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ABSTRACT: In this paper, a test setup for conducting impact testing of full-size timber beams is presented. The test 
setup comprises a pendulum impact hammer with an effective length of 4750 mm, mass of 3475 kg, and can be released 
from a near-horizontal position. On the impact hammer, 100g accelerometers and a shock-resistant high-speed camera 
with a capacity of up to 5700 pictures per second were installed. In addition, other cameras were installed, as well as an 
angular encoder to record the position of the pendulum impact hammer. The pendulum impact hammer was released 
using an electromechanical release system attached to a crane. The impact hammer was designed for impact tests on 
timber beam specimens with cross-sections ranging from 160x160 mm to 200x320 mm and lengths between 2700 and 
4300 mm. The results include the energy release of the specimens upon failure, peak impact forces, time to failure, and 
high-speed imagery. With the test setup, similar knowledge can be gained for other engineered wood products.  
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1 INTRODUCTION 345

In recent years, the popularity and use of timber as a 
structural material for tall buildings and bridges has 
increased [1,2] as the drive for sustainability continues. 
Because of the growing volume of structural timber in our 
built environment, structural robustness and 
disproportionate collapse prevention [3–7] is receiving 
renewed attention from timber engineers worldwide as 
timber buildings reach record heights with recent 
technological developments [3,8–15]. 
To assess the collapse behaviour and resistance of timber 
buildings, advanced numerical models are needed [4]. An 
important feature of the numerical models is the ability to 
simulate member failure and separation from rapid
loading [3,14,15]. The rapid loading may stem from 
impact loading from vehicles, falling debris, projectiles, 
explosion debris, blast loading, and more. 
Previous impact tests on wood or timber were conducted
on 10 to 20 mm square small clearwood [16], 50 to 150 
mm square lumber [17,18], and single boards [19–21]
using either a small pendulum impact hammer or a drop 
test. However, the size effects in timber are considerable 
because of the natural growth imperfections in wood such 
as knots, distorted grains, and more [22,23]. In addition, 
the results from single boards cannot be generalised to 
glued assemblies, such as glued laminated timber (GLT)
or laminated veneer lumber (LVL). Thus, it is necessary 
to conduct full-size impact tests on engineered wood 
products commonly used in practice. 
Timber is known to be rate-dependent, which is reflected 
in the current set of design codes in Europe [24,25]. 
However, the shortest codified loading duration is in the 
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order of seconds, which is not valid for impact loading, 
where the loading occurs within milliseconds [26]. 
To address these challenges, pendulum impact hammer 
tests were conducted on 86 full-size spruce GLT 
specimens without finger joints and nine full-size beech 
laminated veneer lumber specimens. The cross-sections 
were between 160×160 and 200×320 mm, and the lengths 
between 2700 and 4300 mm. The test setup was
instrumented with accelerometers, angular encoders, and 
high-speed cameras. The effective length of the impact 
hammer was about 4750 mm, with a mass of 3450 kg. 
In this paper, the conceptual framework and the most 
important aspects of the test setup are presented.
Data from the sensors are shown, as well as images from 
a high-speed camera. The full results of the experimental 
campaign are published in a test report [27]. The bespoke 
test setup was designed and built at ETH Zurich. 

2 THEORETICAL FRAMEWORK
2.1 PENDULUM IMPACT HAMMER
A pendulum impact hammer setup was chosen because of 
the possibility of a direct measurement of the energy 
release Er from the failure of a specimen. In such a setup, 
the energy balance can be written as:𝑚௣𝑔ℎ଴ = 𝑚௣𝑔ℎଵ + ௥ܧ + ௖ܧ , (1)

where mp is the effective mass of the impact hammer, 
g=9.806 m/s2 is the gravitational acceleration in Zurich, 
h0 is the initial height of the impact hammer, h1 is the post-
impact height of the impact hammer, Er is the energy 
release from the failure of the specimen, and Ec are other 
sources of energy loss, such as friction and drag. The 
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concept of the pendulum impact hammer setup is shown 
in Figure 1, where LCM is the length from the point of 
rotation to the centre of mass of the impact hammer, and 

i are the initial and post-impact angles of the impact 
hammer. The energy release Er can be used to find the 
peak dynamic impact force Pd and to quantify the 
toughness UT of the tested material [28]. 

Figure 1: Conceptual framework of the tests. The figure is 
reproduced from Cao et al. [28]. 

