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1 Introduction
Floors that are too bouncy can create discomfort to their users. For instance, if a user
is located on one part of the floor, s/he might feel some degree of discomfort due to the
vibrations generated by another user walking across the room.

It is well known timber floors are generally lightweight structures, and therefore
they are more sensitive to footfall vibrations than floors constructed with heavier ma-
terials [1]. Since one of the design principles behind Skylark is that the blocks can be
lifted without cranes, they tend to weigh less than 130—150 Kg: this number is 1 to 2
times the weight of an average person. For this reason, it is important to assess their
sensitivity to footfall vibrations.

This report presents the results of a survey performed on a recently built Skylark
WikiHouse called Peak Barns. The scope of the study is limited to the vibration of
the structural beams as a ’whole’, to focus on the overall floor response. By pursuing
this approach, the relative vibration of the top panel of the beams for example is not
captured. While this last aspect might be important to identify localized behaviours
(for example squeakiness of a particular part of the beam), it will not affect the other
floor users. Therefore, it is not part of this study. The adopted methodology is based
on the following standards:

1. British Standard 6472: Guide to evaluation of human exposure to vibration in
buildings [2]

2. A Design Guide for Footfall Induced Vibration of Structures [3]

The objectives of this study are:

1. Identifying the dynamic properties of the floor, such as natural frequencies, mode
shapes and damping.

2. Assessing the floor performance in relation to footfall vibration.

This report is divided in 3 main sections:

1. Section 2 provides background information about quantifying floor sensitivity to
footfall vibrations according to BS 6472 [2].

2. Section 3 provides information about how the dynamic properties of the floor,
namely natural frequencies, mode shapes and damping, were derived by using
impact testing.

3. Section 4 provides information about how the floor sensitivity is assessed by
performing walking tests.

2 Background information

2.1 Human sensitivity to vibration
Generally speaking, people tend to be more sensitive to vibration at some frequencies
than at others. The British Standard BS 6472 [2] provides a base curve for human
perception of continuous vibration, which is reported in Figure 1.
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Figure 1: Response factor according to the British Standard 6472

From Figure 1, it can be seen that between 4 Hz and 8 Hz, the criterion is one of
constant acceleration. Outside of this interval, the criterion in one of constant velocity,
and therefore it appears as a linear dependency between frequency and acceleration.

The curve refers to the perception in the head-to-toe axis of the human body, and
it is expressed in terms of Root Mean Square (RMS) acceleration. This last quantity,
aRMS is defined by equation 1:

aRMS =

√∫ t+Ta

t
a2(t)dt

Ta
(1)

with a(t) the acceleration signal and Ta the duration. The logic behind the standard
is that measuring the average amplitude over a certain time period is more represen-
tative than simply extracting the peak acceleration. This second approach would not
be very useful when dealing for example with signals presenting a single isolated peak
significantly higher than the rest of the signal.

2.2 Vibration Dose Values (VDV) and acceptable values
BS 6472 [2] introduces the concept of Vibration Dose Value (VDV) and it provides
acceptable limits for it. The VDV is defined by equation 2:

V DV = 0.68 aRMS
4
√

naTa (2)
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with aRMS the root mean square of the acceleration signal of the activity (for example
walking across the room), Ta the time of the activity and na the number of times the
activity will take place during the exposure period.

BS 6472 [2] provides the following levels of continuous vibration at which the
probability of adverse comment is low. These values are reported in Table 1.

Table 1: Vibration dose value limits specified by BS 6472.

Place Low probability
of adverse comments

Adverse comment
possible

Adverse comment
probable

Buildings
16h day 0.2 to 0.4 0.4 to 0.8 0.8 to 1.6

Buildings
8h night 1.3 0.26 0.51

Often equation 2 is re-written by isolating na as equation 3:

na =
1

Ta

[
V DV

0.68 aRMS

]4
(3)

By substituting the VDV values from Table 1, the number of times such an event must
occur in the given period to result in a low probability of adverse comment is calculated.

