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Abstract: Earthquakes have the highest rate of mortality among the natural disasters and regularly
lead to collapsed structures with people trapped inside them. When a reinforced concrete building
collapses due to an earthquake, many of the concrete elements (i.e., beams and columns) are damaged
and there are large sections where the concrete is missing and the steel reinforcement is exposed
(i.e., concrete discontinuities). The prediction of vibration transmission in collapsed and severely
damaged reinforced-concrete buildings could help decisions when trying to detect trapped survivors;
hence there is need for experimentally validated finite element models of damaged concrete elements.
This paper investigates the dynamic behaviour of damaged reinforced concrete beams using Experimen-
tal Modal Analysis (EMA) and Finite Element Methods (FEM). FEM models are assessed using two
beams with one or more concrete discontinuities that form dowel-type joints. These models used either
beam or spring elements for the exposed steel bars and were experimentally validated against EMA in
terms of eigenfrequencies and mode shapes. Improved agreement was achieved when using springs
instead of beam elements in the FEM model. The comparison of mode shapes used the Partial Modal
Vector Ratio (PMVR) as a supplement to the Modal Assurance Criterion (MAC) to confirm that spring
elements provide a more accurate representation of the response on all concrete parts of the beams.

Keywords: reinforced concrete; finite element modelling; dowel-type joints

1. Introduction

Earthquakes have the highest rate of mortality among the natural disasters [1] and
most of the casualties occur in collapsed buildings [2] where concrete elements are severely
damaged and there are large sections where the concrete is missing and the steel reinforce-
ment is exposed (e.g., see [3-5]). It is common for conscious, trapped human survivors to
knock or hit the nearest part of the collapsed structure to try and inform the rescuers that
they are still alive. It is critical to locate survivors within a short period of time (i.e., 72 h)
to increase their chance of survival [6]. Some rescue teams have limited experience in
distinguishing human induced vibrations from other sources of vibration to assess when
other search and rescue activities (e.g., digging) should stop in order to listen for signs
of life [7,8]. The ability to predict vibration transmission in collapsed and severely dam-
aged reinforced-concrete buildings could aid decision making when searching for trapped
survivors. Previous work by Filippoupolitis and Hopkins [9] investigated the potential
to predict vibration transmission across unbonded contacts between concrete beams in
collapsed buildings. This used experimentally validated finite element models of beams
junctions at frequencies up to a few kilohertz. However, for junctions of beams with and
without concrete discontinuities it was found that the use of beam elements for modelling
the steel reinforcement was less effective where the reinforcement was exposed and the
steel bars were behaving as dowels.
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This paper investigates two different approaches using Finite Element Methods (FEM)
to model the dynamic behaviour of beams with concrete discontinuities. These models are
validated with new experimental data on a concrete beam with two discontinuities along with
previous data [9] from a beam with one discontinuity. Although finite element models of these
‘dowel-type’ joints have been investigated in other areas of engineering in terms of statics,
failure and cracks (e.g., see [10-13]), there does not appear to have been similar published
work providing experimentally validated models for their dynamic response. In addition, the
experimental validation includes larger numbers of bending and torsional modes than are
commonly used to validate FEM for damage detection (e.g., see [14,15]) because the upper
frequency of interest to use vibration to detect survivors within a collapsed building will
potentially need to consider many more modes at frequencies up to a few kilohertz.

FEM modelling of reinforced concrete beams usually combines solid elements for the
concrete and truss elements (e.g., see [16-19]) or beam elements [17] for the reinforcement.
Truss elements have one degree of freedom per node and can support axial deformation
but not bending wave motion [20]. For this reason, they are not appropriate for modelling
the steel reinforcement in the damaged sections of a beam. Beam elements can model
bending wave motion and therefore they could be adopted for modelling the exposed steel
reinforcement. A ‘smeared approach’ to the modelling of reinforced concrete [18] considers
the steel reinforcement by using solid elements with equivalent properties calculated as
weighted averages of the properties of reinforcement and concrete. For this reason, it is not
appropriate for modelling beams with discontinuities where the exposed reinforcement
bars can act as dowels [10,11]. The action of a dowel bar can be simplified in FEM by using
springs. For example, Chung et al. [12] investigated dowel joints with floating slabs used
for railway tracks with springs to model the action of a dowel bar between adjacent slabs.

