pinned column
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Fig. 26: Maximum deflection vs. axial load ratio of pinned column for various blast loads

Fig. 27 shows the comparison of deflection-time histories between CFDST columns
with fixed ends and pinned ends. In general, under the same blast load, columns with
pinned ends result in the maximum deflection more significantly than those with fixed
ends. The difference in the maximum deflection also increases with the increase in TNT

charge weight.
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Fig. 27: Comparison between pinned support and fixed support for various blast loads

4. Conclusion

This paper numerically evaluates the influence of the concrete strength, outer and
inner tube thickness, cross section geometry, hollowness ratio, axial load level, and support
condition on the blast load resistance of CFDST columns. The main findings are as
follows:

1. Steel tubes are the main contributor to the blast resistance of a CFDST column
subjected to blast load while concrete strength has no significant influence on the
mid-span deflection.

2. The outer tube thickness has a significant influence on the mid-span deflection
while the influence of inner tube thickness is much less significant.

3. Under a severe blast event (e.g., greater than 40 kg charge weight), columns with a
square cross section undergo much larger mid-span deflection compared to those with a
circular cross section due to the fact that the roundness of a circular column can
effectively reduce the peak pressure and impulse.

4. No significant change in the mid-span deflection can be seen by varying the
hollowness ratio between 0 and 0.5. However, once it is increased beyond 0.5, a

noticeable increase in the maximum deflection can be observed.
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5. The influence of axial load ratio is not noticeable on CFDST columns with fixed
supports; however for CFDST columns with pinned supports, the maximum deflection
increases dramatically with axial load ratio.

6. On average, columns with pinned supports yield the maximum deflection more

significantly than those with fixed supports under the same blast load.
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EXPERIMENTAL AND NUMERICAL STUDY OF BLAST RESISTANCE OF
SQUARE CFDST COLUMNS WITH STEEL-FIBRE REINFORCED
CONCRETE

Fangrui Zhang, Chengqing Wu, Xiao-Ling Zhao, Amin Heidarpour, Zhongxian Li

Abstract

In recent years, a large number of studies have been carried out to investigate
behaviours of concrete filled double skin steel tube (CFDST) members due to its
increasing popularity in the construction industry. This paper firstly presents an
experimental study on ultra-high performance concrete filled double-skin tubes subjected
to close-range blast loading with cross section being square for both inner and outer steel
tubes. It is evident that the proposed CFDST column was able to withstand a large blast
load without failure so that it has the potential to be used in high-value buildings as well as
critical infrastructures. Then, to further investigate the behaviours of the proposed CFDST
column, a number of parametric studies were carried out by using a numerical model
which was developed and calibrated based on the data acquired from the blast test along
with some laboratory tests. Parameters that affect the behaviours of concrete filled double
skin steel tube (CFDST) members against blasts are characterised.

Keywords: Steel-fibre reinforced concrete; CFDST members; Blast loading; Numerical

model

1. Introduction

As a result of the ever increasing threat of terrorist activity, countless effort has been
made to mitigate blast effect on structures so that they can withstand more severe
explosion accidents without catastrophic failure, thus to reduce the number of human

casualties. Indirect means such as using blast barrier to protect vulnerable infrastructures
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and people inside them are widely used. However, several recent terrorist attacks suggested
that such indirect methods cannot effectively prevent attacks initiated by suicide bombers
or suitcase bombs. Therefore, there is an urgent need to directly enhance the
blast-resistance of important structures through using new structural types or new
materials.

Recently, concrete-filled steel tubes, as a relatively new steel-concrete composite
structure, have attracted tremendous amount of attention in the civil engineering field due
to their high strength and excellent durability. A concrete filled double-skin steel tube
(CFDST) is normally constructed by filling concrete in-between two concentrically placed
steel tubes. The main advantage of this structural type is its passive confining pressure on
the concrete filler resulted from the steel tubes. Due to the confining pressure, the strength
and ductility of the concrete filler can be significantly enhanced whilst the buckling of steel
tubes can be delayed, if not completely prevented, by the concrete filler. It was found that
under axial compression, axial load-carrying capacity of a CFDST column was usually
10%-30% larger than the simply superposed axial load-carrying capacity of the steel tubes
and the concrete filler when acting alone [1]. The predominant failure mode of CFDST
columns under axial compression was found to be buckling of the outer steel tube
associated with shear and spalling damage of the concrete filler at the same location [2].
Based on test results, analytical models were derived to predict the behaviour of CFDST
members under axial compression which showed good agreement with the experimental
data [3, 4]. A tremendous amount of effort were also made to study the flexural behaviour
[5, 6], tensile behaviour [7], torsional behaviour [8] and fire resistance of CFDST columns
[9] and all of the research indicated that CFDST columns are able to well adapt to a variety
of loading conditions. Despite all the previously mentioned studies on CFDST columns,
there is only limited knowledge with regard to the behaviours of CFDST columns under

dynamic impact loading. Experiments were conducted to study concrete filled steel tubes
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under transverse impact/blast loading and then compare them to hollow steel tubes with the
same dimensions [10-13]. In general, hollow steel tubes under transverse impact/blast
loading fail prematurely due to severe local buckling or even rapture before the material
can develop its peak strength; on the other hand, for concrete filled steel tubes, the concrete
filler can effectively prevent steel buckling, thus enabling the steel tube to develop its full
strength and resulting in less deflection or structural damage. Also, compared to
conventional RC columns, breaching and spalling damage of concrete are less likely to
occur in concrete filled steel tubes when subjected to blast loading.

The majority of the existing studies on CFDST columns only use normal strength
concrete filler. However, the recent trends of constructing high-rises and long-span bridges
mandate the use of ultra-high performance concrete (UHPC) more and more due to the
outstanding safety, serviceability, durability, and economical advantages. UHPC is known
for its superior strength which can reach up to 200 MPa in compression and up to 40 MPa
in tension. Also, owing to the inclusion of steel fibres, the crack propagation can be well
controlled, leading to an outstanding ductility and energy absorbing capacity so as to make
it an ideal material for structural members that are under the constant threat of blast attacks.
There is a large number of studies that discuss the blast-resistance of UHPC structures and
it was reported that UHPC materials with nano addition provide sufficient strength,
ductility, and confer outstanding energy absorption and crack controlling capacities when
compared to conventional normal strength concrete [14-18]. Therefore, advantages can be
achieved by filling CFDST columns with UHPC: first of all, the cross-section area and
self-weight of the column can be significantly reduced which allows for more slim and
aesthetic design; moreover, the UHPC filler is less likely to suffer from spalling and breach
damage, resulting in the steel tubes being less likely to undergo local buckling.

This paper firstly presents an experimental investigation on UHPC filled double-skin

tubes subjected to close-range blast loading. In total, six CFDST column specimens, with
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SHS (square hollow section) outer and SHS inner were investigated. All specimens were
filled with UHPC of compressive and flexural tensile strength averaging 170 MPa and 33.8
MPa, respectively. In addition, numerical models were also developed by using the finite
element tool LS-DYNA. Those models were calibrated based on a series of laboratory test
data and then validated against the field blast test data. Good agreement was achieved
between the numerical results and the experimental results. By using the numerical model,
an extensive parametric study was carried out, where the parameters investigated were the
axial load ratio, the hollow section area ratio, the inner & outer steel tube thickness, the

concrete filler strength and the inner & outer cross section geometry.

2. Experiment
2.1 Specimen fabrication

All specimens were 2500 mm in length and their outer and inner widths were 210
mm and 100 mm, respectively with both outer/inner steel tubes being 5 mm thick. For ease
of concrete pouring, a steel plate was welded to one end of the empty steel tube first. The
inner and outer steel tubes were then put up straight and the concrete filler was poured
from the top with concrete vibrators being used for consolidation. All specimens were then
maintained at room temperature for 28 days and then they were levelled and polished
before commencing tests. Fig. 1 depicts the cross section of the square CFDST specimen

and Table 1 lists the characteristics of each specimen used in the blast test.
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[ 210.0mm -

*——100.0mm—*

Fig. 1: Cross sections of a square CFDST specimen [19]

Table 1: Detailed information for each test specimen [19]

L Nominal outer ~ Nominal inner Standoff INT Axial Maximum  Residual
Specimen (mm) dimensions dimensions distance (ke)* load A A
(D x ty, mm) (D x t;, mm) (mm) (kN) (mm) (mm)
S1A 2500 210x 5 110x 5 1500 35 0 41 16
S1B 2500 210x 5 110x 5 1500 50 0 49 22
S2A 2500 210x 5 110x 5 1500 35 1000 36 8
S2B 2500 210x 5 110x 5 1500 50 1000 / /
S3A 2500 210x 5 110x 5 1500 50 1000 41 8
S3B 2500 210x 5 SEE 1500 50 1000 50 10

Note: *TNT-equivalent charge based on impulse
**S3B is a CFST specimen thus without hollow area inside

2.2 Material properties

The mechanical properties of the steel tubes were determined from tensile coupons.
The average yield and ultimate strength of the steel were 360 MPa and 515 MPa,
respectively with an average elongation of 22%.