2.3 Low frequency floor vs high frequency floor
When dealing with the vibration performance of floor systems, a distinction is normally
made between ’low frequency floor’ and ’high frequency floor’. Low frequency floors
are floors which can be brought to resonance by human walking, i.e., floors with natural
frequency lower than 10 Hz. High frequency floors are floors that are not brought to
resonance by human walking, i.e., their natural frequency is greater than 10—15 Hz.
This distinction depends on the fact that the human pace is generally between 1 Hz
(slow walking) and 2.5 Hz (running). Normally all the harmonics up to 4 times the
pace (i.e. 10 Hz) are considered when classifying the floor as ’low’ or ’high’ frequency.
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3 Assessing the dynamic properties of the floor
This section deals with estimating the dynamic properties of the floor, namely natural
frequencies, mode shapes and damping.

3.1 Floor geometry and instrumentation
Peak Barns’ floor covers an internal area of 5.5 m x 6 m, and the beams span over a
length equal to 5.5 m as reported in Figure 2. Beams are made of 250 Skylark standard
cassette blocks, fabricated by using plywood 18 mm panels (https://www.wikihouse.cc/blocks).

Figure 2: Monitored floor: a) photo and b) location of the accelerometers.

The instrumentation setup consists of 5 tri-axial accelerometers mounted on the
floor, the position of which is reported in Figure 2. The accelerometers were attached
to the border of the top panels by using a special wax temporary adhesive (PCB 080A24
Petro wax). The instruments were connected to a logging unit, and they sampled the
signal at 1703 Hz.

To extract the information about the dynamic properties of the system, the floor
was hit by using an impact hammer. The hammer was connected to the logging unit,
so that the excitation force was measured.

3.2 Dynamic identification
The floor was hit in the locations reported in Figure 3a, while the response was mea-
sured by accelerometer 1 (Figure 3b). This identification method is also known as
’moving hammer’. Further details can be found in ’Modal testing: theory, practice and
application’ [4].

Beams were hit in their webs and from below, i.e., the ceiling of the ground floor.
This was done to avoid interfering with the vibration of the system. The hitting se-
quence consisted of 6 impulses with around two seconds between each impulse. The
typical output measured by accelerometer 1 is reported in Figure 3b.
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Figure 3: a) Impulse locations and b) typical output signal.

3.3 Frequency Response Function (FRF)
A preliminary identification of the natural frequencies was carried out by computing
the frequency response function (FRF). The FRF was calculated by using equation 4,
and it is reported in Figure 4:

FRF =
Syy

Sxy
(4)

with Syy and Sxy the cross power spectral density function of output signal ’y’ (ac-
celerometer) and input signal ’x’ (hammer), respectively.

Figure 4: Frequency response function (FRF) calculated for each impact test.

From Figure 4, three main peaks can be clearly seen:

1. between 20 and 25 Hz;

2. between 30 and 35 Hz;
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3. between 38 and 42 Hz;

Furthermore, a small peak can be noticed around 19 Hz. Therefore, it is expected that
the natural frequencies of the system will be within these intervals.

3.4 Poly reference Least Squares Complex Frequency-domain es-
timator

The Poly reference Least Squares Complex Frequency-domain estimator [5] was used
to estimate the natural frequencies, mode shapes and damping of the floor. The system
identification was carried out by using the Python package ’strid’ [6]. The Poly refer-
ence Least Squares Complex Frequency-domain estimator consists of fitting the FRF
with rational fraction polynomials expressed by equation 5:

H(ω) =

∑m
k=0 aks

k∑n
k=0 bks

k
, with s = jω (5)

with ak, bk the model parameters, and m,n the order of the polynomials. Then, the
identified modes are reported on the stability diagram to determine the stable ones.

The FRF was fitted with the grade of the polynomials ranging from 5 to 30, and the
results are reported in Figure 5.

Figure 5: Stability diagram obtained by fitting the FRF.

Four stable modes were selected corresponding to the 4 peaks, leading to the modal
properties reported in Figure 5. By looking at Figure 5, it can be seen that the first
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natural frequency of the floor is equal to 19.4 Hz: this classifies the floor as ’high
frequency floor’, and therefore no resonance is expected due to human walking. The
other natural frequencies are equal to 22.97 Hz, 31.83 Hz and 39.94 Hz. These values
fall in the intervals previously identified in Figure 4.