This paper focuses on the validation of FEM models for bending and torsional motion
of reinforced concrete beams where there are discontinuities in the concrete with dowel-type
joints due to the steel reinforcement. An improved model is developed using linear elastic
springs for the exposed reinforcement bars for comparison with previous models using
beam elements. Both models are compared against Experimental Modal Analysis (EMA) in
terms of eigenfrequencies and mode shapes. The latter requires use of the Partial Modal
Vector Ratio (PMVR) [9] because the Modal Assurance Criterion (MAC) is not sufficient to
identify the correct response on parts of the beam which have a relatively low response.

2. Experimental Work
2.1. Test Specimens

The test specimens consist of two reinforced concrete beams (2400 mm x 200 mm X
300 mm). Eight steel bars of 16 mm diameter were used for the longitudinal reinforcement
whilst the transverse reinforcement consists of 8§ mm diameter stirrups placed at 200 mm
centres along the beams (see Figure 1). To simulate idealized fractures that could occur in a
collapsed building, Beam 1 and Beam 2 were designed to have one and two discontinuities
that were 100 mm wide, respectively.

2.2. Material Properties

Table 1 shows the material properties of the beams. The density of the concrete for
each beam was calculated by dividing the measured weight of the beams by the volume of
concrete after extracting the weight of the steel reinforcement. The Young’s modulus of the
concrete was estimated through updating the FEM model [9]. Material properties for steel
and Poisson’s ratio for concrete were taken from published data [21,22].

2.3. Test Setups

Each beam was suspended from a crane using polyester slings (see Figure 2). For the ex-
perimental work and the FEM models, the slings were assumed to have negligible effect on the
dynamic response such that the beams can be assumed to have free—free boundary conditions.
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Figure 1. Dimensions of reinforced concrete Beam 1 and Beam 2 (mm).
Table 1. Material properties of the concrete and steel used for Beam 1 and Beam 2.
Material Density, p (kg/m3) Young’s Modulus, E (N/m?)  Poisson’s Ratio, v (-)
Concrete Beam 1 2235 2475 % 1010 02
(C25/30) Beam 2 2234 32475 x 10 :
Steel (S500) 7800 2 x 101 0.3

Figure 2. Test setup showing the test equipment and the polyester slings that approximate the
free-free boundary conditions: (a) Beam 1; (b) Beam 2.

2.4. Modal Analysis

EMA is used to identify the modal characteristics of these two beams using FFT
analysis with 3200 FFT lines and 1 Hz frequency resolution. The frequency span was
3200 Hz and the record length was 1 s. Pulse Reflex software (Version 20, Briiel & Kjeer,
Neerum, Denmark) was used for signal processing and to carry out EMA. The beams were
excited using an impact hammer (Briiel & Kjeer Type 8200) and the response was measured
using accelerometers (Briiel & Kjeer Type 4371), both connected to a Nexus conditioning
amplifier (Briiel & Kjeer Type 2692) and a channel input module (Briiel & Kjeer Type 3050-A-
060). Table 2 show the number of accelerometers and the number of the excitation positions
for each setup whilst Figure 3 shows the layout of the measuring positions. The Rational
Fraction Polynomial-Z method was used to estimate the modal parameters (i.e., modal
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damping, frequency and complex mode shapes) from the generated Frequency Response
Functions (FRF).

Table 2. Accelerometers and excitation positions for each test setup. In plane transducers ex-
cite/measure the response in the X and Z-directions. Out-of-plane transducers excite/measure the
response in the Y-direction.

B No. of Accelerometers No. of Excitation Positions
eam
In-Plane Out-of-Plane In-Plane Out-of-Plane
1 4 2 160 84
2 6 3 192 90

Figure 3. EMA measuring positions: (a) Beam 1; (b) Beam 2. The blue and red markers indicate
the accelerometers and excitation positions respectively whilst the blue arrows show the measuring
direction of each accelerometer.

3. FEM Modelling

All finite element models used Abaqus software (Version 6.14, Dassault Systemes,
Paris, France) [23]. Eigenvalue extraction used the Lanczos solver in the frequency range
from 1 Hz to 3.2 kHz. The extracted mode shapes were real valued.

3.1. Reinforced Concrete Beams with Dowel-Type Joints

The concrete and the steel bars were modelled using solid element C3D20R (20 nodes)
and beam element B32 (3 nodes) respectively. Both elements were selected to have in-
terpolation functions of the same order (quadratic) to avoid a reduction in accuracy [23].
The element mesh had dimensions of 25 mm along the length of the beam and 10 mm
over the beam cross-section to fulfil the requirement of at least six elements per bending
wavelength [24] at frequencies up to 3200 Hz.