Steel-fibre reinforced self-consolidating concrete with nanoparticles was used as the
concrete in all CFDST specimens. The nanoparticle, i.e. CaCOs3, was used as a nano-scale
additive to fill up the void existing in concrete as well as to enhance the hydration process.

Twenty-nine 100mm X 100mm X 100mm specimens were made for compressive
tests and another twenty-nine100mm X 100mm X 400mm specimens for flexural tensile
tests. Each specimen was properly levelled, sanded, polished, cleaned and dried to attain

smooth surfaces. The average compressive strength and the flexural tensile strength of the
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concrete at 28 days were 170 MPa and 33.8 MPa, respectively, which are much higher than

normal strength concrete.

2.3 Experiment setup

A3 m X 04 m X 1.5 m test pit, as shown in Fig. 2, was excavated for the
placement of recording devices and data cables. Thick steel plates were used to cover the
test pit to prevent the blast wave from traveling into the pit and damaging the apparatus
consequently. A pneumatic jack was installed and buried beneath the ground at one side of
the test pit to apply an axial load to the test specimen. Roller supports were used near both
ends to simulate simply supported conditions. Steel bolts were also used to provide an
upward restraint against column rebound, thus making the effective span of the CFDST
specimen 2300 mm. It should be mentioned that the test pit was designed to be as wide as
the test specimen, therefore when the square specimen was placed into it, its front side (the
side which received the blast load) was levelled with the ground surface so that there
would be no clearing effect nor would the incident wave damage the recording apparatus at

the bottom of the pit.

Pneumatic Jack

Pressure Transducer

Test Specimen

Fig. 2: Test pit
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As shown in Fig. 3, three displacement gauges (LVDTs) spaced at 380 mm were
attached to the test specimen to measure the displacement-time histories. The maximum
measuring range of the LVDT was 120 mm for both upward and downward motions. A
pressure transducer was also used in order to capture the pressure-time history. However, if
directly placed under the explosive, there was a high chance of damaging the pressure

transducer. Therefore, it was positioned 760 mm away from the centre of the specimen.

— Pressure Transducer

Pneumatic Jack

“— Roller Support

Ground

(a) Side view

Ground

Roller Support
(b) Cross-sectional view

Fig. 3: Schematic view of the test setup [19]

3. Test Results
The results of this experiment has been reported in the authors’ previous work [19],
hence it is not discussed in great detail herein, only important results are iterated in the

following sections.
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3.1 Pressure-time histories

Emulsion explosive was used in the current blast test program. Simoens et al. [20]
reported that the emulsion explosive generates a blast wave that has peak pressures of the
same magnitude as an identical mass of TNT explosive but for impulse, a mass of
emulsion explosives equals only about 70% of that mass in TNT. Since the blast impulse
predominantly determines the structural response under high strain rate impact, therefore
1.4 kg of emulsion explosive was equated to 1 kg of TNT in the current study. It should be
mentioned that Simoens [20] only tested small amounts of emulsion explosive (e.g. 4.8 kg),
therefore the conversion factor may vary with charge weights.

In this study, CONWEP predictions of spherical explosive was used as benchmarks
for the peak reflected pressure and impulse [21, 22]. Fig. 4 shows some typical
pressure-time histories recorded during the experiment along with the comparisons to
CONWEP predictions. It is evident that the measured blast loads agrees with the
CONWEP-predictions reasonably. The discrepancies were mainly resulted from the
following reasons: 1) when the blast wave travels toward a test specimen, sand and soil
particles are raised and then inevitably fell on the pressure transducer. As the pressure
transducer is highly sensitive, the pressure resulted from the particle collision is therefore
also regarded as part of the blast load; 2) the explosive charge weights used in the blast
tests are relatively large, therefore the accuracy and sensitivity of the pressure transducer
can deteriorate over time; 3) the size of the explosive can be too large that the chemical
reactions within the explosive compound were unthorough and incomplete at the initial

detonation.
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Fig. 4: Typical pressure-time histories for tested specimens

3.2 Displacement-time histories

Fig. 5 reports a typical displacement-time history of the test specimens. All three
LVDTs were aligned along the centreline of the member. None of the displacement
measurements went beyond the LVDT’s measuring range (120 mm). The mid-span residual
displacements of the tested specimens were measured manually post-testing and they were

found to be in good agreement with the LVDT readings.

Specimen S1B (50Kg TNT Equivalent)

L

M 30 _ 50 60
—= — T
\\ oy A== ,,m_‘ LVDT1
tport” - = LVDT2

====LVDT3

Displacement {mm)

Time (ms)
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Fig. 5: Typical displacement-time histories for tested specimens

3.3 Failure mode

Since the CFDST specimen is filled with steel-fibre reinforced UHPC in this paper;
therefore its structural response is very different from those filled with normal strength
concrete. It is evident from Fig. 6 that neither steel buckling nor localised damage can be
observed on the specimen which was subjected to 35 kg TNT equivalent. Moreover, once
the outer steel tube was removed, there was also no obvious sign of concrete crushing
neither, and only minor flexural cracks of no more than 0.5 mm width were seen on the
tensile face of the specimen. Therefore, it is evident that the CFDST specimens are able to

remain overall of global flexural response as opposed to localised structural failure.

e

=2 e §

|
|
A ————

-
sy Jon, (et

(b) Crack propagation in concrete

Fig. 6: Deformed shape and crack propagation in specimens S1A [19]

4. Numerical Simulation
In this paper, finite element models were developed with 8-node solid elements with
single point integration algorithm in LS-DYNA [23]. LS-DYNA/Implicit Solver was used

for the static test and LS-DYNA/Explicit Solver was used for the blast test. Viscos-type
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hourglass control was activated during the blast test simulation to prevent element

distortion and zero energy modes.

4.1 Model Calibration

Material model 24, namely MAT PIECEWISE LINEAR PLASTICITY, is used to
model the behaviours of the steel tube. The actual stress-strain relationship obtained from

tensile coupon test was used which is shown in Fig. 7.

—5Steel Tube

600

500 ——‘-\
400 /
300 /
200 /

100

Stress (MPa)

0 0.05 0.1 0.15 0.2 0.25 0.3

Strain

Fig. 7: Stress-strain relationship for the steel tube

As for concrete filler, there are several material models in LS-DYNA that can be
used [24, 25] and among which, the K&C concrete model (also known as “MAT
CONCRETE DAMAGE REL3”) is most widely used for its ability to model the
behaviours of concrete members under complex loading conditions, including situations
involving active/passive confining stress and/or high strain rate effect, with efficiency and
accuracy [26-29]. The K&C concrete model is defined by a number of material parameters,
and users can either manually input the values obtained from actual material tests or
directly use the default values generated by the program itself. The mechanism behind this
constitutive model along with each material input has been thoroughly explained by [30],
thus are not further discussed herecafter. However, it should be mentioned that the K&C

model was primarily developed based on normal strength concrete, whereas the behaviours
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of UHPC are significantly different. Therefore, the default K&C concrete model, or any
other existing models for this matter, should not be directly applied to model the
behaviours of UHPC structures without modifications.

In order to extend the K&C model to accommodate the behaviour of the proposed
UHPC material, a number of laboratory tests were conducted for model calibration purpose,
the material properties require calibration were: f; which is the uniaxial tensile strength;
B,, which governs the compressive damage and softening behaviour; w;,, which governs
the fracture energy of each element; w, which governs the volume expansion; A and 1,
which governs the damage function and scale factor respectively. The key parameters for

UHPC material used in this paper are listed in Table 2 and Fig. 8.

Table 2: Key parameters for K&C concrete model

Model parameter Value
fe 170 MPa
fi 18 MPa*
Poisson’s ratio 0.19

B1 0.8

Wy, 6.00 mm
) 0.10

*note: f is the direct tensile strength, not the flexural tensile strength

— #~ Modified to fit UHPC  —#— Default to fit NSC

0.9 ih
0.8

\
0.7

—_ \
[}
& 06 \ Y
S 05 4*—-
g N
2 0.4 \
3 |\
3 03 \ LR
~
02 l N <
0.1 Y e
O ' v T T 1 - \_ === .
0.E+00 1.E-03 2.E03 3.E03 4.E-03 5.E-03

Value of damage function (Lambda)

Fig. 8: Aandn for UHPC and normal strength concrete

4.1.1  Uniaxial compression test

As depicted in Fig. 9 that a numerical model was developed to calibrate material

inputs such as B;, w;,, Aand n by using the laboratory results of the uniaxial test on 100
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mm X 100 mm x 100 mm UHPC specimens. Fig. 10 indicated that reasonable agreement
was achieved between the numerical and experimental stress-strain curves, demonstrating
the modified material model was able to simulate the ductile post-peak softening phase of

UHPC, which was very different from normal strength concrete.