2.2 PEAK IMPACT FORCE
To compare the energy release Er in Equation (1) of 
different specimens or materials, it can be normalised 
with respect to the cross-sectional area A of the specimen:்ܷ =

௥𝐴ܧ . (2)

UT in Equation (2) is defined as the toughness of the 
material. By assuming that the specimen can be idealised 
as an Euler-Bernoulli beam without shear deformations, 
and the load-displacement behaviour as linear-elastic 
perfectly brittle, the peak impact force Pd can be found by 
considering the equivalent single-degree-of-freedom 
system in Figure 3. In Figure 3, vp is the impact velocity, 
U is the strain energy, U* is the complementary strain 
energy, w is the mid-span deflection, and k=48EI/L3 is the 
equivalent stiffness.  
Since the load-displacement curve is linear-elastic 
perfectly brittle, the strain energy U is the same as the 
complementary strain energy U*. The energy release Er is 
the same as the strain energy U or the complementary 
strain energy U*. Therefore, the peak impact force Pd can 
be found by considering the triangular area above the 
load-displacement curve:

௥ܧ =
1
2

ௗܲଶ𝑘 ׵ ௗܲ = ඥ2ܧ௥𝑘 = ඨܧ௥ ଷܮܫܧ96 , (3)

where L is the length, E is the elastic modulus, and I is the 
second moment of area of the specimen. Equation (3) can 
also be found by following a strain energy approach. 
If the collision between the impact hammer and the 
specimen is considered as perfectly inelastic until failure, 
the peak impact force Pd can be found by considering the 
deceleration a of the impact hammer. With Newton’s 
second law, the peak impact force Pd can be expressed as:

Figure 2: Experimental setup, where PE denotes piezoelectric, and MEMS micro-electromechanical system. (a) Bird's-eye view; and 
(b) front view of the test setup. The figure is reproduced from Cao et al. [28].
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ௗܲ = 𝑚௣𝑎. (4)

Figure 3: Single-degree-of-freedom idealisation of a simply 
supported beam loaded at the mid-span. The figure is 
reproduced from Cao et al. [28]. 

3 EXPERIMENTAL SETUP
3.1 PENDULUM IMPACT HAMMER 
The test setup was designed using the computer-aided-
design software Autodesk Inventor to accommodate 
simply supported specimens with and without axial 
restraints of dimensions between 160×160×2900 mm and 
200×320×4300 mm. Because of the limited available 
information on the expected energy release Er of the 
specimens, the energy capacity mgh0 of the impact 
hammer setup was maximised. The length h0 was 
constrained by the physically available space in the 
laboratory at ETH Zurich, and the mass m by the steel
plates in the laboratory inventory. The effective length 
LCM of the impact hammer became 4650 mm, and the 
mass was 3475 kg. The impact hammer could be raised to 
a maximum angle of about 87°, which results in a 
maximum potential energy mgh0 of about 158 kJ. 
To support the impact hammer, an S355 steel frame 
comprising two IPE 360×7040 mm columns and two 
stacked and bolted HEB 300×2050 mm beams was used, 
where the impact hammer was suspended from the HEB 
300×2050 beams. To provide lateral stiffness to the frame 
in the pendulum's direction of motion, two ROR 
159×25×4000 mm diagonal trusses were bolted to the IPE 
360×7040 mm columns. The frame and the diagonal 
trusses were fixed to a strong floor using two M55 10.9 
steel bolts for each steel footing, post-tensioned to 1000 
kN. Most of the bolts were M24 8.8, with a few M16 8.8 
bolts used in the shear pin. The experimental setup is 
shown in Figure 2.

3.1.1 SHEAR PIN & HINGE SYSTEM
The impact hammer was suspended from the two HEB 
300×2050 mm beams via an elaborate hinge system. The 
hinge system comprised a Ø40×1210 mm 10.8 steel shear 
pin with a hardened surface, four double hinges, five 
single hinges, and various S355 adapter plates. In 
addition, steel tubes were attached at the ends of the shear 

pin to prevent the shear pin from sliding out of the hinges. 
This is shown in Figure 4. 

Figure 4: Shear pin and hinge system, which connects the 
impact hammer to the pendulum frame. The figure is reproduced 
from Cao et al. [27]. 

The shear pin was designed as a beam with a circular 
cross-section subjected to equidistant point loading on the 
characteristic material strength level. Since the hinges 
were standard inventory in the laboratory, the cross-
section of the shear pin was fixed. Therefore, the design 
was focused on the necessary number of hinges to satisfy 
von Mises stresses on the characteristic level, as well as 
an L/400 maximum deflection criterion. The system was 
designed against a maximum shear force of 1000 kN, in 
combination with a 100 kN centrifugal force. The 
maximum allowable deflection was the governing design 
criterion. The thicknesses of the adapter plates were 
governed by the minimum thread length of the M24 bolts. 