The damping values associated with the first 4 modes are equal to 8.0%, 4.6%,
5.0% and 4.2%. These numbers are slightly higher than damping values found by
other studies on timber floors [7]–[9]. It is believed that these differences are due to
assembly of Skylark beams: since the beams are not single elements, but they are made
by many panels jointed together, more friction is generated between these connections
than traditional floor systems. Therefore, such friction increases the damping of the
floor.

Figure 6: Identified mode shapes.

Figure 6 shows the mode shapes associated to the first 4 modes. It can be seen that
the mode shapes engage the floor in both directions, i.e., parallel and perpendicular
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to the beams’ axis. Even if the main deformation occurs along the beams’ axis, it
can be seen that the deformation is propagated also along the direction perpendicular
to the beams’ axis. This indicates that the beams are transferring vertical forces with
each other, resulting in a stiffening effect and a greater modal mass than if each beam
were vibrating independently. In other words, even if designed as simply supported
independent elements, the beams in reality tend to work together to a certain degree.
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4 Assessing the VDV of the floor
This section deals with estimating the VDV of the floor by means of walking tests.

4.1 Walking test description
The vertical vibration of the floor due to human walking was used to calculate the
Vibration Dose Value (VDV). Five main walking routes were selected:

1. Route 1 walks the East—West direction. The starting point is where the lowest
floor-to-ceiling height allows a 1.8 m high person to walk.

2. Route 2 walks the East—West direction, starting from the middle position of the
floor.

3. Route 3 is symmetric to route 1 with respect to the centre of the floor.

4. Route 4 walks the floor diagonally in the Northwest—Southeast direction.

5. Route 5 walks the stairs.

The routes were constrained by the limited floor-to-ceiling height in the lanes, and they
are reported in Figure 7.

Figure 7: Walking routes.

All five routes were walked in both directions at 3 different paces corresponding
to: 1) slow walking, 2) normal walking and 3) running. This leads to a total number of
acceleration events equal to 30.
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4.2 Accelerations data
The accelerations recorded by the 5 accelerometers during the walking test are reported
in Figure 8. To identify each event, the following notation is used:

1︸︷︷︸
Route number

E︸︷︷︸
Walking direction

s︸︷︷︸
Pace

The first character represents the routes, and it assumes values from 1 to 5; the second
character represents the walking direction, and it assumes values equal to N, S, W and
E for North, South, West and East, respectively. The last character specifies the pace,
and it assumes values s, m, f for slow, medium and fast pace, respectively.

From Figure 8 it can be seen that the event labelled ’2Ws’ is missing: the data were
found to be corrupted, and therefore this even was omitted from the analysis.

It can be noticed that accelerations reach peaks equal to 2.4 m/s2, 3 m/s2 and 5
m/s2 for the slow, medium and fast pace walk, respectively.

4.3 Root mean square accelerations and VDV
Root mean square accelerations were calculated according to equation 1 and reported
in Table 2. These values were inserted in equation 3 to find the maximum number of
times that the walking activity can take place without compromising a low probability
of adverse comments.

The VDV values were taken according to the BS 6472 [2], i.e., VDC=0.4 for day
period and VDV=0.13 for night period. Results are reported in Table 2.

According to Table 2, the following scenarios are the critical ones:

1. In the case of slow-pace walking, route 4 can be walked 751 times during the day
and 8 times during the night without compromising a low probability of adverse
comments.

2. In the case of medium-pace walking, route 4 can be walked 164 times during
the day and 2 times during the night without compromising a low probability of
adverse comments.

3. In the case of fast-pace walking (i.e running), route 2 can be walked 8 times dur-
ing the day and 0 times during the night without compromising a low probability
of adverse comments.

Given the intended use of the building, this number of activities is unlikely to be ex-
ceeded on a regular basis.
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Figure 8: Accelerations during the walking test.
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Table 2: Maximum aRMS values and maximum number of repetitions nrep to obtain
low probability of adverse comments.