Fig. 9: Test setup of uniaxial compression test

Experiment ===<Numerical
200
180

160 =T N,

IS
SN
S &
~do
-~
S\
\‘
fi
'
'
’
'
'/
y
'
'
'
1
]
]
'
]

Stress (MPa)
=
Q
o

1
)
Iy Mt
80 F
']

B @
o O
..—"-lu

(=]

o
-
N

IS

0 0.005 0.01 0015 002 0025 003 003 004

Strain

Fig. 10: Uniaxial compression test results

4.1.2  Four points bending test

Fig. 11 demonstrates the numerical model of the four points bending test which was
used to calibrate material inputs such as f; and wy,. It is evident from Figs. 12 and 13
that not only did the numerical model using modified K&C accurately predicted the
load-displacement curve, it also can correctly simulate the crack formation in the specimen.
In the current numerical model, the concrete element eroded when the maximum shear

strain reached 0.045.
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Fig. 11: Test setup for four points bending test
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Fig. 12: Four points bending test results

Fig. 13: Crack formation on UHPC specimen
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4.2 Model Validation
4.2.1 Static Test

Static test was carried out to study the behaviours of UHPC filled CFDST specimens
when subjected to quasi-static lateral load combined with constant axial load. As shown in
Fig. 14 that the test equipment consisted of two hydraulic jacks: the vertical hydraulic jack,
which was used to apply lateral load, was displacement-controlled and the horizontal
hydraulic jack, which was used to apply axial load, was force-controlled. The specimen
was simply supported near both ends by rollers and the axial load was applied by the

horizontal hydraulic jack to only one end of the specimen.

Z

.

N Ceiling — Vertical Hydraulic Jack

Horizontal Hydraulic Jack — Specimen
/

‘= Steel Rod

— Ground

Fig. 14: Three points bending test setup

Fig. 15 illustrates the meshing of the numerical model: the characteristic length of
each element ranged from 6.3 mm to 7.5 mm approximately. Mesh convergence study
suggested that by further refining the mesh, only minor improvement can be made,
however, with a great increase in the computation time.

Table 3 and Fig. 16 compare the numerical result to the experimental result of the
static test. It can be seen that the initial stiffness of the numerical curve was slightly larger

than that of the experimental curve which was similar to what was found in Fig. 10 and 12.
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Apart from that, the numerical model showed excellent agreement with the experimental

observations, yielding only 1.2% error in the maximum loads.

Fig. 15: Meshing of the numerical model

Table 3: Summary of three points bending tests

Outer di . I di . Tube Axial Exp. Peak LS-DYNA Peak
r dimension nner dimension
ute (mmi stons € (mnf) stons thickness Load Load Load Error
(mm) (kN) (kN) (kN)
210 100 5 1000 660 652 -1.2%
Experimental ===-Numerical
700
co0 ,”;""“=—==:tﬁ}“h_7
L4
”/ \
. 500 i
)
x ]
5 400 —/
@
1
T 300 4
i
5
200 i
100
0 T T T T T T T )

10 20 30 40 50 60 70
Lateral Displacement (mm)

80

Fig. 16: Force-displacement histories of three points bending tests

These aforementioned results evidently confirmed the practicability and fidelity of

numerically modelling UHPC filled CFDST specimens under static loads. Therefore, in the

following section, the behaviours of UHPC filled CFDST specimens under blast loads

were also numerically investigated in a similar manner.
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4.2.2  Blast Test

It is well known that under high strain rate impact, the strength of normal concrete
increases significantly, by more than 100% for concrete in compression and by more than
600% for concrete in tension and the dynamic increase factor (DIF) for normal strength
concrete can be calculated by the CEB Code [31, 32]. However, there is very little
knowledge on the strain rate behaviour of UHPC. Ngo et al. [33] developed DIF model for
UHPC with compressive strength up to 160 MPa, it was reported that the strain rate effect
on UHPC was significantly smaller than the CEB Code prediction [31, 32]. In the current
research, the dynamic properties of UHPC were studied through Split Hopkinson’s
Pressure Bar (SHPB) test and the results are depicted in Fig. 17 [34]. In comparison to the
normal strength concrete, the strain rate of UHPC did not have a significant effect until it
reached 200/s for tension and 50/s for compression. The DIF of UHPC at the same strain

rate was also much smaller compared to that of the normal strength concrete.

=—DIF for UHPC  ===-DIF for NSC (45.4 MPa)
10
.................. .
9 \
A}
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= \
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& '
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o \
g 4 1
k= [}
\
23 ' e msssss s ————
g’
1
0
-1000 -750 -500 -250 0 250 500 750 1000

Tension Compression
Strain Rate (1/s)

Fig. 17: DIF for UHPC & NSC

The strain rate effect on the steel tube was incorporated by the Cowper and Symonds

law which multiplies the yield stress by a factor given as:
1

E\P
DIF of steel =1+ (E) (D

where & = strain rate of steel ; C and P are two constants.
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In the current research, C = 6488 s~1 and P = 3.91 were used according to the
dynamic axial crushing test on square tubes carried out by [35].

It can be concluded from Table 4 and Fig. 18 that, the proposed numerical model not
only accurately predicted the maximum mid-span deflection, with or without axil load, the
predicted period of oscillation also corresponded with the experimental curve very well.
Although some insignificant discrepancies were seen in the residual deflection, the
difference was within the acceptable range, considering the complexity and uncertainty

associated with blast experiments.

Table 4: Summary of blast tests

. Mid-span Deflection
TNT Axial Standoff

Spe;cl:)men Equivalent Load Distance (mm) E
. rror
(Kg) (kN) (mm)  Measured LS-DYNA %)
()
S1B 50 0 1500 49 42.1 -14%
S3A 50 1000 1500 41 37.9 -7.5%

~—51B_Experimental ===-+51B_Numerical

25

Mid-span Deflection (mm)

Time (ms)

(a)

—53A Experimental ===<53A_Numerical

25

Mid-span Deflection (mm)

Time (mm)

(b)

Fig. 18: Displacement-time histories of blast tests
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5. Parametric Studies

A total of 33 numerical specimens were designed to investigate the effect of the
cross-sectional dimensions and material properties on the behaviours of CFDST columns.
Table 5 lists the characteristics of the specimens and Fig. 19 depicts the specimen setup in
the numerical model: both ends of the column used for parametric study were embedded in
concrete slabs and the outer faces of both slabs were restrained so that it can only move
along the axial direction. The nominal length of all the specimens used in the parametric
study was 3500 mm and the nominal yield strength of all steel tubes was 346 MPa.

The specimens were divided into six groups and each group represents one parameter.
The first group, namely AR, investigated the effect of axial load ratio under blast loads of
three different magnitudes. The second group, namely HR, consisted of five specimens
having inner diameter ranging from 0 mm to 120 mm and a unit outer diameter of 210 mm.
The next group, namely CS, focused the influence of concrete strength and the differences
between normal strength concrete and UHPC. Groups 4 and 5 examined the impact of
inner and outer tube thickness and as a result, all specimens under this category had
different inner/outer tube thickness ranging from 3 mm to 6 mm. The last group compared
the behaviours of CFDST specimens having different cross section geometries under the
same blast loads. Four cross-sectional combinations were chosen under this category,
including CHS (circular hollow section) inner + CHS outer, CHS inner + SHS (square

hollow section) outer, SHS outer + CHS inner and SHS outer + SHS inner.

5.1 The effect of axial load ratio

Structural columns are under constantly changing live load therefore it is of great
interest to see their behaviours under blast loading with different axial load ratios. Axial
load ratio is the ratio between the actual applied axial load and the axial load-carrying

capacity of the column. In the current research, three blast load levels were used in
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conjunction with four axial load ratios ranging from 0.016 up to 0.5. It is evident from Figs.
20 and 21 that, within a certain limit (e.g. less than 0.16 in this paper), the increase in axial
load ratio can result in a smaller deflection regardless of the magnitude of the blast loading.
However, if the axial load ratio continued increasing beyond the critical value, a noticeable
increase in the deflection or even structural instability can be seen with this effect being
more significant when the specimen was subjected to a larger charge weight. This is due to
the fact that with an increase in the applied axial load on columns, it resulted in an increase
in the moment capacity and the nominal shear strength. However, once this critical axial
load ratio was exceeded, the mid-span deflection increased greatly with increasing axial
load. When a column undergoes large deflection and plastic hinges formation occurs near
mid-span and fixed ends, axial loads will amplify the lateral deflection and internal
moment due to the P — A effect. A number of studies also reported similar findings on

other column tests [29, 36-38].

Slab

Explosi
Apostver CFDST specimen

s

Fig. 19: Test setup for parametric study
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Fig. 21: The maximum and residual deflections for different axial load ratios

5.2 The effect of hollow section ratio

w; . )
“—) were examined as shown in

In this section, five hollow section ratios (y = o
o0~ 4tso

Figs. 22 and 23. It was concluded that the enlargement of inner width did not demonstrate
a significant change in the behaviours of CFDST specimens until the hollow section ratio

reached 0.5. From this point onward, the deflection started to increase notably along with a
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shortening in the period of oscillation. The results also indicated that, CFDST specimens
can achieve equal blast resistance, however with much less self-weight, when compared to

CFST specimens (i.e. when y =0).