3.1.2 SPECIMEN SUPPORTS
The specimen ends were placed in steel brackets, which 
were bolted to rotation hinges. The hinges provided the 
simply supported support conditions. To enforce axial 
restraints, the specimens could be fixed to the steel 
brackets using glued-in or threaded rods. This is shown in 
Figure 5. In Figure 5a, the screws were mounted for 
transportation and were removed before testing. 
To account for uncertainties in the specimen lengths and 
other parts of the setup, a sliding system with several 
centimetres of adjustability was designed. The sliding 
system comprised a steel plate with long holes, which was 
bolted to a shear wall. The reaction forces were 
transferred to the strong floor through the shear walls, 
which were connected to the pendulum frame via two 
connected HEB 300 mm beams. This is shown in Figure 
6. To accommodate different specimen lengths, the shear 
walls could be moved with rough precision, and the steel 
plate with the long holes provided exact precision. 
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Figure 5: Steel brackets with simply supported boundary 
conditions (a) without axial restraints, and (b) with axial 
restraints. The figure is reproduced from Cao et al. [27].

For the axially unrestrained specimens, the halves of the 
specimens would fly out of the steel brackets in the 
direction of the impact hammer motion. However, this 
was not the case for the axially restrained specimens. 
Because of the axial restraints, the two halves were kept 
in the steel brackets by the glued-in rods. To prevent a 
reverse impact by the impact hammer on its return to the 
side of the initial release, a recoil control system was 
implemented for safety reasons. The recoil system 
comprised a pair of steel rods, which were released 
vertically after the first impact. This prevented the halves 
of the specimen from returning to its initial position, 
ensuring a gap that the impact hammer could return 
through. This is shown in Figure 7. 

Figure 6: Specimen support system. The figure is reproduced 
from Cao et al. [27].

3.1.3 IMPACT HAMMER HEAD
The head of the impact hammer comprised steel plates of 
various dimensions to ensure a sufficient mass of the 
impact hammer. The steel plates were post-tensioned 
using M24 and M16 8.8 threaded rods. To provide a clean 
impact surface, a 300×350×70 mm S355 steel plate with 
rounded edges was machined and mounted at the tip of 
the impact hammer head. The effective contact surface 
between the impact hammer tip and the specimen was 
250×200 mm. The total mass of the impact hammer head 

Figure 7: Recoil system for the axially restrained specimens. 
The figure is adapted from Cao et al. [27].

was about 2736 kg. The total mass of the impact hammer, 
including instrumentation, was approximately 3475 kg, 
with a centre of mass from the shear pin of 4649 mm. The 
impact hammer head is shown in Figure 2b, and the 
impact hammer tip in Figure 8.

Figure 8: Impact hammer tip. The figure is reproduced from 
Cao et al. [27].

3.1.4 RELEASE SYSTEM
A crane was used to lift the impact hammer to its release 
height and an electromechanical release mechanism was 
used to release the impact hammer. This is shown in 
Figure 2a. Because the loading capacity of the 
electromechanical release mechanism was limited to 2500 
kg, a load reduction system was necessary to reduce the 
weight mpg of the impact hammer on the 
electromechanical release mechanism. 
The load reduction system comprised steel shackles, 
lifting slings, and a dynamic climbing rope. These parts 
were organised in a pulley system, such that the final load 
on the electromechanical release mechanism was reduced 
to mpg/6. The load reduction system is illustrated in Figure 
9. A dynamic climbing rope was preferred over steel 
cables or static ropes because of its ability to damp out 
vibrations and its flexibility and adjustability. The 
dynamic climbing ropes had a total length of 
approximately 1.6 m and were inspected after each test. 
Unless damage was detected during the visual inspection, 
they were used four to six times before being replaced. 
Figure of eight knots were tied at each end of the ropes, 
which is a standard knot used in sports climbing. 
Once the release mechanism was triggered, the dynamic 
climbing rope would unloop itself from the shackles and 
remain on the crane. The induced energy loss from the 

(a) (b)

(a) Activated rods. (b) Rods post-release. 
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unlooping action was corrected for in the tests by 
comparing the energy loss between subsequent harmonic 
oscillations. This is described in Section 4.2. 
 

 
Figure 9: Release and load reduction system of the impact 
hammer.  

