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Abstract. The aim of this paper is to assess the degree of accuracy in modelling the dynamic
behaviour of reinforced concrete beams with and without discontinuities. Finite element mod-
els of three damaged and undamaged reinforced concrete beams were developed in Abaqus
combining solid and beam elements and experimentally validated using experimental modal
analysis. For the undamaged beams the agreement between the lowest 24 eigenfrequencies
from the models and the measurements were within =3 %. For the damaged beams, the
agreement was within 4 % above the lowest axial mode, whereas the errors were up to 10 %
below the lowest axial mode. The validated finite element models will be used for further stud-
ies on the dynamic behaviour of collapsed reinforced concrete buildings.
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1 INTRODUCTION

Every few years an earthquake of high magnitude occurs around the globe leading in col-
lapsed structures with people trapped inside them. When victims are trapped inside a col-
lapsed building, the challenge is to detect and locate survivors within a period of time that
will allow them to be rescued. The majority of documented live rescues are accomplished
within the first 5 to 6 days [1]. However, important variables affect the survivability including
the structure type and void space formation, the cause of the structural collapse, the survival
location in the building and the speed and sophistication of available search and rescue capa-
bilities [2].

Airborne sound from survivors tends to be highly attenuated by layers of rubble and re-
quires the existence of air paths for propagation to the surface. For this reason there is greater
potential to detect physical movement or signals by measuring vibration due to structure —
borne sound (i.e. seismic research method). In a seismic search, a small number of seismic
sensors are moved over a regular grid so that the operators can be certain they have searched
the entire site. The placement and positioning of these sensors is critical for the successful de-
tection of the survivors. However, grid spacing and sensor placement are often decided simply
by checking whether it is possible to detect transients generated by the operators in an adja-
cent grid area on the surface in places where the structure is safe to walk [3]. This can be mis-
leading because horizontal propagation of vibration across the surface of a collapsed structure
is only vaguely indicative of propagation into the depths of a collapsed structure.

This research forms part of a PhD project which is funded by the EPSRC and concerns an
approach to search for human survivors using structure-borne sound propagation in collapsed
and fragmented structures through the development, validation and use of theoretical models.
The aim in this paper is to assess the degree of accuracy in modelling the dynamic behaviour
of damaged and undamaged one-dimensional reinforced concrete building elements. Experi-
mental modal analysis is carried out on three reinforced concrete beams with and without dis-
continuities and the results are used for the validation of finite element models.

2 METHODS

2.1  Test specimens

The experimental samples consist of three reinforced concrete beams (C25/30, S500) with
the same dimensions (2.4 m length, 0.2 m width and 0.3 m depth). The beams are reinforced
with four longitudinal steel bars of 16 mm diameter and transverse reinforcement consisting
of 8 mm diameter stirrups placed at 200 mm centres along the beams (see Figure 1). Three
beams were measured: Beam 1 - an undamaged beam, Beam 2 - a beam with a 100 mm dis-
continuity in one position and Beam 3 - a beam with two 100 mm discontinuities in two posi-
tions. Figure 1 shows the structural details of the three reinforced concrete beams.

The discontinuities on beams 2 and 3 were formed by using a diamond saw to cut out the
concrete. This also introduced cuts into some of the longitudinal steel bars which randomly
reduced their cross-sectional area by 15 to 60%. These cuts into the steel bars are located at
the beginning and end of each discontinuity zone (see Figure 2) and increased the uncertainty
in the Abaqus models.

Table 1 gives the weight of each reinforced concrete beam that was measured using a crane
scale.
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Beam Weight [Kg]
1 352.0
2 330.8
3 322.6

Table 1. Beam weights.
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Figure 1. Structural details of the reinforced concrete beams.
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Figure 2. Example of the reduction in the cross-section of a steel bar caused by a diamond saw cut
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2.2 Experimental work

Experimental modal analysis was carried out on the three reinforced concrete beams in or-
der to identify their dynamic characteristics (i.e. eigenfrequencies and modeshapes). The
beams were suspended using polyester slings from an overhead crane in order to approximate
a beam with free — free boundary conditions as the sling was assumed to have negligible ef-
fect on the dynamic response (Figure 3).