Table 5: Characteristics for specimens used for parametric study

- Dimensions ' - Axial Charge Concrete strength
Group Specimen Wo to Wi ti load ratio  weight (ke) fic f't
(mm) (mm) (mm) (mm) (MPa) (MPa)
AR1 210 5 100 5 0.016 80 170 18
AR2 210 5 100 5 0.162 80 170 18
AR3 210 5 100 5 0.325 80 170 18
AR4 210 5 100 5 0.487 80 170 18
ARS 210 5 100 5 0.016 120 170 18
1 ARG 210 5 100 5 0.162 120 170 18
(axial load ratio) AR7 210 5 100 5 0.325 120 170 18
ARS8 210 5 100 5 0.487 120 170 18
AR9 210 5 100 5 0.016 160 170 18
AR10 210 5 100 5 0.162 160 170 18
ARI11 210 5 100 5 0.325 160 170 18
ARI12 210 5 100 5 0.487 160 170 18
HR1 210 5 - - 0.325 120 170 18
2 HR2 210 5 40 5 0.325 120 170 18
(hollow section HR3 210 5 80 5 0.325 120 170 18
ratio) HR4 210 5 100 5 0.325 120 170 18
HRS 210 5 120 5 0.325 120 170 18
3 CS1 210 5 100 5 0.325 120 30 29
(concrete CS2 210 5 100 5 0.325 120 45 3.8
strength) CS3 210 5 100 5 0.325 120 60 4.6
Cs4 210 5 100 5 0.325 120 170 18
4 IT1 210 5 100 3 0.325 120 170 18
(inner tube T2 210 5 100 4 0.325 120 170 18
thickness) IT3 210 5 100 5 0.325 120 170 18
IT4 210 5 100 6 0.325 120 170 18
5 OT1 210 3 100 5 0.325 120 170 18
(outer tube OT2 210 4 100 5 0.325 120 170 18
thickness) OT3 210 5 100 5 0.325 120 170 18
OT4 210 6 100 5 0.325 120 170 18
6 CHS+CHS 210 5 100 5 0.325 120 170 18
(cross section CHS+SHS 210 5 100 5 0.325 120 170 18
geometry) SHS+CHS 210 5 100 5 0.325 120 170 18
SHS+SHS 210 5 100 5 0.325 120 170 18
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Fig. 23: The maximum and residual deflections for different hollow section ratios

5.3 The effect of concrete strength

Figs. 24 and 25 demonstrated the differences between CFDST specimens filled with
UHPC and those filled with normal strength concrete. It can be concluded that, when only
using normal strength concrete, the compressive strength of concrete did not have a
significant impact on the structural behaviour. However, when UHPC was introduced into
the comparison, a remarkable reduction in the residual deflection (up to 62.8%) was
achieved whereas the decrement of the maximum deflection was much smaller in
percentage (up to 12.8%). The reason for this is because: 1) the tensile strength of the

concrete filler was very small compared to that of the steel tubes, therefore the steel tubes,
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which were all of the same strength herein, provided a vital contribution in resisting the
flexural loads whilst the concrete filler mainly contributed to the axial load capacity. As a
result, there was little difference in the maximum deflection although UHPC was much
stronger in strength than the normal strength concrete. 2) As for residual deflection, it can
be seen in Fig. 26 that the CFDST specimen with normal strength concrete filler exhibited
clear signs of steel buckling near the end slabs whereas none was observed on the
specimen with UHPC filler. Therefore, the CFDST specimen with UHPC filler experienced

less plastic deformation than that with normal concrete filler.
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Fig. 24: Displacement-time histories for different concrete strengths
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Fig. 25: Maximum and residual deflections for different concrete strengths
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Se?

(a) Deformed shape of CFDST specimen with normal strength concrete filler

(b) Deformed shape of CFDST specimen with UHPC filler

Fig. 26: Failure mode of the CFDST specimens

5.4 The effect of inner & outer tube thickness

It can be seen in Figs. 27 and 28 that the increment in the thickness of the inner and
outer steel tubes benefited the flexural load capacity, therefore resulting in smaller
mid-span deflections. Both the maximum and residual mid-span deflections exhibited
linear relationships with steel tube thickness. Nevertheless, the increase in the outer steel
tube thickness resulted in a more significant reduction in the mid-span deflection than that

in the inner steel tube thickness.
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Fig. 27: Displacement-time histories for different steel tube thickness
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Fig. 28: Maximum and residual deflections for different steel tube thickness

5.5 The effect of cross-section geometry

In this section, four different cross-section combinations were examined. It is evident
from Figs. 29 and 30 that the behaviours of CFDST specimens under blast loading were
mainly dominated by the shape of the outer steel tube whereas the inner steel tube

geometry did not have a significant impact.
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29: Displacement-time histories for different cross section combinations
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Fig. 30: The maximum and residual deflections for different cross section combinations

6. Conclusions

This paper has presented an experimental as well as a numerical study on the
behaviours of concrete-filled double-skin steel tube columns under blast loading.

The experimental results indicated that the proposed CFDST columns can withstand
severe blast load without failure, whilst no signs of steel buckling or concrete crushing
were found on the test specimens after the tests. The increase in explosive charge weight
caused a larger mid-span deflection, with this effect being more noticeable on
axial-load-free specimens rather than axially-loaded specimens. The presence of an axial
compressive load, corresponding to 25% of the squash load, led to a slight reduction in the
maximum mid-span deflection in two comparative cases.

The numerical model of the proposed CFDST column was carefully calibrated by a
series of laboratory test and when validated against the blast tests, good agreement was
achieved. A number of parametric studies were then carried out numerically to further
investigate the behaviours of the CFDST column under blast loading. The following
conclusions can be drawn based on the results obtained from this paper:

1. Within a certain limit, the increase in the axial load ratio can slightly reduce the
mid-span deflection. However, if it increases beyond the limit, a significant increase in

the mid-span deflection or even structural instability can be caused.
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2. For hollow section ratio up to 0.5, there were no notable differences in the
behaviours of the CFDST specimens. Nevertheless, for hollow section ratio greater than
0.5, a significant increase in the deflection was observed along with a notable change in
the period of oscillation.

3. Compared to normal strength concrete filler, the use of UHPC filler in the CFDST
specimen remarkably reduced the residual deflection whereas the reduction in the
maximum deflection was much less in percentage.

4. The increment in the inner and outer steel tube thickness both resulted in smaller
mid-span deflections, however, with this effect being more noticeable on outer steel
tube than inner.

5. The behaviours of CFDST specimens under blast loading were mainly dominated
by the shape of the outer steel tube whereas the inner steel tube geometry did not have a

notable impact
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Chapter 3 — Numerical Derivation of Pressure-Impulse Diagrams
Introduction

The third chapter only contains one paper which is entitled “Numerical derivation of
pressure-impulse diagrams for square UHPCFDST columns”. It presents a numerical
approach, which is based on the proposed numerical model discussed in chapter 2, to
generate pressure-impulse diagrams for UHPCFDST columns with different dimensions.
Extensive parametric studies are undertaken by using the numerical model described in the
third paper. Based on the results, analytical formulae, as functions of column dimension
and material properties, are developed through regression analysis which can be easily and

quickly used to construct pressure-impulse diagrams for UHPCFDST columns.
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NUMERICAL DERIVATION OF PRESSURE-IMPULSE DIAGRAMS FOR
SQUARE UHPCFDST COLUMNS

Fangrui Zhang, Chengqing Wu, Xiao-Ling Zhao Zhong-Xian Li

ABSTRACT

Terrorist activities, especially bomb attacks, have become more and more frequent in
the past decades which put thousands of innocent lives in danger. The most common
failure mode of structures subjected to blast loading is progressive collapse which is
mainly resulted from the failure of load bearing columns. In this paper, finite element
analysis tool, LS-DYNA is utilized to study the behaviours of ultra-high performance
concrete filled double-skin steel tube (UHPCFDST) columns under blast loading. The
numerical model is firstly validated against a series of laboratory and field tests and then
used to derive pressure-impulse diagrams for UHPCFDST columns in terms of their
residual axial load-carrying capacity after being subjected to blast loading. Different
parameters are studied to investigate the effects of axial load ratio, steel tube thickness,
column dimension and concrete strength on the pressure-impulse diagrams.

Keywords: CFDST; UHPC; blast loading; pressure-impulse diagram.

1. Introduction

Concrete filled double skin tubular (CFDST) columns have the potential to be widely
used in the construction industry owing to properties such as high strength and excellent
ductility.