3.2 CAMERAS AND SENSORS 
To capture the impact and failure process of the specimen, 
several cameras were used. The main camera was an AOS 
M-VIT 4000 shock-resistant high-speed camera operating 
at 5700 pictures per second, which was mounted on the 
impact hammer facing the specimen. Because of the high 
frame rate and the sensor size of the camera, two GSVitec 
Multiled MT 50 000 lm lights were used with the camera. 
The AOS M-VIT 4000 camera was triggered to record for 
a minimum shock of 10g and had a memory capable of a 
few seconds of footage. Besides the AOS M-VIT 4000 
camera, a GoPro Hero 10 action camera was mounted in 
the debris corridor to record the impact at 240 frames per 
second. The location of the AOS M-VIT 4000 and GoPro 
Hero 10 cameras can be seen in Figure 2b. A Nikon 
D7100 camera was placed at the end of the corridor and 
was also used to document the broken pieces of the 
specimen post-impact.  
The primary measurement of the tests was the position of 
the pendulum, pre- and post-impact. This was recorded 
with an analog Baumer EIL580P angular encoder with a 
resolution of approximately 0.005°, which corresponds to 
a positional resolution at the centre of the impact tip of 
over 0.5 mm. The Baumer EIL580P was mounted at the 
shear pin, and its position can be seen in Figure 2a.  

To measure the peak impact force Pd in Equation (4), 
accelerometers were mounted on the impact hammer 
beside the impact hammer tip in Figure 8. The positions 
of the accelerometers are shown in Figure 2b. Because of 
the difficulty in estimating the peak impact force Pd in the 
design phase, 10g micro-electromechanical (MEMS) 
accelerometers were initially used. In theory, the 10g 
MEMS sensors could measure impact forces of up to 700 
kN. The estimated static strength for the shortest 
specimens with the largest cross-sections was in the order 
of 120 kN. After testing a few of the weakest specimens, 
it was apparent that the capacity of the 10g MEMS sensors 
was insufficient. Therefore, 50g and 100g MEMS sensors 
were ordered, with the same results. It was believed that 
piezoelectric accelerometers would give better results, 
which led to the use of 100g and 250g piezoelectric 
accelerometers. The capacities of these accelerometers 
were occasionally exceeded, which is equivalent to forces 
of over 6 900 and 13 800 kN, respectively. Upon post-
processing of the accelerometer data and the high-speed 
imagery, this data was deemed unfit for determining the 
peak impact force Pd. This is discussed in Section 4.  
10g MEMS accelerometers were used to measure the 
dynamic elastic modulus Ed of each specimen. Two 10g 
MEMS accelerometers were mounted ±500 mm from the 
mid-span of the specimens, and non-destructive impact 
hammer tests at the mid-span were used to induce 
vibrations in the specimens. The vibration data was then 
processed to find the natural period Tn. Together with the 
mass m of the specimen, the natural period Tn was used to 
compute the dynamic elastic modulus Ed.  
A linear variable differential transformer (LVDT) was 
also used with a manual hand-crane and weights to 
conduct static three-point bending tests to find the static 
elastic modulus Es. However, the displacements from the 
LVDT resulted in inconsistent static elastic moduli Es. 
Therefore, the dynamic elastic modulus Ed from the 
vibration-based method was used for all further 
processing of the data. A complete list of the cameras and 
sensors can be found in Cao et al. [29]. 
 
4 RESULTS 
4.1 HIGH-SPEED CAMERA IMAGERY 
Images from the AOS M-VIT 4000 high-speed camera of 
a typical failure process are shown in Figure 10. Initially, 
the impact hammer made initial flat contact with the 
specimen at its centre. During the initial contact, 
momentum was transferred to the specimen via shock 
loading. This is shown in Figure 10a. After the initial 
impact, a gap formed between the impact hammer and the 
specimen. The first crack always appeared on the tension 
side of the specimen, and often in the outermost lamella 
close to a material imperfection. The first crack often 
developed when there was no physical contact between 
the impact hammer and the specimen. This is shown in 
Figure 10b. Eventually, the impact hammer made contact 
with the specimen again and pushed through the 
specimen. During this time, the failure propagated from 
the tension side towards the compression side of the 
specimen. This is shown in Figure 10c.  
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The high-speed imagery was used to describe the impact 
process qualitatively and uncovered a clear bouncing 
behaviour of the specimen on the impact hammer. The
imagery enabled the classification of the failures into five 
different failure modes and the determination of the time 
to failure of each specimen [28,29].