Two different FEM models were used for the exposed steel at the discontinuities. In
FEM model No.1, the steel bars were modelled using the Abaqus beam element B32. In
FEM model No.2, three Abaqus SPRING2 elements [23] without dashpots were introduced
in the three-coordinate directions to model the action of the steel bars between adjacent
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reinforced concrete blocks (see Figure 4). Beam elements have six degrees of freedom (DOF)
per node (three translational and three rotational) whilst spring and solid elements have
one and three translational DOF per node respectively; hence the elements were connected
only via the translational DOF.

(a) (b)

Side view

Isometric view

Figure 4. FEM model No.2: (a) Beam 1; (b) Beam 2. Purple circular markers indicate the SPRING2 elements that are used to
model the steel bars at the discontinuities in the concrete.

The axial spring stiffness, k, (N/mm) for each steel bar is given by [20],
kz = AsEs/ L (1)

where Ay is the cross-sectional area of a steel bar (mm?), Es is the Young’s modulus of steel
(N/mm?) and L is the width of the discontinuity (mm).

The relative displacement of the steel bars at the discontinuities can be decomposed
into components representing displacements from the embedded and the exposed region
of the bars [12,25]. This gives the transverse spring stiffness, ky and k;, (N/mm) as,

2 I8 AL\
R =y = (E T REL T ASGS) @

where I is the moment of inertia of a steel bar (mm*), A is the shear shape factor (equal to
10/9 for circular cross sections [25]) and Gg is the shear modulus of steel (N/mm?).

The second and third terms in the brackets of Equation (2) correspond to the bending
and shear stiffness, respectively, of the exposed region of the steel bars. The stiffness from
the embedded region of the bars is represented by the dowel stiffness, k4, which is given
by [12],

kq = ﬁSEsIs (3)

where B = [dsK}, /4EsIs]%%, dg is the steel bar diameter (mm) and k, is the concrete bearing
stiffness (foundation modulus) given by the empirical equation of Soroushian et al. [26],

127¢¢+/fe
kp = a2 4)

where f. is the compressive strength of concrete (N/mm?) and ¢ is a coefficient from
Soroushian et al. that ranges from 0.6 for a clear bar spacing of 25.4 mm to 1.0 for “large
bar spacings”.
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The smallest and largest clear bar spacings tested by Soroushian et al. [26] were
25.4 mm and 101.6 mm respectively. However, their paper gave no information on in-
termediate spacings because they only used these two spacings in series IV of their tests.
In this paper, the clear spacing, w of the reinforcement bars is 24 and 74 mm in the X-
and Y-directions, respectively, (see Figure 5). It is assumed that (a) the value of ¢f = 0.6
which came from Soroushian et al. for a spacing of 24 mm is also a reasonable estimate
for a spacing of 25.4 mm and (b) that ¢; = 1.0 applies to a spacing of 101.6 mm. Hence
by using linear interpolation, a value of ¢; = 0.85 can be found for a spacing of 74 mm.
Averaging the two ¢ values for 24 and 74 mm spacings gives ¢ = 0.725. Use of an average
value for c¢ is a pragmatic solution to calculate a single stiffness; hence to check whether
use of an average value is appropriate and to assess the sensitivity of the coefficient, c¢, a
comparison is made between eigenfrequencies from experiments and FEM model No.2
for three combinations of ¢¢ values (see Table 3). The default combination A is the average
value for the X- and Y-directions and the other two combinations use the minimum ¢; value
of 0.6 or the maximum value of ¢; in the X-direction and the minimum in the Y-direction.

Wx

————
/r}\
\ >

Figure 5. Cross-section of the beams indicating the clear spacings, wx and wy, of the reinforcement

Wy

bars in the X- and Y-directions, respectively.

Table 3. Combinations of coefficient ¢ used in sensitivity analysis.

Cg -)

Combination
X-Direction Y-Direction
A (average) 0.725 0.725
B 0.6 0.6
C 1.0 0.6

3.2. Validation Criteria

The Modal Assurance Criterion (MAC) is used to assess the correlation between
bending and torsional mode shapes from FEM and EMA using [27]

[ox) {pa) |
({ox}"{ox}") ({pa} {9a}")

where X indicates the experiment, A indicates FEM, {¢x} and {¢,4} are the column vec-
tors of the degrees of freedom for the experimental and FEM mode shapes, respectively,
superscript T indicates the transpose and * is the complex conjugate.