A large number of experimental studies have been carried out to investigate the
behaviours of CFDST columns under a variety of loading conditions, including: axial

compressive loading [1-3], cyclic lateral loading [4], tensile loading [5], pure torsion [6]
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and fire [7]. Their results indicate that CFDST columns are able to provide robust
performance under multi-hazardous environment.

Recently, the authors have carried out a series of laboratory and field blast tests on
ultra-high performance concrete filled double-skin steel tube (UHPCFDST) columns [8, 9].
In comparison to normal strength concrete, UHPC is known for its superior strength which
can reach up to 200 MPa in compression and 40 MPa in tension, resulting in a significantly
smaller cross-sectional area for the same axial load-carrying capacity. Due to the inclusion
of steel fibres, the formation of large cracks can be effectively delayed, leading to an
outstanding ductility and energy absorbing capacity so as to make it an ideal material for
blast resistant structural components. Recent blast experiments indicated that steel-fibre
reinforced UHPC slabs and columns are able to withstand severe blast loading without
catastrophic failure [10-13].

In this paper, the pressure-impulse diagram is introduced to develop a systematic
method of assessing structural damage in UHPCFDST columns after being subjected to
blast loading. A pressure-impulse (P-I) diagram represents a group of loading histories (e.g.
blast load) that cause the same level of damage to a structural component. It is widely used
as the basis to assess the damage in a structural component or even the blast-induced
human injury [14, 15].

Fig. 1 depicts a typical pressure-impulse diagram. In terms of loading types, a
Pressure-impulse diagram can be categorised into three zones: 1) the impulsive loading
zone where loads are large in magnitude but with very short duration; 2) the quasi-static
loading zone where loads are small in magnitude but with very long duration; 3) the
dynamic loading zone which lies in between the impulsive and quasi-static loading zone.
The impulsive zone and the quasi-static zone are differentiated by two vertical asymptotes,

namely, the pressure asymptote and the impulse asymptote. In addition, in terms of damage
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levels, a pressure-impulse diagram can be divided into two zones, namely the safe zone (i.e.

to the left and below the curve) and the damage zone (i.e. to the right and above the curve).

Impulse asvmptote

assaig
Ty

i} UTpeo] aATSINd

Dynamic
loading

Quasi-static loading

Pressure as_\'mptntc

L

Impulse
Fig. 1: A typical pressure-impulse diagram

There are a number of methods to obtain the Pressure-impulse diagram for a
particular structural component, both analytically and numerically. Fallah and Louca [16]
proposed a SDOF model based on a bi-linear resistance-deflection function which can be
used to derive Pressure-impulse diagrams. This method provides an easy means to assess
the structural damage under blast loading; however, it cannot incorporate strain rate effect
therefore is likely to underestimate damage under impulsive loading, and is incapable of
considering different failure modes — its damage criterion is either based on the maximum
column deflection or end rotation. Most analytical analysis are limited to simple structural
types and loading conditions, therefore numerical approaches are required when more
complex problems are involved.

This paper presents a numerical method to evaluate the damage caused by blast
loading in a UHPCFDST column. High-fidelity physics based finite element tool,
LS-DYNA, is utilized in the current study to numerically simulate the dynamic response of
UHPCFDST columns subjected to blast loads. LS-DYNA is widely adopted within the
engineering society as a more efficient and economical alternative to field experiments.

There are a large number of open literatures with regards to using LS-DYNA to study
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structural columns [17-23]. The results indicate that, with a properly calibrated model,
LS-DYNA is able to accurately predict the structural response of a column under blast

loading.

2. Numerical Modelling

In this paper, the commercial software package LS-DYNA was used to investigate
the behaviours of UHPCFDST columns under blast loading [24]. In the numerical model,
both steel tubes and concrete filler were modelled by hexahedral solid elements with single

point integration algorithm.

2.1 Concrete constitutive model

Various concrete constitutive models in LS-DYNA can be used to model concrete
structures under dynamic loading, including material type 72 (K&C concrete), material
type 84(Winfrith Concrete), material type 111 (JHC) and material type 159 (CSCM) [25,
26]. Among those different material models, the K&C model is most widely used
nowadays to investigate the dynamic behaviours of concrete structures under complex
loading conditions, including situations involving active/passive confining stress and/or
high strain rate impact [18, 27].

The K&C concrete model is a plasticity-based model which uses three shear failure
surfaces, includes damage and strain-rate effect. This model allows automatic generation of
material properties based on a single user-input which is the unconfined compressive
strength of concrete. The mechanism behind this constitutive model along with the material
inputs have been introduced by Crawford [27], thus are not discussed in great detail herein.
It should be mentioned that the K&C model, or any other concrete material models in
LS-DYNA for this matter, was primarily developed based on test results of normal strength

concrete only. Therefore any attempts to extend the use of its default material properties to
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UHPC should be dealt with great caution since the significant differences in the structural
behaviours of normal strength concrete and UHPC cannot be accounted for just by
changing the maximum compressive or tensile strength.

It is well known that under high strain rate impact, the concrete strength can be
enhanced significantly and the dynamic increase factor (DIF) for normal strength concrete
under both compression and tension can be calculated by CEB Code [28, 29]. However,
this formula is only applicable for concrete strength up to 60 MPa thus is not suitable for
UHPC. Ngo et al. [30] studied the DIF for UHPC with compressive strength up to 160
MPa, it was reported that the strain rate effect on UHPC was notably smaller than CEB
Code predictions. In this paper, the dynamic properties of UHPC were derived through
Hopkinson’s pressure bar test and the results are depicted in Fig. 2 [31]. It is evident that in
comparison to normal strength concrete [28], the strain rate effect on UHPC is not

noticeable until the strain rate reached 200/s for tension and 50/s for compression.
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Fig. 2: DIF for UHPC & normal strength concrete

In the current research, the authors firstly used the automatically-generated default
material properties as a basis and then calibrated & validated the material model by a
number of test results. These key material parameters include: f;, which is the uniaxial
tensile strength; B1, which governs the compressive damage and softening behaviour; B2

and w;,, which govern the fracture energy of each element; w, which governs the volume
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expansion; A and 1, which govern the damage function and scale factor respectively. Table

1 and Fig. 3 summarise the key material inputs.

Table 1: Key parameters for K&C concrete model

Model parameter Value
fe 170 MPa
fe 18 MPa
Poisson’s ratio 0.19
B1 0.8
B2 1.35
wy, 6.00 mm
w 0.10
= = Modified to fit UHPC Default to fit NSC
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Fig. 3: Aandn for UHPC and normal strength concrete

2.2 Steel constitutive model

Material model 24, namely PIECEWISE LINEAR PLASTICITY model, was used to
represent the steel tubes in this paper. The wuser can either assume an
elastic-perfectly-plastic stress-strain relationship or, if available, use the actual non-linear
stress-strain relationship. For validation purpose, the average stress-strain relationship
obtained from tensile coupon tests was directly used as material input as shown in Fig. 4.
The average yield strength was 346 MPa with an elongation of 22%.

The strain rate effect in this material model was incorporated by the Cowper and

Symonds law which multiplies the yield stress by a factor given as:

ol =

DIF of steel =1+ (%) (D
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where & = strain rate of steel ; C and P are two constants.
In this paper, C = 6488 s~! and P = 3.91 were used according to the dynamic axial

crushing test on square tubes carried out by Jones [32].
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Fig. 4: Stress-strain relationship for the steel tube

2.3 Meshing and boundaries

The UHPCFDST specimen studied herein is shown in Fig. 5. It can be seen from Fig.
5(a) that both ends of the UHPCFDST specimen were fully embedded in concrete slabs
and the outer face of both end slabs were restrained against x and z directions so that it can
only move along the axial direction. The meshing and element division are shown in Fig.
5(b). The average characteristic size of the concrete element was 7 mm and the mesh size
convergence study shows that further refinement of the numerical model has little effect on

the results but significantly increases the computational burden.
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Fig. 5: Model setup and mesh size

2.4 Application of blast loading

In this paper, the validation of the proposed numerical model against the field blast

was also assumed to be plane wave, therefore the blast load was uniformly distributed on
circumstances where the explosive is placed in close vicinity of the target structure, this
assumption could overestimate the blast load and as a result, i.e., overestimate the column

tests was done by using the CONWEP model in LS-DYNA [33]. As for the parametric
studies to obtain the pressure-impulse diagram, the idealised triangular-shape pressure-time
history was used to simulate the blast loading in the analysis. In addition, the blast wave
the front face of the UHPCFDST specimen. It should be mentioned that, under

damage.

