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Wave propagation in a concrete filled steel tubular column
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Abstract. This study aims to present a three dimensional finite element model to investigate the wave
propagation in a concrete filled steel tubular column (CFSC) due to transient impact load. Both the concrete
and steel are regarded as linear elastic material. The impact load is simulated by a semi sinusoidal impulse.
Besides the CFSC models, a concrete column (CC) model is established for comparing under the same
loading condition. The propagation characteristics of the transient waves in CFSC are analyzed in detail. The
results show that at the intial stage of the wave propagation, the velocity waves in CFSC are almost the same
as those in CC before they arrive at the steel tube. When the waves reach the column side, the velocity
responses of CFSC are different from those of CC and the difference is more and more obvious as the waves
travel down along the column shaft. The travel distance of the wave front in CFSC is farther than that in CC
at the same time. For different wave speeds in steel and concrete material, the wave front in CFSC presents
an arch shape, the apex of which locates at the center of the column. Differently, the wave front in CC
presents a plane surface. Three dimensional effects on top of CFSC are obvious, therefore, the peak value
and arrival time of incident wave crests have great difference at different locations in the radial direction.
High-frequency waves on the waveforms are observed. The time difference between incident and reflected
wave peaks decreases significantly with 7/R when 7/R < 0.6, however, it almost keeps constant when #/R >
0.6. The time duration between incident and reflected waves calculated by 3D FEM is approximately equal
to that calculated by 1D wave theory when #/R is about 2/3.

Keywords: wave propagation; concrete filled steel tubular column; transient impact load; finite
element method; three dimensional effects

1. Introduction

Concrete filled steel tubular columns (CFSC) are used extensively in the construction, offshore,
mining and security industries (Bambach er al. 2008). They have several benefits such as high
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load-bearing capacity, inherent ductility and toughness, etc. (Bambach ez al. 2008, Na and Kundu
2002, Chung et al. 2013). Therefore, they are efficient members in structural applications
including bridges, tall buildings and piled foundations (Wheeler and Bridge 2004).

CFSC may be subjected to many kinds of loads, i.e., the static and dynamic loads. Because
CFSC is made of steel and concrete, the mechanical behavior of these structures is different from
the steel tube (ST) and concrete column (CC), which have attracted the attentions of many
researchers in engineering. The mechanical behaviors of CFSC under static loading were
experimentally and numerically studied by Jai Woo Park and Sung Mo Choi (2013), Chen and
Zhang (2012), Alifujiang Xiamuxi and Akira Hasegawa (2012), O'Shea and Bridge (2000). The
structural behaviors of CFSC subjected to flexural loading were also investigated by experimental
and analytical methods (Chung et al. 2013, Wheeler and Bridge 2006).

Many researches on mechanical behaviors of CFSC under cyclic and dynamic loading were
also reported in literatures (Usami et al. 1997, Gajalakshmi and Helena 2012, Susantha et al.
2002). The seismic performance of reinforced concrete-filled steel tube (RCFST) pile bridge bents
were studied, the strain limit states were proposed and the expressions to relate the strain limits
with section curvatures were developed (Montejo et al. 2012). The influences of the filled-in
concrete on the strength, ductility and energy absorption capacity of the column under a constant
compressive axial load and cyclic lateral loads were studied by experimental method (Ge and
Usami 1996). In addition, the dynamic behavior of CFSC under impact loading were researched
by numerical, experimental and analytical methods (Shan et al. 2007, Huo 2009, Bambach et al.
2008).

For a steel tube filled with concrete, the construction quality of the concrete is of great
importance. Non-destructive methods (i.e., pulse-echo methods) are extensively adopted to detect
the integrity of concrete structures. Pulse-echo methods (i.e., radar, impact-echo and ultrasonic
impulse-echo) were applied for testing concrete speciments with metal ducts (Krause et al. 1997).
The interface inspection of concrete-filled steel pipes was checked by guided wave techniques (Na
and Kundu 2002). The drivability of filled FRP tubes and prestressed concrete piles with the same
cross-sectional area and concrete strength was analyzed by using Program Microwave (Mirmiran
et al. 2002). The three dimensional effects of large-diameter concrete piles in low strain testing
werestudied by finite element method (Chow et al. 2003) and analytical method (Ding et al. 2011a,
b and c). Ye et al. (2005) researched the effect of pile length on velocity responses of concrete
filled steel pile (CFSP) and proposed a method to calculate the pile length in low strain integrity
testing.