MAC describes the correlation between the mode shapes. However, it does not
consider the relative motion between different parts of a FEM model and is primarily
determined by parts with the largest motion. This is important for the beams that are
considered in this paper because the discontinuities define two (Beam 1) or three (Beam 2)
sections of concrete that can have significantly different magnitude in their modal response.
To overcome this limitation of MAC, the authors previously introduced the Partial Modal
Vector Ratio (PMVR) [9]. This is used here to assess which FEM model more accurately
models the motion of the entire beam. PMVR is defined as the ratio in decibels of the

MAC(A, X) = (5)
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squared modal vectors from EMA relative to FEM for two subsets of the complete modal
vector i and j; PMVR is given by [9],

PMVR(A,X);; = [10log, (Hoxhil) / (H{oati®) ©)

2 2
oxti|D) \ ({oat)

where {@4} and{@x]} are subsets of the modal vectors from FEM and EMA, respectively. The
use of squared modal vectors ensures that PMVR considers modal energy. In this paper, a
subset is defined as the vector containing the degrees of freedom for the section of concrete
that is connected only via the exposed steel reinforcement (see Figure 6). Close agreement
is defined as PMVR < 5 dB and reasonable agreement as 5 dB < PMVR < 10 dB [9].

()

Subset 1 . Subset 2

(b)

Subset 1 — Subset 2 — Subset 3

Figure 6. PMVR subsets: (a) Beam 1; (b) Beam 2.

4. Results and Discussion
4.1. Eigenfrequencies

Figure 7a,b allows comparison of FEM and EMA eigenfrequencies for Beam 1 and Beam
2, respectively, with Figure 8a,b showing the percentage difference ((fgva — frEm)/fEMA X
100%) between these eigenfrequencies. Results are shown for FEM models No.1 and 2
where model No.2 uses combination A for the c¢ values. Figure 7 shows that both FEM
models are in reasonable agreement with experimental data over the first 25 mode pairs.
However, Figure 8 indicates that the errors are larger at the lower frequencies. Hence, by
the low-frequency range can be defined as where the percentage differences are >5% and
the high-frequency range where differences are <5%. For Beam 1 in the low-frequency
range (i.e., mode pairs 1 to 5), 80% of the differences are lower with FEM model No.2
compared to No.1. For Beam 2 in the low-frequency range (i.e., mode pairs 1 to 8), 62.5% of
the differences are lower with FEM model No.2 compared to No.1. In the high-frequency
range for Beam 1 (i.e., mode pairs 6 to 25), neither FEM model has an advantage but 82.4%
of the differences for Beam 2 (i.e., mode pairs 9 to 25) are lower with FEM model No.2
compared to No.1. These findings indicate that FEM model No.2 is more accurate than
No.1 for the prediction of eigenfrequencies.

4.2. Mode Shapes

After eigenmode extraction with the FEM models it is possible to classify two dif-
ferent types of modes of the beams by using the ratio (in decibels) of the spatial-average
squared modal vectors from FEM subsets. Type A modes (see examples in Figure 9a,c)
can be defined as when all subsets of the modal vector have a similar response (i.e., a
ratio < 15 dB) whereas type B modes (see examples in Figure 9b,d) can be defined by the
response of one or more subsets of the modal vector being significantly larger than the
other subsets (i.e., a ratio > 15 dB). Note that the displacements in the FEM mode shapes
are more pronounced than those from EMA although they both show the same trends. This
classification identified all 25 mode pairs for Beam 1 as being type A. However, Beam 2 had
11 type A modes and 14 type B modes. MAC is sensitive to large values and insensitive to



Vibration 2021, 4

544

small values in the modal vector [28]; hence it is expected to be suited to the assessment of
type A modes, with type B modes potentially requiring PMVR to make a correct assessment
of the FEM model.

MAC values for Beam 1 are shown in Figure 10 and the results are similar for FEM
models No. 1 and 2. For the first five mode pairs where the percentage differences that
were >5% between FEM and EMA eigenfrequencies defined the low-frequency range in
Section 4.1, it is seen that MAC > 0.97. In the high-frequency range where differences were
<5% it was found that there was significantly lower correlation (on average), with the
range being 0.45 < MAC < 1.0. PMVR is shown in Figure 11, which indicates that close or
reasonable agreement was achieved for 48% and 80% of the mode pairs from models No.1
and 2, respectively. Note that modes with PMVR > 10 dB had MAC < 0.8, indicating that
MAC can identify potential issues with Type A modes.

(2) I (b)

3000 3000 1
2600 2600 1
2200 A 2200 1
Q Q
g 1 g ]
2 1800 - 2 1800 1
S g |
& &
5 1400 5 1400 1
g 2
) )
< 1000 - < 1000 A
= =
= 1 33} ]
600 - 600 -
® FEM model No.1 ® FEM model No.1
200 600 1000 1400 1800 2200 2600 3000 200 600 1000 1400 1800 2200 2600 3000

FEM eigenfrequencies (Hz) FEM eigenfrequencies (Hz)

Figure 7. Comparison of FEM models No.1 and 2 against experimental (EMA) eigenfrequencies: (a) Beam 1; (b) Beam 2.

