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Abstract. Cross laminated bamboo and timber (CLBT) is a new type of bamboo
and timber composite materials used in engineering activities. Similar to cross-
laminated timber (CLT), CLBT exhibits the dimensional flexibility for diverse
structural applications This study investigates the dynamic properties of CLBT
floor slabs through experimental and theoretical analysis of natural frequencies
and damping ratios. Modal testing methods, including impact hammer excitation
and accelerometer-based vibration measurement, were employed to determine
the first three bending-mode natural frequencies and associated damping charac-
teristics. Experimental results were validated against theoretical predictions de-
rived from the fundamental beam vibration formula, and the measured natural
frequencies showed strong agreement with calculations. All specimens exhibited
natural frequencies exceeding 8 Hz with damping ratios less than 3%. These find-
ings provide critical references for vibration-controlled design of CLBT struc-
tures.
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1 Introduction

The application of cross-laminated timber (CLT) in modern construction originated in
Europe during the mid-1990s. Characterized by exceptional dimensional stability and
orthotropic mechanical properties, CLT can be fabricated into different structural com-
ponents, including beams, columns, load-bearing walls, floor slabs, and roof panels[1].

In timber-scarce regions such as China, the domestic wood resources account for
less than 5% of global production[2]. Hence, the development of timber structures faces
a critical challenge due to heavy reliance on imported timber. This context highlights
the importance of developing bio-based engineered materials from fast-growing indig-
enous species. Bamboo, a rapidly renewable grass with a 3—5 year harvest cycle, ex-
hibits superior mechanical properties.

Considering the limitations of traditional bamboo structures in dimensional stability
and joint connections, Xiao et al. [3] developed a structural laminated bamboo material
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(glubam), and their research demonstrated its enhanced mechanical properties and
physical performance, significantly advancing modern bamboo construction technolo-
gies[4-6].

To expand the application potential of bamboo in modern construction, researchers
have pioneered the development of cross laminated bamboo and timber (CLBT) struc-
tures [7]. This is an engineered composite material innovatively designed to integrate
glubam with timber laminates. A representative CLBT panel configuration comprises
two exterior glubam plates sandwiching a three-layer CLT core part, forming a hybrid
layered structure (Figure 1). The development of CLBT aims to addresse the critical
challenge in promoting bamboo’s utilization for engineering applications by bridging
the gap between its sustainability benefits and industrial requirements[8-10].

CLBT inherits the advantages of CLT in orthogonal anisotropy and dimensional
flexibility, enabling its fabrication into structural components with different dimensions
through industrial manufacturing processes. For CLBT floor systems, dynamic re-
sponse characteristics are critical design considerations. The present study experimen-
tally investigates the natural frequencies and damping ratios of elasticity of CLBT floor
systems through modal analysis.

- Timber in transverse direction
- :A Timber in longitudinal direction

Glubam in longitudinal direction

Figure 1. Fabrication of CLBT Panels.

2 Experimental Program

2.1  Specimen Configurations and Material Properties

The CLBT floor slabs for this test are five-layers panels, composed with two glubam
outer layers and three cross laminated Spruce-Pine-Fir (SPF) inner layers. The glubam
panel was made by bidirectionally laminating approximately 2 mm thick bamboo strip
mats with a 4:1 longitudinal-to-transverse ratio (Figure 2), and the total thickness is
about 27.5 mm.

The material properties of glubam and SPF timber, including density, elastic modu-
lus, shear modulus and tensile strength, are comprehensively summarized in Table 1.
These values are derived from previous experimental studies [6, 10, 11] and supple-
mented by softwood reference data from Kretschmann [12].
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Figure 2. Layered composition of glubam.

Table 1. Material properties of glubam and SPF.

Materials Density (kg/m®)  Ex (MPa)  E,(MPa)  Gw(MPa)  f; (MPa)
Glubam 820 10344 2600 720 83
SPF 523 10255.4 1200 1200 106.6

To investigate the dimensional effects on dynamic response, three CLBT floor spec-
imens with varying widths and lengths were designed. As shown in Figure 3, the pinned
support was realized by machining grooves in the bottom steel plate, press-fitting the
steel shaft into the grooves, and welding the shaft top to the upper steel plate, thereby
effectively releasing rotational restraint but restricting lateral displacement.