As far as the authors are aware, however, wave propagations in CFSC under transient point
load are still unknown. The purpose of this paper is to reveal the wave propagation characteristics
in CFST for integrity testing by non-destructive methods (i.e., pulse-echo methods). Therefore, a
three dimensional finite element model of CFST subjected to transient impact load is established
to investigate the wave propagation characteristics.

2. Computational model and parameters

The finite element package ABAQUS is used to simulate the wave propagation in CFSC due to
transient impact load. The computational model of CFSC is shown as Fig. 1, where R is the radius
of the CFSC and d is the wall thickness of the steel tube.

An impact load applies at the center of the column top. The impact load is simulated by a semi
sinusoidal impulse, which can be expressed by the following equation



Wave propagation in a concrete filled steel tubular column due to transient impact load 893

Impact load

Steel
Concrete

T

z

Fig. 1 Computational model of CFSC
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Table 1 The parameters of the CFSC

Material E,, E. (GPa) Py, pe (kg/m®) Ve Ve
Steel 210 7850 0.3
Concrete 30 2500 0.2
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(a) CFSC (b)CC
Fig. 3 Top view of the FEM meshes

(a) CFSC (b) CC

Fig. 4 3D FEM meshes

where py and T} are peak value and duration time of the impulse force, respectively. In this study
po=1KkN and T, = 1 ms. The impact load time history is shown as Fig. 2.

Both the concrete and steel are regarded as linear elastic material. The interface between steel
and concrete is contact perfectly. The parameters adopted in this paper are shown in Table 1,
where E; and E. are the elastic modulus of the steel and concrete, respectively; p, and p. are the
density of the steel and concrete, respectively; v, and v, are Poisson’s ratio of the steel and concrete,
respectively.

The concrete and steel mediums are discretized into three-dimensional finite elements with
eight nodes .The FEM meshes of CFSC are shown in Figs. 3(a) and 4(a). To analyze the
propagation characteristics of the transient waves, CC and steel column (SC) models are also
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Table 2 The calculation cases

Case Model R (m) d (m) E. (GPa) T, (ms) d/R
1 CFSC 0.75 0.075 30 1 0.10
2 CFSC 0.50 0.05 30 1 0.10
3 CFSC 0.25 0.025 30 1 0.10
4 CFSC 0.25 0.025 21 1 0.10
5 CFSC 0.25 0.025 15 1 0.10
6 CC 0.25 0 30 1 0.00
7 CFSC 0.25 0.005 30 1 0.02
8 CFSC 0.25 0.0625 30 | 0.25
9 CFSC 0.25 0.125 30 1 0.50
10 CFSC 0.25 0.1875 30 1 0.75
11 SC 0.25 0.25 30 1 1.00
0.05
0.00
-0.05
Z 010
g
2z -0.15
E
2 -0.20
025 | Analytical solution(Ding, et al.,2011)
— © - - FEM(in this study)
-0.30 r
-0.35
0 1 2 3 4 5 6 7 8 9 10
Time(ms)

Fig. 5 Comparison of velocity responses calculated by analytical solution with FEM at » = 0.60R (Case 6)

established for comparing under the same loading in this study. The calculation cases are shown in
Table 2. The column lengths of all cases are 10 m.
3. Verification of the numerical model

Ding et al. (2011c) derived an analytical solution of 3D wave equation for a larger-daimeter
pile subjected to a transient point loading. The FEM model of Case 6 is a concrete pile model, thus
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the numerical results of Case 6 in this study are compared with the results calculated by the
analytical solution proposed by Ding et al. (2011c), as shown in Fig. 5. The comparison results
indicate that the arrival time and peak value of the incident and reflected waves in this study match
well with those of Ding ef al. (2011c).