MAC values for Beam 2 are shown in Figure 12. For the first eight mode pairs where
the percentage differences in eigenfrequencies >5% defined the low-frequency range in
Section 4.1, the range of MAC values were 0.8 < MAC < 0.98 for FEM model No.1, and
0.44 < MAC < 0.98 for FEM model No.2. However, in the high-frequency range where
differences were <5% it was found that there was significantly lower correlation on average,
with the range being 0.4 < MAC < 1.0 for FEM model No.1 and No.2. For Beam 2 there
are three PMVR values to consider, these are PMVRq,, PMVR13, and PMVR53 (shown in
Figure 13) for which the average number of mode pairs with close agreement (<5 dB)
was 71% and 79% for FEM models No.1 and 2, respectively. While FEM model No.1 had
higher MAC values than No.2, PMVR indicates that the latter provides more accurate
representation of the response on all parts of the beam. Beam 2 has 14 type B modes and
three of these mode pairs (2, 17 and 24) had MAC > 0.9, from which it could be inferred
that there was high correlation, however, potential problems with these three modes are
highlighted by the fact that PMVR > 10 dB. As noted above, the reason for this is the
sensitivity of MAC to large values in the modal vector. For example, in Figure 9b the modal
vectors of subsets 1 and 3 determine the MAC value of mode pair 17, whereas in Figure 9d
the MAC value of mode pair 24 is determined by the modal vectors of subset 2.

Considering the accuracy of the predicted mode shapes using both MAC and PMVR,
it is seen that FEM models No.1 and 2 are both reasonable, but that No.2 can give slightly
better agreement.
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Figure 8. Percentage difference between FEM and experimental (EMA) eigenfrequencies for FEM

models No.1 and 2: (a) Beam 1; (b) Beam 2.

(b)

(d)

Figure 9. FEM and EMA mode shapes for model No.1: (a) Mode 10 at 875.5 Hz (Beam 1); (b) Mode

17 at 1845.9 Hz (Beam 2); (c) Mode 18 at 1872.5 Hz (Beam 2); (d) Mode 24 at 2773.5 Hz (Beam 2).
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4.3. Sensitivity Analysis for FEM Model No.2

Assessment of both eigenfrequencies and mode shapes indicates that FEM model
No.2 is an improvement on No.1. However, the use of an average c; value in model
No.2 requires further consideration through comparison with the different combinations
of cf, as indicated in Table 3. This sensitivity analysis is carried out by focusing on the
eigenfrequencies where the differences between the two FEM models were more marked.

Figure 14a,b allows comparison of FEM and experimental eigenfrequencies for Beam
1 and Beam 2, respectively. Results are shown for FEM model No.2 with the three combi-
nations of ¢¢ values. For Beam 1 in the low-frequency range (i.e., mode pairs 1 to 5), 60%
of the differences are lower with combination B compared to combinations A and C. For
Beam 2 in the low-frequency range (i.e., mode pairs 1 to 8), 62.5% of the differences are
lower with combination A compared to combinations B and C. In the high frequency range
(i.e., above the fifth and eighth modes, respectively), the different combinations for the
coefficient, cf, tend to have negligible effect on the eigenfrequencies for both beams.
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Figure 14. Difference between FEM and experimental eigenfrequencies for FEM model No.2: (a) Beam
1; (b) Beam 2.

5. Conclusions

FEM models have been developed and compared with the results of experimental
modal analysis for two reinforced concrete beams that have discontinuities in the con-
crete that form dowel-type joints. The models were experimentally validated in terms of
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eigenfrequencies and mode shapes. It was shown that the different modelling methods of
the exposed steel bars at the discontinuities mainly affected the eigenfrequencies rather
than the mode shapes of the beams. Using springs instead of beam elements improved
the agreement in the eigenfrequencies and provided more accurate representation of the
response on all parts of the beams. For concrete beams with more than one discontinuity it
was shown that MAC is not adequate to assess the validity of the FEM models as this led
to misleading results due to the sensitivity of MAC to the large values in the modal vector.
PVMR was successfully used to overcome this shortcoming of MAC.

Future work could investigate beams where the steel reinforcement has been bent or
damaged along with different damage patterns in the concrete. In addition, similar beams
with different discontinuity widths could be measured to verify the spring stiffness formulae.
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