Figure 3 Test setup showing the test equipment and the polyester slings that approximate the free-free boundary
condition for Beam 3

The beams were excited using a Bruel & Kjaer Type 8200 impact hammer and the response
on beams 1, 2 and 3 was measured using three, six and nine Briel & Kjar Type 4371 accel-
erometers respectively. The transducers were connected to a Briel & Kjer Type 3050-A-060
FFT analyser via a Type 2692 Nexus Conditioning Amplifier. The commercial software Briel
& Kjer Pulse Reflex was used for signal processing and the modal analysis. The accelerome-
ters remained at fixed positions whilst the impact hammer was moved along a mesh of excita-
tion points with spacing of 0.15m or 0.2m along the length and 0.1m in the other two
directions. It is noted that only the concrete parts of the beams were excited. The total number
of excited degrees of freedom was 206, 244 and 282 for beams 1, 2 and 3 respectively.

2.3  Finite element modelling

Finite element models of the three reinforced concrete beams were developed in Abaqus [4]
and eigenfrequency analysis was carried out to define their dynamic characteristics (eigenfre-
quencies and modeshapes).

The solid element C3D20R (20 nodes) and the beam element B32 (3 nodes) were selected
from the element library of Abaqus to model the concrete and the steel bars respectively. Both
elements were selected to have interpolation functions of the same order (quadratic) to avoid
accuracy issues [5]. This technique of combining three—dimensional (solid) with one dimen-
sional (truss or beam) elements for modelling reinforced concrete members is well-established
in the finite element analysis literature [6, 7]. A finite element mesh with dimensions of 25
mm in the longitudinal and 20 mm in the other two directions resulted in 27 elements per
wavelength for the concrete and 8 elements per wavelength for the steel bars, at 3200 Hz.
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This mesh density fulfils the requirement for at least 6 quadratic elements per wavelength in
structural and vibroacoustic problems [8].

For the models of Beams 2 and 3 the discontinuities were formed by removing the appro-
priate number of solid and beam elements in each discontinuity zone (Figure 4). This ap-
proach was an efficient way of creating discontinuities in different positions of the beams
without re-meshing.

Beam 1

Beam 2

Beam 3

Figure 4. Finite element modeling of the reinforced concrete beams using solid and beam elements.

In order to investigate the influence of the steel cuts in the dynamic behavior of beams 2
and 3, local sectional area reduction zones of 2 mm length were modelled in Abaqus where
generalized sections were used to approximate the profile properties.

Table 2 shows the physical and mechanical properties of the materials used in the models.
The material properties of the steel and Poisson’s ratio of the concrete were taken from the
literature [9, 10]. The density of the concrete for each beam was defined by dividing the
weight of the beams by their volume after extracting the weight of the steel reinforcement.

The Young’s modulus of the concrete, Ec was estimated after model updating against the
experimental results. Numerical trials with different Young’s modulus, Ec were carried out for
beam 1 up to the stage where the first numerical eigenmode had 0% difference against the
first experimental eigenmode in terms of eigenfrequencies. The estimated value of the
Young’s modulus is relatively high but it is inside the range that is proposed in the literature
for C25/30 concrete [11].

Young's | poiccon’s
Material | Density, p [Kg/m®] | modulus, ratio. v
E [N/m?] ’

Beam 1 | 2328.7
Concrete | Beam 2 | 2277.8 | 36875E06 0.2
Beam 3 | 2320.8
Steel 7800 200E09 0.3

Table 2. Material properties.
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3 RESULTS

In this section the mode pairs are characterized according to their mode shape as being ei-
ther bending (B), torsional (T) or axial (A) modes. Table 3 compares the results of the finite
element analysis against the experimental results for Beam 1 in terms of eigenfrequencies.