Figure 10: Typical imagery and failure process from the AOS 
M-VIT 4000 high-speed camera with (a) initial contact between 
the impact hammer and the specimen at t=0 ms; (b) bouncing of 
the specimen with a gap forming between the impact hammer 
and the specimen at t=3.8 ms; and (c) full failure of the specimen 
with several failures at t=19.6 ms. The images are from tests on 
specimen 160×200×3600-F-4. The figure is reproduced from 
Cao et al. [27,28]

4.2 SENSOR DATA
Data from an accelerometer mounted on the impact 
hammer is shown in Figure 11. If the 1 ms RMS-signal is 
interpreted, the peak impact force Pd based on Equation 
(4) was about 3500 kN. Compared with the mean value 
bending strength of GL24h [30], the peak impact force Pd
was over 85 times higher with this method. It is obvious 
that this is not physically possible. This method of finding
the peak impact force Pd can be further disowned by 
comparing the acceleration time history in Figure 11 with 
the high-speed imagery in Figure 10. Between t=3.0 ms 
and t=5.8 ms, there was no contact between the impact 
hammer and the specimen. The peak accelerations were 
measured at around t=3.3 ms. Therefore, there was no 
contact between the impact hammer and the specimen 
when the peak accelerations were measured. Moreover, 
the impact could not be characterised as perfectly inelastic 
based on imagery from the high-speed camera. Therefore, 
Newton’s second law in Equation (4) cannot be used to 
compute the peak impact force Pd in such tests. The
periodicity of the raw signal |A| in Figure 11 corresponds 
to the natural period Tn of the impact hammer itself. The 
RMS accelerometer signal corresponded well to the 
observed bouncing of the specimen [26]. 
Figure 12 shows the data from the Baumer EIL580P 
angular encoder for specimen 160×200×3600-F-4. The 
release angle was 85.01°, which is equivalent to a 
potential energy mgh0 of 146.7 kJ. The post-impact 
energy was measured after the pendulum impact hammer 
had completed a full cycle, coming back to the side of 

Figure 11: Absolute values of the acceleration time history and 
the gliding 1 ms RMS signal for specimen 160×200×3600-F-4
from an accelerometer mounted on the impact hammer. The 
figure is adapted from Cao et al. [27]

initial release. For the data shown in Figure 12, the post-
impact angle was 80.32°, or 133.6 kJ. Because of the 
initial energy release from the electromechanical release 
system in Figure 9, the energy release during this cycle 
was corrected for by using data from free swing tests. By 
comparing the difference in potential energy mgh or the 
measured angles of the amplitudes following the impact 
hammer release for free swing conditions, the energy 
release Er could be corrected for the release mechanism.
Besides corrections for the release mechanism, 
corrections were also conducted for the intrinsic system 
damping by comparing free swing amplitudes with testing 
amplitudes, as well as the kinetic energy Ek from the 
propulsion of the broken halves of the specimens. This 
was done with the modal approximation technique [31].

Figure 12: Angular encoder data for specimen 160×200×3600-
F-4.

In Figure 12, the uncorrected difference between the 
initial and the first return peak was 4.69°, or 13.1 kJ. After 
corrections, the energy release Er =3.22°, or 
Er=8.99 kJ. The full results are presented in the test report 
[27]. By normalising the energy release Er by the cross-
sectional area, the toughness UT can be found. For 
specimen 160×200×3600-F-4, the toughness UT was 281 
kJ/m2. 
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5 CONCLUSION & OUTLOOK 
In this paper, a pendulum impact hammer setup for impact 
testing of full-size timber beams was presented. The 
impact hammer was designed using computer-aided-
design, and had a mass of 3450 kg, an effective length of 
4750 mm, and could be released from a near-horizontal 
position. It was designed to accommodate simply 
supported timber beam specimens with and without axial 
restraints for cross-sections between 160×160 mm and 
200×320 mm, and lengths between 2700 mm and 4300 
mm. The main data from the tests was the energy release 
of the specimen throughout the impact, which was 
measured directly by the position of the impact hammer. 
The position of the impact hammer was recorded with an 
angular encoder. Besides the angular encoder, a shock-
resistant high-speed camera operating at 5700 pictures per 
second was mounted on the impact hammer, and other 
cameras were also used to record the impact from several 
angles. Several accelerometers were also mounted on the 
impact hammer to measure the peak impact force. To date, 
89 spruce glued laminated timber specimens without 
finger joints, nine beech laminated veneer lumber 
specimens, and four calibration specimens were tested.  
Throughout the current experimental campaign, the test 
setup worked reliably at a high success-rate. Based on the 
current results, it is not recommended to measure the peak 
impact force by using accelerometers mounted at the 
impact hammer. For future tests, it is planned to measure 
the reaction forces at the supports directly via load cells. 
To extend the current knowledge on the behaviour of 
glued laminated timber subjected to impact loading, tests 
are also planned for specimens with finger joints. The 
pendulum impact hammer can also be used for impact 
tests of other materials with little or no modification.  
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