4. Propagation characteristics of the transient waves

When the transient point load applies at the center of the column top, the generated stress
waves propagate not only in the axial direction but also in the radial direction. As a result, the
velocity responses vary with r and z simultaneously during the wave propagation.

Fig. 6 shows snapshots of velocity waves in CFSC of Cases 1 to 3 with different radius at ¢ = 1
ms. Because d/R is the same for these cases, the steel ratios (i.e., the ratio of area of steel section to
area of gross section) are the same, namely the average wave speed are the same. As a result, the
travel distances of the wave fronts for these columns with different radius are almost the same. Fig.
6 reveals that all the wave fronts are in the depth of about 3.9 m.

For different wave speeds in steel and concrete, the wave front in steel tube is different from
that in concrete. The wave fronts marked in Fig. 6 are locally enlarged and represent in Fig. 7. Fig.
7 shows that the velocity waves in steel propagate faster than those in concrete, as a result, the
wave fronts in CFSC present an arch shape, the apex of which locates at the center of the column.
The larger the radius, the higher the arch height.

Fig. 8 shows the snapshots of the velocity waves in CFSC and CC. At the intial stage of the
wave propagation, the velocity waves propagate in the concrete from the center to the side of

. L]
Wavefront Wavefront
(R=0.25m) (R=0.50m)
i R
‘B I——— 1
(a) R=10.25 m (Case 3) (b) R=0.50 m (Case 2) (¢) R=0.75m (Case 1)

Fig. 6 Snapshots of velocity waves in CFSC at 1 =1 ms
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the column, as a result, the snapshots of velocity waves of CFST and CC are almost the same
before the waves arrive at the steel tube (as shown in Fig. 8(a)). When the waves reach the column
side, the velocity waves of CFST are different from those of CC and the difference is more and
more obvious as the waves travel down along the column shaft due to different wave speeds in
concrete and steel (as shown in Figs. 8(b) and 8(c)). The wave speed in steel is faster than that in
concrete, therefore, the travel distance of wave front in CFSC is farther than that in CC(as shown
in Figs. 8(d) and 8(e)). As a result, when the wave front in CFSC arrives at the column tip (z = 10
m), that in CC is still at the depth of about 8.6 m at 2.5 ms (as shown in Fig. §(f)).

The wave front in CFSC presents a curved surface, therefore, the waves in steel tube reach the
column tip much earlier than those in concrete near column center. Differently, the wave front in
CC is a plane surface, therefore, the waves near the side and center of the column arrive at the
column tip almost at the same time.

As shown in Figs. 8(g) and 8(h), the waves propagate downward along column shaft and then
reflect back at the column tip, afterward they propagate upward from the tip to top of the column.
The wave front of the reflected waves in CFSC reaches the top of the column at about 4.8 ms, but
that in CC is about 5.6 ms.

_/\

(a) R=0.25 m (Case 3)

' N

(b) R=0.50 m (Case 2)

(c)R=0.75m (Case 1)

Fig. 7 The wavefronts of velocity waves in CFSC at =1 ms
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Fig. 8 Snapshots of velocity waves in CFSC and CC (Case 1)
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5. Three dimensional effects of the velocity waves on the columntop
5.1 The velocity responses on the column top

The velocity responses at different locations on the top of CFSC of Case 2 are shown in Fig. 9.
The results reveal that three dimensional effects are obvious on the top of CFSC, as a result, the
peak value and arrival time of incident wave crests have great difference at different locations in
the radial direction. Shorter distance to the column center results in larger peak value and earlier
arrival time of incident waves. The reflected waves from the tip of CFSC are also different at
different locations. The arrival time of the reflected wave crest at the point on the steel wall (i.e.,
r/R = 1.0) are earlier than the point far from the steel wall (i.e., 7/R = 0.25) because the wave speed
in steel is faster than that in concrete. However, the peak values of the reflected waves at different
locations are almost the same.

The results in Fig. 9 also show that the velocity response curves are not smooth between the
incident and reflected waves. There are high-frequency waves on the waveforms. The peaks and
phases of the high-frequency waves are not the same at different locations. The peak values of
high-frequency waves corresponding to #/R = 0.50 and 0.75 are smaller than those corresponding
to #/R = 0.25 and 1.00. The high-frequency waves corresponding to /R = 0.25 and 0.50 have
opposite phases as those corresponding to /R = 0.75 and 1.00. Therefore, the high-frequency
waves near the center and the side of CFSC have the largest phase difference and peak value.