f the numerical model

0n o

5 Validati

2

Five tests, including three laboratory tests and two field blast tests, were used to

demonstrate the ability of the proposed numerical model to accurately predict the

behaviour of UHPCFDST structures. The test setups and results of all tests have been

discussed in the authors’ previous works, therefore only the validation results are given
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hereafter [8, 9]. Fig. 6 shows the validation of the uniaxial compressive test on 100 mm x
100 mm x 100 mm UHPC specimens; Fig. 7 shows the validation of the four point bending
test on 100 mm x 100 mm x 400 mm UHPC specimens; Fig. 8 shows the validation of the
three point bending test on 2500 mm long square UHPCFDST specimen; Fig. 9 shows the
validation results of the blast tests of two square UHPCFDST subjected to 50 kg TNT
equivalence at 1.5 meters. The validation results are in good agreement with the test results
which shows the ability and fidelity of the proposed numerical model to accurately predict

the behaviours of UHPCFDST columns under different loading conditions.
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Fig. 6: Validation of the uniaxial compression test on the UHPC specimen
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Fig. 9: Validation of the blast tests on the UHPCFDST specimen

3. Numerical Derivation of Pressure-Impulse Diagram

A pressure-impulse diagram can be numerically generated by having a set of data
points that represent the same level of structural damage, however resulted from different
pressure and impulse combinations. Although the numerical method can accurately
describe the dynamic behaviour of a structure, it is very computationally expensive since it
normally requires multiple trials to get one satisfactory point. In this paper, the standard
procedure of generating a pressure-impulse diagram is shown in Fig. 10: 1) choose one
pressure and impulse value as the starting point; 2) keep the pressure constant and
gradually modify the impulse (by increasing/decreasing the loading duration) until the
structural damage has reached the pre-determined level; 3) reduce the pressure and

re-adjust the impulse value until the structural damage has also reached the damage level
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defined in step 2; 4) repeat step 1 — 3 for the rest of the data points until a smooth curve
can be drawn.

F 3

2INSEAI]

oo &0 0 Unsuccessful iteration
: ® Successful trial

.
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Impulse

Fig. 10: The method to generate a pressure-impulse diagram

3.1 Damage criterion

There are a number of criteria that are commonly used to quantify the damage
accumulated in a column. In the current research, the damage in a UHPCFDST column
caused by the blast loading is quantified by the residual axial load-carrying capacity: the
more residual axial load-carrying capacity, the less accumulated blast damage and vice
versa. Shi [20] firstly introduced this method to evaluate the damage on RC columns, the
advantage of this criterion includes: it can be used to evaluate damage accumulated in
structural columns from different damage modes; it is straightforward to tell whether a
column is severely damaged or not; it is easily obtainable either through numerical
simulations or field tests. The damage index D is defined as:

D=1- Presidual (2)
Pdesign

where Pregiguar and Pgegign are the axial load-carrying capacity of the damaged and
undamaged UHPCFDST columns, respectively. Both values can be obtained numerically
by gradually applying axial load to a damaged/undamaged UHPCFDST specimen until

collapse.
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In the current study, the column is considered failed once its axial load-carrying
capacity is halved, in other words when D = 0.5, after the explosion. It should be noted
that the definition of column failure varies from person to person and case to case. The
authors adopted D = 0.5 specifically for UHPCFDST columns in this paper based on
their engineering judgment and experience which may not be valid for other column types.
However, this method should be applicable for assessing most structural columns although

the definition of the damage degree at failure varies from column to column.

3.2 Numerical derivation of damage index D

In the numerical simulation, the UHPCFDST column was mainly subjected to two
loads, namely the axial load and the transverse blast load. The undamaged axial
load-carrying capacity Pgesign  Was derived  straightforwardly by applying a
displacement-controlled axial loading until the column fails. However, the residual axial
load-carrying capacity, on the other hand, was much more complicated.

The method of obtaining damage index D consists of 4 phases of loading as shown in
Fig. 11: 1) The first phase is the pre-loading phase, an axial load, which is roughly 30% of
the column axial load-carrying capacity, is applied to the UHPCFDST column to simulate
the live load and the self-weight present in the column prior to the explosion. It should be
mentioned that the axial load in this phase was applied by using the implicit solver in
LS-DYNA to avoid oscillation in the way of wave propagation [27]. This is the ideal
method for applying quasi-static load since the stress equilibrium is achieved at the end of
every time step. If the explicit solver is used, even if a very long ramping time is set, the
sudden introduction of axial load is still highly-likely to cause localised damage near
where the axial load is applied; 2) during the second phase, the axial load applied during
the first phase is kept constant. The computational algorithm is switched from implicit to

explicit right before the blast load is applied in order to allow for the dynamic analysis; 3)
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the third phase starts when the free vibration of the column almost stops. The
computational algorithm is switched from explicit back to implicit and during which, the
velocities of all nodes are set to zero. The axial load applied throughout phase 1 and 2 is
slowly unloaded during this phase and the column is kept load-free afterwards; 4) the
evaluation of the residual axial load-carrying capacity Ppesigua: 18 carried out in the final
phase by gradually applying a displacement-controlled axial loading until failure. Pjesiquar

and Pgesign can be then used to determine the damage index D of the column.
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Fig. 11: Loading schematic (not to scale)

4. Parametric Studies and Results

Systematic parametric studies are carried out by using the proposed numerical model
to investigate the effect of different parameters on the pressure-impulse diagram of
UHPCFDST columns. Analytical formulae for constructing pressure-impulse diagrams for
UHPCFDST columns of different configurations are also derived from the results of the
parametric study. In total, eight parameters are investigated, namely cross-sectional area,
column height, axial load ratio, hollow section ratio, inner and outer tube steel ratio,
compressive strength of the concrete and yield strength of the steel tube. Table 2 lists the
range of each parameter that is investigated in this paper. For easy analysis purpose, a

control column is introduced; all specimens have the same dimensions as the control
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specimen during the parametric study unless otherwise specified. The control column is
3500 mm in height, 200 mm in cross section side length with its axial load ratio being 0.3,
hollow section ratio being 0.25, inner tube steel ratio being 0.070, outer tube steel ratio

being 0.128, compressive strength of the concrete filler being 170 MPa and steel yield

strength being 350 MPa.
Table 2: Parameters used in the parametric studies
Side length Height Axial load Hollow Inner tube Outer tube Concrete Steel Strength
(mm) (mm) ratio section ratio steel ratio steel ratio strength (MPa) (MPa)
2007 2500 0.1 0.04 0.041 0.080 140 280
250 3500° 0.2 0.16 0.056 0.105 170 350
300 4500 0.3" 0.25° 0.070° 0.128" 200 420
400 5500 0.4 0.36 0.085 0.151 / 525

Note: the superscript * indicates this particular value is used for the control specimen during the parametric study.

4.1 Side length, b

To investigate the effect of cross section side length, the pressure-impulse diagrams

of 4 CFDST columns with different cross section side lengths, i.e. 200, 250, 300 and 400

mm, are generated using the numerical method introduced in the previous section. For easy

comparison, Table 3 lists the pressure and impulse asymptotes of each pressure-impulse

diagram and Fig. 12 shows all the numerical points that are used to derive each

pressure-impulse diagram along with the fitted curve. It can be seen that both the pressure

and impulse asymptotes are increased significantly with the increase in side length. This is

because a larger cross section results in a larger cross-section modulus which increases the

flexural and shear resistance of the column.

Table 3: Effect of cross section side length on pressure and impulse asymptotes when D=0.5

Side Po(numerical) Po(Eq. 5) Error Iy(numerical) Iy(Eq. 6) Error
(mm) (MPa) (MPa) (MPa-ms) (MPa-ms)

200 1.40 1.37 -2.0% 10.80 10.67 -1.2%
250 2.20 2.35 7.0% 14.30 14.31 0.0%
300 3.60 3.66 1.7% 19.00 18.16 -4.4%
400 7.40 7.35 -0.6% 26.00 26.40 1.5%
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Fig. 12: Numerically derived pressure and impulse data points for different side length
4.2 Column height, H

Four different column heights are studied to investigate the effect on the

pressure-impulse diagrams. The numerically derived pressure and impulse asymptotes are

summarised in Table 4 and all data points used to derive the pressure-impulse diagrams are

depicted in Fig. 13. In general, with all other parameters being constant, the maximum

bending moment acting on a longer column is larger than that on a shorter column under

the same uniformly distributed load. Therefore, it is evident that a higher CFDST column

would result in smaller pressure and impulse asymptotes, with this effect being more

notable on pressure asymptote than impulse asymptote

Table 4: Effect of column height on pressure and impulse asymptotes when D=0.5

Height Py(numerical) Py(Eq. 5) Error To(numerical) Iy(Eq. 6) Error
(mm) (MPa) (MPa) (MPa-ms) (MPa-ms)

2500 3.50 3.49 -0.4% 13.60 14.41 5.9%
3500 1.40 1.37 -2.0% 10.80 10.67 -1.2%
4500 0.70 0.68 -3.0% 8.25 8.55 3.6%
5500 0.40 0.38 -4.0% 6.50 7.18 10.5%
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Fig. 13: Numerically derived pressure and impulse data points for different column height

4.3 Axial load ratio, pgyia
The axial load ratio, pgyiq, 1S defined as the applied axial load over the design axial

. . Papplied
load-carrying capacity of the column, pgyiq; = ——
design

. In this paper, four different axial

load ratios ranging from 0.1 to 0.4 are investigated. From Table 5 and Fig. 14, one can see
that the values for the pressure and impulse asymptotes peak at pgyiq; = 0.2 then
gradually decreases as the axial load ratio further increases. This is because when an axial
load is applied to a column, it induces two effects: one is the compressive membrane effect
which reduces the column deflection and the other one is the P-A effect which amplifies
the column deflection. In general, when the axial load ratio is small, the compressive
membrane effect is more dominant and vice versa [34]. Therefore, for CFDST columns
studied in the current research, when paxial is less than 0.2, the compressive membrane

effect is more dominant than the P-A effect; however, once p,yiq; goes beyond 0.2, the
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P-A effect starts to have a larger impact, the pressure and impulse asymptotes therefore

become smaller.