Mode | Mode Experlarnzln t:ilsmodal FEM Difference
type pair [H)z/] [HZz] [%]
B 1 138.19 138.19 0.00
B 2 209.57 205.59 1.90
B 3 366.30 365.72 0.16
T 4 447.96 446.14 0.41
B 5 529.20 521.30 1.49
B 6 684.87 680.10 0.70
A 7 861.64 838.87 2.64
T 8 896.33 892.54 0.42
B 9 944.14 927.07 1.81
B 10 1069.14 1057.70 1.07
T 11 1343.43 1339.40 0.30
B 12 1408.26 1382.50 1.83
B 13 1499.09 1480.10 1.27
A 14 1721.10 1675.70 2.64
T 15 1799.68 1787.00 0.70
B 16 1902.95 1864.40 2.03
B 17 1961.47 1933.30 1.44
T 18 2253.04 2235.30 0.79
B 19 2410.26 2358.00 2.17
B 20 2451.17 2407.00 1.80
A 21 2577.19 2507.70 2.70
T 22 2709.78 2684.40 0.94
B 23 2920.24 2853.10 2.30
B 24 2948.11 2893.70 1.85

Table 3. Comparison between experimental modal analysis and FEM in terms of eigenfrequencies — Type Al
beam. (B, T and A correspond to bending, torsional and axial modes respectively).

Figure 5 and Figure 6 show the percentage difference between experimental and FEM ei-
genfrequencies for the 26 and 28 mode pairs of beams 2 and 3 respectively.
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Figure 5. Percentage difference between FEM and experimental eigenfrequencies for beam 2 (B, T and A corre-
spond to bending, torsional and axial modes respectively). Modes are ordered from the lowest to the highest ei-
genfrequency from left to right.
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Figure 6. Percentage difference between FEM and experimental eigenfrequencies for beam 3 (B, T and A corre-
spond to bending, torsional and axial modes respectively). Modes are ordered from the lowest to the highest ei-
genfrequency from left to right.
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Figure 7. Comparison between experimental and FEM eigenfrequencies for beams 1, 2 and 3.

4  ANALYSIS AND DISCUSSION

In general, close agreement was achieved between FEM and experimental eigenfrequen-
cies for all three reinforced concrete beams as indicated in Figure 7. Therefore the number of
discontinuities did not significantly affect the accuracy of the finite element models in terms
of their eigenfrequencies.

For beam 1, close agreement was achieved between FEM and experimental results (see
Table 3). All the mode pairs in the frequency range from 1 to 3200 Hz had differences less
than 3 % in terms of eigenfrequencies.

For beam 2, all the 21 mode pairs above the first axial mode (450.9 Hz) and mode pair 2,
showed close agreement between FEM and the experimental results with differences in the
eigenfrequencies of less than 4.0 % (see Figure 5). Higher differences occurred with mode
pairs 1, 3, 4 and 5 with differences between 6 and 10 %.

For beam 3, close agreement was achieved between FEM and experimental results for all
the mode pairs in the frequency range from 1 to 3200 Hz with differences less than 5 % (see
Figure 6). Apart from mode pairs 1 and 4 the other pairs all showed differences below 3 %.

The effect of including the diamond saw cuts to the reinforcement bars in the FEM model
of beams 2 and 3 was negligible above the first axial mode. Figure 5 and Figure 6 show that
in the models with the discontinuities, the steel cuts mainly affect the modes before the first
axial mode. Modelling the steel cuts improved the agreement between FEM and experimental
results for beam 2 while it is not clear that including the steel cuts had a significant effect for
beam 3.
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5 CONCLUSIONS

Experimental work has quantified the material properties and the dynamic behavior of
three reinforced concrete beams with and without discontinuities. These represent undamaged
and damaged beams as might occur in a building after an earthquake.

Finite element models have been successfully validated against experimental modal analy-
sis for these three beams. It was shown that the number of discontinuities did not significantly
affect the accuracy of the predicted eigenfrequencies. For the undamaged beams the agree-
ment between the lowest 24 eigenfrequencies from the models and the measurements were
within =3 %. For the damaged beams, the agreement was within 4 % above the lowest axial
mode, whereas the errors were up to 10 % below the lowest axial mode.

An efficient and accurate method of creating discontinuities was experimentally validated.
This will inform later stages of the work where numerical experiments will be carried out to
assess the influence that various patterns of discontinuities have in the dynamic behavior of
one dimensional reinforced concrete members. This will allow Monte Carlo simulations to
incorporate aspects of uncertainty that would exist in real fragmented buildings.
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