At the same location, the velocity responses of CFSC and CC are different. The results in
Figs.10 and 11 show that the peak value of the incident wave of CFSC is the same as that of CC at
the point close to column center (i.e., » = 0.25R), however, they are different at the point close to
column side (i.e., » = 0.75R). The peak value of incident wave of CFSC is smaller than that of CC
at the location » = 0.75R. This is because the velocity response at the point near the side of CFSC
is affected by the reflected waves from the wall of steel tube, which results in the weakening of
incident waves. The comparison also reveals that the arrival times of incident waves are almost the

0.2

—1/R=0.25 1/R=0.50

0.1 —1/R=0.75 ——1/R=1.00

0.0

Velocity (mm/s)

High-frequency wave

Incident wave

Time (ms)

Fig. 9 Velocity responses at different locations on the top of CFSC
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same at different points. However, the peak time of reflected wave from the tip of CFSC is earlier
than that of CC because of the difference of wave speeds in steel and concrete. The peak value of
reflected wave from the tip of CFSC is smaller than that of CC since the density of steel is larger
than that of concrete, which causes smaller dynamic response.

5.2 Time difference between incident and reflected wave peaks

Fig. 12 shows effects of d/R on time difference between incident and reflected wave peaks. The
time differences between incident and reflected waves at different locations on the top of CFSC

Velocity (mm/s)

0 1 2 3 4 5 6 7 8

Time (ms)

Fig. 10 Comparison of velocity responses of CFSC with CC at » = 0.25R

0.1

Velocity (mm/s)

0 1 2 3 4 5 6 7 8

Time (ms)

Fig. 11 Comparison of velocity responses of CFSC with CC at » =0.75R
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Fig. 12 Effects of d/R on time difference between incident and reflected wave peaks

are not the same. The results in Fig. 12 indicate that the time difference At is decreased with #/R.
The time differences for these cases with different steel thickness have similar characteristics. The
time difference varies significantly when /R < 0.6, however, it is almost unchanged when »/R >
0.6.

Fig. 13 shows variation of time difference between incident and reflected wave peaks with d/R.
The results reveal that a larger d/R results in a smaller Az. The time differences decrease quickly
with d/R when d/R is relatively small, however, they decrease slowly when d/R is relatively large
and keep constant when d/R > 0.8.

Fig. 13 also presents the results calculated by 1D wave theory for reference. Based on 1D wave
theory, the column is simplified as an one dimensional pole and the wave speed can be expressed
as average speed of steel and concrete composite material as shown in Eq. (2).

c. 2\/m5E5 +(1-m,)E, @

mgpg + (1 _ms)pc

where my is the ratio of area of steel section to area of gross section; it can be calculated by

m =[2—iji.
RJR

The results in Fig. 13 indicate that the time difference versus d/R calculated by 1D wave theory
is close to the value calculated by 3D FEM when 7/R is between 0.6 and 0.7. Therefore, when the
accelerometer is placed between 0.6R and 0.7 R (about 2/3 R) in pulse-echo testing, the received
velocity response will be close to the results predicted by 1D wave theory.

Fig. 14 shows effects of E. on time difference between incident and reflected wave peaks. The
wave speed decreases with the decrease of elastic modulus of the concrete as shown in Eq. (1),
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Fig. 13 Variation of time difference between incident and reflected wave peaks with d/R
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Fig. 14 Effects of E. on time difference between incident and reflected wave peaks

therefore, the smaller elastic modulus results in larger time difference between incident and
reflected wave peaks.