Table 5: Effect of axial load ratio on pressure and impulse asymptotes when D=0.5

i Py(numerical Py(Eq. 5 Iy(numerical Io(Eq. 6
Paxial o ) o(Eq. 5) Error of ) o(Eq. 6) Error
(MPa) (MPa) (MPa-ms) (MPa-ms)
0.1 1.50 1.51 0.5% 10.60 10.65 0.5%
0.2 1.50 1.48 -1.5% 11.00 10.84 -1.5%
0.3 1.40 1.37 -2.0% 10.80 10.67 -1.2%
0.4 1.20 1.19 -0.6% 10.20 10.15 -0.5%
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Fig. 14: Numerically derived pressure and impulse data points for different axial load ratio

4.4 Hollow section ratio, Pponow

) ) ) b;
The hollow section ratio, phoow, iS defined as ——=——

, where byyter and
outer—2touter

binner are the outer and inner side length, respectively and ¢, ¢ 1S the thickness of the
outer steel tube. In this paper, four hollow section area ratios, which are obtained by
changing the inner side length while keeping the rest parameters constant, are discussed as
shown in Table 6 and Fig. 15. It is evident that the pressure asymptote Pyis not sensitive

with the area of the hollow section. However, the impulse asymptote Iy is stable until
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Protiow Teaches 0.36 which indicates there is a change in the dynamic behaviour of the
CFDST column. By examining the failure mode of the numerical model at different
Photlow Values, it can be seen from Fig. 16 that when pye0n 1S less than 0.36, flexural
failure is the main failure model whereas signs of both shear and flexural failure are
observed when ppo0w 1S greater than 0.36. It is well known that for the same structural

component, the impulse asymptote is normally smaller for shear failure than flexural

failure [35, 36].

Table 6: Effect of hollow section ratio on pressure and impulse asymptotes when D=0.5

Po(numerical Py(Eq. 5 Iy(numerical Io(Eq. 6
Pholiow ol ) o(Eq. 5) Error o ) o(Eq. 6) Error
(MPa) (MPa) (MPa-ms) (MPa-ms)
0.04 1.20 1.20 0.3% 10.60 10.57 -0.2%
0.16 1.30 1.31 1.1% 10.90 10.99 0.9%
0.25 1.40 1.37 -2.0% 10.80 10.67 -1.2%
0.36 1.40 1.40 0.3% 9.50 9.53 0.3%
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Fig. 15: Numerically derived pressure and impulse data points for different hollow section ratio
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Fig. 16: Failure modes for different hollow section ratios

4.5 Inner tube steel ratio, p; ner

over that of the concrete filler, pipner =

Prottow = 0.36

The inner tube steel ratio is defined as the cross-section area of the inner steel tube

Aconcrete

A. .
“innersteel The numerical results from Table 7 and

Fig. 17 suggest that increasing the inner steel tube thickness alone does not exhibit a

significant improvement on the pressure nor impulse asymptotes. This is because, first of

all, the inner steel tube is not directly in contact with the blast load; also, the inner steel

tube is the innermost part of the UHPCFDST column, the compressive/tensile stress

distributed on which is therefore the smallest.

Table 7: Effect of inner tube steel ratio on pressure and impulse asymptotes when D=0.5

Pinner Py(numerical) Po(Eq. 5) Ip(numerical) Iy(Eq. 6)
Error Error
(MPa) (MPa) (MPa-ms) (MPa-ms)
0.041 1.30 1.29 -0.5% 10.10 10.03 -0.7%
0.055 1.36 1.33 -2.0% 10.40 10.34 -0.5%
0.070 1.40 1.37 -2.0% 10.80 10.67 -1.2%
0.085 1.45 1.41 -2.7% 11.20 11.00 -1.8%
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Fig. 17: Numerically derived pressure and impulse data points for different inner steel ratio
4.6 Outer tube steel ratio, pyyter

Similar to the inner tube, the outer tube steel ratio is defined as pyyter =

Aouter steel

Aconcrete

One can see from Table 8 and Fig. 18 that, unlike the inner tube, the outer tube is in direct

contact with the blast load; therefore it has a more noticeable impact on the pressure and

impulse asymptotes, especially on the impulse asymptote. This indicates that increasing the

outer tube steel ratio improves the flexural and shear resistance of a UHPCFDST column.

Table 8: Effect of outer tube steel ratio on pressure and impulse asymptotes when D=0.5

Pouter Py(numerical) Py(Eq. 5) Iy(numerical) Iy(Eq. 6)
Error Error
(MPa) (MPa) (MPa-ms) (MPa-ms)
0.080 1.10 1.09 -1.2% 8.30 8.26 -0.5%
0.105 1.20 1.23 2.7% 9.60 9.49 -1.1%
0.128 1.40 1.37 -2.0% 10.80 10.67 -1.2%
0.151 1.50 1.51 0.3% 12.00 11.80 -1.7%
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Fig. 18: Numerically derived pressure and impulse data points for different outer steel ratios

4.7 Concrete compressive strength, f.

CFDST columns with concrete strength of 140 MPa, 170 MPa and 200 MPa are

considered. The numerical results are presented in Table 9 and Fig. 19. It is clear that

increasing the concrete strength does not greatly increase the pressure or impulse

asymptotes. This is owing to the fact that the concrete filler in a UHPCFDST column

mainly contributes to the axial load-carrying capacity whereas its effect on the flexural or

shear capacity is very limited. Similar results were also reported in other literatures [37,

38].
Table 9: Effect of concrete strength on pressure and impulse asymptotes when D=0.5
fe Py(numerical) Py(Eq. 5) Error Iy(numerical) Iy(Eq. 6) Error
(MPa) (MPa) ° (MPa-ms) (MPa-ms) °
140 1.30 1.27 -2.2% 10.40 10.40 0.3%
170 1.40 1.37 -2.0% 10.80 10.67 -1.2%
200 1.50 1.47 -1.9% 11.00 11.00 0.3%
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Fig. 19: Numerically derived pressure and impulse data points for different concrete strengths

4.8 Steel yield strength, f,

In contrast to the concrete strength, the steel yield strength plays a more notable role

in the pressure-impulse diagram of a UHPCFDST column as shown in Fig. 20. As

expected, higher steel yield strength enhances both the flexural and shear resistance of a

UHPCFDST column, therefore resulting in larger pressure and impulse asymptotes.

Table 10: Effect of steel yield strength on pressure and impulse asymptotes when D=0.5

fy Py(numerical) Py(Eq. 5) Error Iy(numerical) Io(Eq. 6) Error
(MPa) (MPa) (MPa-ms) (MPa-ms)

280 1.20 1.21 0.4% 10.20 9.96 -2.4%

350 1.40 1.37 -2.0% 10.80 10.67 -1.2%

420 1.50 1.54 2.5% 11.50 11.38 -1.0%

525 1.80 1.79 -0.7% 12.50 12.45 -0.4%
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Fig. 20: Numerically derived pressure and impulse data points for different steel strengths

5. Normalisation of Pressure-Impulse Diagram

To normalise the pressure-impulse diagram of UHPCFDST columns, the simple
hyperbolic function recommended by Oswald and Sherkut [39] are used. This method were
adopted by [20] for RC columns and [21] for FRP strengthened RC columns, good results

were achieved in both cases. The general form of this function can be written as:
(P =PI~ Ig) = AL+ ©
Where P, and [, are the pressure and impulse asymptotes of the UHPCFDST
column, respectively; Coefficient A and £ determines the shape of the hyperbola which
can be obtained by fitting the numerically derived pressure-impulse points. Based on the
numerical results of this paper, when A and f equate to 2.2 and 0.8 respectively, the

constructed curve can fit through most data points. Therefore, equation (3) can be

expressed as:

(P~ P)(I ~ o) = 22(2 4208 )
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By using equation (4), a pressure-impulse diagram can be easily constructed if the
pressure and asymptotes of a UHPCFDST column is given. The analytical formulae to
predict the pressure and impulse asymptotes of a UHPCFDST column when the damage
index D=0.5 can be derived by using the non-linear regression analysis in MATLAB. The
pressure asymptote P, and impulse asymptote [, are derived as functions of square side
length b, column height H, axial load ratio pgy;q;, hollow section ratio ppz0w, iNNEr tube
steel ratio Pipner, outer tube steel ratio p,yier, concrete compressive strength f, steel

yield strength f,,. The functions are:

Py= 1.364 ( )2'429 +1 388( . )-2'75 -0.333 (pa’“al) +0.240 (pam]) -0.105 (ph"“"w)z
0= 200 3500 0.30 0.30 0.25
+0.330 (2o 40,188 (Br) 10,763 (22r) 40,567 (170) +0.831 (3 L) -3.863 (5)

o= 10.972 (200)1'283 10,113 (5= 3; ) M Lso1 (gfgig‘)z +2.143 (222 2112 (p‘(;"ggw)z
+2.561 (22tev) 11 564 (B2r) 16,456 (B 1,700 (170) +3.562 (3 L) -24.700 (6)

As listed in Tables 3-10, the error between the P, derived numerically and the P,
predicted by equation (5) is 2% on average and 7% maximum; the error between the I,
derived numerically and the I, predicted by equation (6) is also 2% on average but with
the maximum error being 10.5%.