Table 2 summarizes the geometric parameters of all specimens. During testing,
simply supported boundary conditions were applied using a pinned support and a roller
support at the specimen ends. As shown in Figure 3, the pinned support was realized
by machining grooves in the bottom steel plate, press-fitting the steel shaft into the
grooves, and welding the shaft top to the upper steel plate, thereby effectively releasing
rotational restraint but restricting lateral displacement.

Table 2. Details of CLBT floor specimens.

No. Length L (mm) Span S (mm) Width w (mm) Thickness ¢ (mm)
CLBT-1 6000 5700 1145
CLBT-2 6000 5700 570 157.5
CLBT-3 4800 4500 570

Roller support |

|
l‘ Pinned support

Figure 3. The sketch of a CLBT floor with simply-supported boundary condition.
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2.2 Experimental Method

The dynamic characteristics of CLBT floors were investigated through hammer impact
testing. To capture modal vibration frequencies for the first three modes, seven accel-
erometers were strategically positioned along the central axis of the slab's longitudinal
direction on the floor's underside, arranged at equal intervals to ensure complete mode
shape identification.

For the CLBT-1 and CLBT-2 floors (6000 mm long), the interval between two ad-
jacent accelerometers (Sp) is 950 mm, and it is 750 mm for the 4800 mm long floor
CLBT-3. Figure 4 shows the layout of seven accelerometers on the floor slabs, with
two arranged at the two supports to monitor potential uplift at the plate ends. All the
accelerometers have a sensitivity of 1000 mv/g with a full-scale range of +5 g.

Length L
mpac
Accelerometers )
p b < =
[ | [ | [ | Q [ | | E_
=
<
{ 1 I % I I
150 Sp 150

Figure 4. The arrangement of accelerometers and impact points on CLBT floors.

The experimental setup employed a modal hammer to induce impulse excitation on
CLBT floors, and the mid-span point on the top surface was chosen as the impact point
(Figure 4). According to BS EN 16929 [13], three valid impacts were required for each
specimen, and the sampling rate was configured with a 2000 Hz sampling rate to satisfy
the criterion of exceeding 10 times the specimens’ highest estimated natural frequency.

3 Experimental Results and Discussion

The acceleration time history at each accelerometer was collected through a multi-chan-
nel data acquisition system, with subsequent Fast Fourier Transform (FFT) processing
applied to convert the raw time-domain signals into frequency-domain spectra. This
enables obtaining the frequency-response function (FRF) of each measuring point. Tak-
ing the floor CLBT-2 as an example, its FRF with the frequency ranging from 0 Hz to
100 Hz is displayed in Figure 5a, and the three dominant resonance peaks at the figure
indicate the first three mode natural frequencies of the floor. Moreover, the mode
shapes of the floor at the first three flexural modes are depicted in Figure 5b. Although
vertical displacement was measurable at simply supported ends due to unconstrained
boundary conditions, its influence on global dynamic characteristics remained negligi-
ble.
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Figure 5. Modal parameters of CLBT-2 for the first three flexural modes. (a) Frequency-re-
sponse function. (b) Mode shapes.

In addition, the damping ratios of all tested CLBT plates were calculated using the
Half-Power Bandwidth Method, defined as

B9
&= 20 )

where w, is the natural frequency, and w;, w, are the frequencies at half-power
points.

Table 3. Dynamic charactoristics of CLBT floors for the first three modes.

Floor Mode 1 Mode 2 Mode 3
specimen f, (Hz) & f, (Hz) & /. (Hz) ¢
CLBT-1 9.179 0.65% 32.487 0.80% 65.897 1.41%
CLBT-2 10.811 0.55% 32.432 0.90% 60.010 1.45%
CLBT-3 14.667 0.57% 51.905 1.12% 117.190 2.20%

The results of the first three modal frequencies (f,) and damping ratios (&) of CLBT
floors are listed in Table 3. Experimental data indicate that reducing the floor width
from 1200 mm to 600 mm (CLBT-1 vs. CLBT-2) did not generate an obvious variation
on its natural frequencies. Conversely, shortening the span length from 6000 mm to
4800 mm (CLBT-2 vs. CLBT-3) significantly increased fundamental frequencies by
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more than 50% across three modes. All the tested CLBT floor slabs have natural fre-
quencies exceeding 8 Hz, satisfying the frequency limit specified in Eurocode 5 [14].
In terms of damping ratios, the values for Mode 1 show minor variations among spec-
imens, whereas energy dissipation capacity, as expected, increases with ascending
modal orders.