Fig. 15 shows the variation of time difference between incident and reflected wave peaks with
R. The arrival time of the incident wave depends on the wave propagation distance. The larger the
radius, the longer the distance from the center to the side of the column, therefore, the time
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Fig. 15 Variation of time difference between incident and reflected wave peaks with R

difference is increased with R almost linearly.
5.3 Peak ratio of the incident and reflected waves

Fig. 16 shows effects of E. on peak ratio of the incident and reflected waves, where v; and v, are
peak values of incident and reflected waves, respectively. The peak value of the incident wave
near the column center is the largest, therefore, the peak ratio of the incident and reflected waves is
the largest at the location near column center (i.e., #/R = 0). The peak ratio decreases with /R
quickly when #/R is small, however, it almost keeps constant when 7/R is large enough. The larger
elastic modulus of the concrete causes smaller peak ratio when /R is less than 0.6, however, the
peak ratios corresponding to different £. are almost the same when /R > 0.6.

—o— Ec=30GPa
—8— Ec=21GPa
—a— Ec=15GPa

Vi/ Ve

00 01 02 03 04 05 06 07 08 09 1.0
/R

Fig. 16 Effects of E. on peak ratio of the incident and reflected waves
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Fig. 17 Effects of R on peak ratio of the incident and reflected waves
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Fig. 18 Effects of d/R on peak ratio of the incident and reflected waves

The peak ratio of the incident and reflected waves is also influenced by radius R (as shown in
Fig. 17). A larger radius results in a larger peak ratio. The peak ratios corresponding to R = 0.25 m,
0.5 m and 0.75 m when /R = 0 are 2.4, 8.5 and 13.0, respectively. The differences among peak
ratios with different R decrease quickly as the increase of 7#/R when it is less than 0.6 and then keep
constant when it is greater than 0.6.

Fig. 18 shows effects of d/R on peak ratio of the incident and reflected waves. The peak ratios
are affected by thickness of steel tube. The larger the thickness of steel tube (d/R), the larger the
peak ratio of the incident and reflected waves. When 7/R = 0 (at the column center), the peak ratios
corresponding to d/R = 0.5, 0.25, 0.1 and 0 are 4.7, 3.3, 2.2 and 1.3, respectively. For the case of
CC (d/R = 0), the peak ratio decreases with 7/R obviously when #/R < 0.4, however, it almost
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remains the same when 7/R > 0.4. For the case of CFSC (d/R > 0), the peak ratios of the cases with
different wall thickness of steel tube have little difference when »/R > 0.6.

The numerical results in Figs. 16 to 18 also reveal that the peak ratios of the incident and
reflected waves are equal to 0.5 when 7/R is large enough (i.e., #/R > 0.6), namely the peak value
of reflected wave is double of the incident wave. Based on 1D wave theory for an elastic pole
without any damping, the peak value of reflected wave from the column tip is double of the
incident wave. Therefore, the peak ratio in this study shows good consistence with the results of
1D wave theory at the locations when » > 0.6R.

6. Conclusions

The wave propagation in CFSC due to transient impact load is studied by FEM. The
propagation characteristics of the transient waves are analyzed in detail. The conclusions can be
obtained as follows:

* The travel distance of the wave front in CFSC is farther than that in CC at the same time.
For the different wave speed in steel and concrete, the wave front in CFSC presents an arch
shape, the apex of which locates at the center of the column. The larger the radius, the
higher the arch height. Differently, the wave front in CC presents a plane surface.

* Three dimensional effects and high-frequency waves are significant on the velocity response
waveforms. The peak value and arrival time of the incident wave crests have great
difference at different locations in the radial direction. Shorter distance to the column center
results in larger peak value and earlier arrival time of incident waves. The high-frequency
waves at the center and the side of CFSC have the largest phase difference and peak value.

* The time difference between incident and reflected wave peaks decreases with 7/R
significantly when #/R < 0.6, however, it almost keeps constant when 7/R > 0.6. The time
duration between incident and reflected waves calculated by 3D FEM is approximately
equal to that calculated by 1D wave theory when 7/R is about 2/3R.

* The peak ratio of the incident and reflected waves is the largest at the location near the
column center. The peak ratio decreases with #/R quickly when /R is small, however, it
almost keeps constant when 7/R is large enough. The smaller concrete modulus, larger pile
radius and steel tube thickness result in larger peak ratios when /R is less than 0.6, however,
the peak ratios are close to 0.5 when 7/R is greater than 0.6.
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