For easy comparison, the pressure-impulse curves constructed by using equation (4)
are plotted in Figs. 12-15 and 17-20 alongside the numerically calculated data points. It is
evident that the majority of the numerically derived data points closely follow the fitted

curve calculated by the proposed analytical formulae developed in this paper.

6. Conclusion

This paper presents a numerical method of investigating UHPCFDST columns under
blast loading. The numerical model is calibrated and validated against a series of blast tests
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carried out by the authors previously and reasonably good agreement was achieved
between the experimental and the numerical results.

To quantify the damage accumulated in the UHPCFDST column during blast loading,
a damage criterion involving the residual axial load-carrying capacity is used and based on
which, pressure-impulse diagrams are derived numerically. Parametric studies are also
carried out to investigate the influence of key parameters such as cross-section dimension,
column height, axial load ratio, hollow section ratio, inner and outer tube steel ratio,
compressive strength of concrete and yield strength of steel tube. The cross-section
dimension and column height have the most significant influence on both pressure and
impulse asymptotes of the pressure-impulse diagram; the values for the pressure and
impulse asymptotes peak at axial load ratio=0.2 and then gradually decreases as it further
increases; The hollow section ratio does not exhibit notable impact until it reaches the
critical level (i.e. 0.36); the increase in inner and outer tube steel ratios both slightly
enhances the pressure and impulse asymptotes with this effect being more noticeable for
outer tube; the increase in concrete and steel strength also both limitedly increases the
pressure and impulse asymptotes.

Analytical formulae, as functions of column dimension and material properties, are
developed which can be used to construct the pressure-impulse diagrams of UHPCFDST
columns. The pressure—impulse curves calculated from the proposed analytical formulae

are in good agreement with those derived from numerical simulations.
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Chapter 4 — Concluding Remarks and Recommendation for Future Work
Conclusion

This thesis mainly presented two approaches, namely experimental investigation and
numerical analysis, to investigate the dynamic behaviours of concrete-filled tubular
columns under blast loading.

For the experimental program, a close-range blast experiment was firstly carried out
to investigate the behaviours of ten UHPCFDST specimens with both square and circular
cross-sections when subjected to blast loading. Some of the test specimens were then taken
back to the laboratory for the residual axial load-carrying capacity test.

As for the numerical analysis, numerical models were developed for normal-strength
concrete filled CFST and CFDST columns as well as for ultra-high performance concrete
filled CFDST columns. These numerical models were validated against the test data from
the previously mentioned blast experiment and showed reasonable agreement. In addition,
the proposed numerical models were then used to conduct a series of parametric studies to
determine the influence of column dimensions to its blast-resistance. Finally, based on the
results from the parametric studies, analytical formulae to construct pressure-impulse
diagrams for UHPCFDST columns were also derived which can be used to quickly assess
the survivability of a UHPCFDST column under a given blast load.

The major findings and contributions arise from this research are shown below:

1. UHPCFDST columns demonstrate the ability to withstand close-range blast
loading without showing signs of catastrophic failure. After the blast tests, there
was no obvious sign of spalling damage on the concrete filler after the blast tests
and only minor flexural cracks of no more than 0.5 mm width can be seen on the
tensile zone. The steel tubes also showed no sign of local buckling, thus suggesting
UHPCFDST columns were able to remain overall of global flexural response under
blast loading as opposed to localised failure which can be often observed on

conventional reinforced concrete structures or steel structures.
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UHPCFDST columns are able to retain a large portion of its original axial-load
carrying capacity even after being subjected to severe blast loading (i.e. more than
60% in the current research), making them ideal for structures that are high-value
targets for terrorists. During the residual axial-load carrying capacity tests,
localised buckling failure of the outer steel tubes at mid-span and/or column ends
always occurred for square CFDST whereas for circular CFDST, localised
buckling failure occurred when the damage level was low and steel rupture
happened when the damage level was high. The failure modes were similar to those

of CFST members subjected to damage caused by large deformation cyclic loading.

Intensive numerical simulations have been carried out through the finite element
tool LS-DYNA to investigate the behaviours of UHPCFDST columns under both
static and blast loading conditions. The numerical models were firstly calibrated by
using a number of laboratory tests and were then validated against a number of
tests including the previously mentioned blast tests. In general, good agreement
was achieved between the numerical and experimental results — on average, 1%
error when validated against the peak lateral load during the three point bending

test and 10% error when validated against the peak deflection during the blast test.

Based on the proposed numerical models, comprehensive parametric studies have
been conducted to study the influence of column dimensions to the blast-resistance.
It can be concluded that 1) the increase in explosive charge weight causes a larger
mid-span deflection with this effect being more noticeable on axial-load-free
columns rather than axially-loaded columns; 2) within a certain limit, the increase
in the axial load ratio slightly reduces the mid-span deflection. However, if it
increases beyond the critical limit, a significant increase in the mid-span deflection
or even structural instability can be caused due to the P-A effect; 3) if the area of

the hollow section in a UHPCFDST column accounts for less than 25% of the total
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cross-sectional area, there are no notable differences in the behaviours of the
UHPCFDST columns. Otherwise, a significant increase in the deflection can be
observed along with a notable change in the period of oscillation; 4) the increment
in inner and outer steel tube thickness both result in smaller mid-span deflections,
however, with this effect being more noticeable on outer steel tube than inner; 5)
the behaviours of UHPCFDST columns under blast loading are mainly dominated
by the shape of outer steel tube whereas the inner steel tube geometry does not

have a significant impact

5. Analytical formulae, as functions of column dimension and material properties, are
proposed which can be used to quickly construct the pressure-impulse diagrams of
UHPCFDST columns. The pressure-impulse diagrams calculated from the proposed
analytical formulae are in good agreement with those derived from the numerical

simulations with the average error being 2% only.

Recommendations for future work

On top of the current research, further improvement can be made in the future
study in the following aspects:

1. Due to time and budget, only a very limited number of parameters are possible to
be investigated during the blast experiment. Since the experimental results suggest
both square and circular UHPCFDST columns are affected by those parameters in a
similar manner, it is therefore recommended that the future study should focus on

one cross-section geometry only which allows more parameters to be investigated.

2. In the current research, the explosive is only placed right above the centre of each

specimen; however, in situations such as car bombing or suicide bombing, the
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explosive is normally detonated near the lower end of a column, therefore the

future research could study the effect of explosive location.

The LS-DYNA material model used for UHPC in this thesis is obtained by tuning
the parameters of a concrete constitutive model that is developed specifically for
normal-strength concrete. Although validated against a number of laboratory and
blast tests, the model’s applicability beyond these validation limits cannot be

guaranteed and thus require further investigation.

In order to numerically generate pressure-impulse diagram, the failure criterion
must be defined. In the current research, a UHPCFDST column is considered failed
once its axial load-carrying capacity is halved. It should be noted that the definition
of column failure is application specific; therefore the standard adopted herein may
not be suitable for other studies. It is recommended that the future study could
adopt different damage criteria (e.g. support rotation) and then compare the
differences.

To construct P-I diagrams, two main assumptions were made: 1) all the applied
pressure-time histories were simplified to triangular shape with the peak pressure
and impulse kept the same as the original shape; 2) the blast load was assumed to
be uniformly distributed along the length of the specimen. The potential issue of
having these two assumptions is that when the given blast loading lies within the
impulsive loading regime, the peak pressure is usually very large with an extremely
short duration. This type of impulsive loading is often resulted from an explosive
being detonated at a very close distance, therefore the loading would rapidly decay
along the span and in such circumstance and localised damage is usually the
governing failure mechanism which conflicts with the aforementioned assumption
(2). Improvement can be done in the future by incorporating localised failure into

the current model. However, the author believes that this will be extremely time
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consuming as the spatial variation of loading needs to be included, thus many more

iterations will be required to obtain a P-I diagram.
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