4 Theoretical Model

4.1 Natural Frequenciy

The natural frequencies of CLBT floor slabs were predicted using the simply-supported
beam fundamental frequency formula proposed by Clough and Penzien [15],

4 /E]‘
2 eff
=n"— 2
/i 2\ ml @

where, 7 indicates the flexural mode, Elg is the equivalent flexural stiffness (in Nm?),
L is the span (in m) and m is the mass (in kg).

The calculation of El.g for a simply-supported composite component follows the
methodology given in Eurocode 5 [14]. For CLBT floors, fully composite action be-
tween two adjacent layers is assumed to be achieved due to the application of high-
performance structural adhesives. Figure 6 shows the cross-sectional view of a 5-layer
CLBT floor, and its El.¢ can be calculated as

| Ay it )

s
El, =Y (EI +EAa,)
G)
where, i is the layer number, E;I; is the bending stiffness of ith layer, A; is the cross-
sectional area of ith layer, and a; denotes the distance between the neutral axis (N.A.)
and the centroid of layer .

hi

h2 Layer 2 0| @ NA
hs }}-Eayer-3t----------  — Id;--»

ha Layer 4 s N.A
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Width w

Figure 6. Cross-sectional view of the 5-layered CLBT floor slab.
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The results of Elysr and predicted natural frequencies (fineory) of CLBT floors are
given in Table 4, as well as the natural frequencies from experiments (feyp,) for com-
parison, showing a good agreement between theoretical and experimental results.

Table 4. Theoretical and experimental results of the first 3 mode natural frequencies of CLBT

floors
Mode 1 Mode 2 (Hz) Mode 3 (Hz)
Floor Elgg fe fin fe
. ° 2 P fheory feXP P ftheory fexp fexp ftheory feXP
specimen (Nm?) -_— -— -—
ftheory (Hz) ftheory (Hz) (Hz) ftheory
(Hz) (Hz) (Hz)
3.86x10 324 35.78
CLBT-1 6 9.18 8.95 1.03 9 3 0.91 65.90 71.57 0.92
1.92x10 324 35.78
CLBT-2 6 10.81 8.95 1.21 3 3 0.91 60.01 71.57 0.84
1.92x10 14.3 51.9 57.41 117.1
CLBT-3 6 14.67 5 1.02 | 5 0.90 9 114.82 1.02

4.2  Damping Ratio

The Rayleigh Damping Model was used to validate the experimental results of damping
ratios for CLBT floors. The damping ratio for the i-th mode satisfies the following
equation:

a 2
fi = _2 + _ﬁ
[N}
»a 4)
where a and f are two coefficients, w=2zf; and f; is natural frequency.

a and f can be calibrated using the data of Mode 1 and Mode 2 for each CLBT floor
from Table 3. The calibrated model is then applied to predict damping ratios for Mode
3. The predicted values (Cimeory) for all CLBT specimens are compared with experi-
mental results (Sexp) in Table 5, confiming the rationality of the experimental damping
ratios.

Table S. Theoretical and experimental results of the first 3 mode damping ratios of CLBT

floors
Floor speci- a B & & Deviation
men theory exp
CLBT-1 0.54 6.50E-05 1.41% 1.41% 0.30%
CLBT-2 0.38 7.94E-05 1.55% 1.45% 6.40%

CLBT-3 0.51 6.37E-05 2.38% 2.20% 8.30%
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5 Conclusion

This study investigates the dynamic properties of cross-laminated bamboo and timber
(CLBT) floor slabs through both experimental and theoretical approaches. Modal test-
ing methods, including impact hammer excitation and accelerometer-based vibration
measurements, were employed to capture the first three bending-mode natural frequen-
cies and damping ratios of CLBT floor specimens. Key findings are summarized as
follows:

All CLBT specimens exhibited natural frequencies exceeding 8 Hz across the first
three modes. This high-frequency behavior makes CLBT suitable for applications re-
quiring resistance to low-frequency vibrations.

Damping ratios of CLBT floors exhibited distinct modal and specimen dependen-
cies: low-order modes (Mode 1-2) showed consistent values, while high-order modes
(Mode 3) displayed significant enhancement.

The experimental setup successfully captured the dynamic responses of CLBT slabs,
with theoretical predictions derived from the fundamental beam vibration formula
showing strong agreement with measured natural frequencies and damping ratios.
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