Event
ID Pace T a (s) Acc1

(m/s2)
Acc2

(m/s2)
Acc3

(m/s2)
Acc4

(m/s2)
Acc5

(m/s2)
Max

(m/s2)
n rep
day

n rep
night

1Es

slow

21.7 0.021 0.017 0.017 0.023 0.021 0.023 21512 240
1Ws 21.7 0.022 0.016 0.016 0.018 0.019 0.022 22805 254
2Es 25.8 0.032 0.021 0.025 0.025 0.027 0.032 4490 50
3Es 29.9 0.037 0.027 0.033 0.033 0.032 0.037 2183 24
3Ws 31.1 0.035 0.024 0.030 0.031 0.026 0.035 2549 28
4Es 30.5 0.048 0.035 0.038 0.046 0.047 0.048 751 8
4Ws 28.1 0.033 0.024 0.026 0.028 0.028 0.033 3529 39
5Ns 19.3 0.017 0.015 0.013 0.014 0.012 0.017 70875 791
5Ss 32.8 0.003 0.003 0.008 0.015 0.005 0.015 71947 803
1Em

medium

18.8 0.060 0.059 0.053 0.042 0.050 0.060 497 6
1Wm 20.5 0.073 0.059 0.055 0.051 0.059 0.073 201 2
2Em 19.9 0.054 0.046 0.048 0.048 0.047 0.054 713 8
2Wm 19.9 0.067 0.039 0.042 0.047 0.046 0.067 302 3
3Em 19.9 0.055 0.045 0.060 0.048 0.039 0.060 450 5
3Wm 19.9 0.052 0.031 0.036 0.044 0.037 0.052 828 9
4Em 21.7 0.059 0.042 0.046 0.053 0.055 0.059 441 5
4Wm 21.7 0.076 0.042 0.048 0.052 0.056 0.076 163 2
5Nm 28.1 0.012 0.015 0.013 0.015 0.012 0.015 83401 930
5Sm 25.8 0.004 0.004 0.006 0.015 0.007 0.015 102184 1140
1Ef

fast

19.9 0.082 0.054 0.051 0.040 0.046 0.082 135 2
1Wf 18.8 0.100 0.093 0.088 0.079 0.088 0.100 65 1
2Ef 19.3 0.117 0.078 0.083 0.097 0.100 0.117 33 0
2Wf 16.4 0.148 0.127 0.132 0.164 0.173 0.173 8 0
3Ef 21.1 0.102 0.073 0.091 0.089 0.080 0.102 53 1
3Wf 22.9 0.080 0.061 0.076 0.061 0.059 0.080 128 1
4Ef 18.8 0.109 0.070 0.085 0.087 0.102 0.109 45 1
4Wf 19.3 0.140 0.084 0.099 0.100 0.111 0.140 16 0
5Nf 25.8 0.009 0.008 0.008 0.017 0.016 0.017 52330 584
5Sf 18.2 0.009 0.009 0.010 0.022 0.014 0.022 26062 291
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5 Conclusion
This study presents the analysis of the footfall sensitivity of a WikiHouse Skylark floor.
The analysis was conducted by impact testing and walking test. The main conclusions
are:

1. The first four natural frequencies of the floor are equal to 19.4 Hz, 22.97 Hz,
31.83 Hz and 39.94 Hz. This classifies the floor as a high frequency floor, and
this means that resonance due to human walking is unlikely.

2. The damping values correspondent to the first four natural frequencies were
found to be equal to 8.0%, 4.6%, 5.0% and 4.2%. These values are higher than
whose found in literature for other timber floors. This is believed to be due to
the friction generated in the connections between the panels.

3. Mode shapes show that, even if beams were designed as standalone elements,
they actually share vertical loads with each other. This behaviour has a stiffening
effect on the floor and increases modal mass, reducing vibration amplitude.

4. By looking at the vibration dose values coming from the walking test, it appears
that the number of activities necessary to exceed the limit of ’low probability of
adverse comments’ is quite unlikely.
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