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Abstract
The main objective of the study was to estimate the mean horizontal wind action on a façade scaffolding on the basis of 
full-scale data. Measurements of climatic parameters were carried out for a number of façade scaffoldings (120 structures) 
located in Poland over a 30-month period. The measurement points were located on 2–3 deck levels of each structure and 
at 2–4 points placed in each level. The measurements were carried out 3–4 times during each day for 5 consecutive days. 
At each point, two components of wind speed were measured: first with the vane probe directed perpendicular to the façade 
and then parallel to the façade. Each measurement lasted 60 s, and the data were recorded every 1 s. On the basis of wind 
speeds, a procedure was suggested that enabled estimation of the static wind action on façade scaffoldings. The responses of 
structures to this action were computed via FEM simulations. The results were compared with those based on the approaches 
recommended by the wind and scaffolding codes. Initial analyses, illustrated by three scaffoldings without a protective cover, 
indicated large discrepancies between the approaches and the possibility of wind action, which is not considered in the codes.
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1  Introduction

Scaffoldings are temporary structures mainly erected on 
construction sites at the walls of new buildings and at the 
façades of already erected buildings that are under repair, 
renovation, modernization, etc. Due to their temporary 
characteristics, scaffoldings are sometimes considered too 
lightly during design, assembly and exploitation, while any 
mistake made during any of these stages could cause serious 
accidents with injuries or even fatalities. A great number 
of accidents in the construction industry, including fatali-
ties, occur on scaffoldings (mainly falls from a height) and 
are generated by human or structural mistakes (deficient 
attachment to the building, defective elements, temporary 

overloading, deficient bracings) and, to a lesser extent, by 
wind action. Reports and analyses related to scaffolding fail-
ures have been presented for Poland [1], UK [2], USA [3], 
Hong Kong [4], Scotland [5], the Netherlands [6], and Spain 
[7]. These works show that all around the world independ-
ent of the scaffolding kind or the material used (aluminium, 
steel, bamboo) there are a large number of serious accidents, 
including fatalities, associated with scaffoldings. It is impos-
sible to distinguish one decisive reason for failures, but it 
is clear that wind action is one of the most important fac-
tors affecting scaffoldings; wind action could potentially be 
the primary factor. Therefore, the proper assessment of this 
load is important during design and exploitation to provide 
capacity and serviceability limit states.

The design wind action on scaffoldings in Poland (and 
generally in Europe) is described by two codes, [8, 9], which 
are supported by the wind code [10]. Wind action should be 
implemented separately in two different directions: perpen-
dicular to the outer plane of the scaffolding and along the 
façade of the scaffolding. When the scaffolding is equipped 
with a protective cover, the characteristics of the wind action 
are different from those when the scaffolding is not covered. 
The characteristic value of the resultant wind force, F [kN], 
is calculated from the following expression:
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where Ai is the reference area, cf is the aerodynamic force 
coefficient, cs is the site coefficient, qi is the characteristic 
wind velocity pressure, and i is the index of the scaffolding 
element [8]. The reference area for unclad scaffoldings is 
the total area of all components projected to the wind in the 
respective wind direction. The aerodynamic force coefficient 
takes values with respect to the wind load direction: normal 
and parallel to the façade. For unclad scaffoldings, there 
is one value, which is equal to 1.3. More detailed values 
of cf for different cross sections of elements are provided 
by the wind code [10]. The site coefficient describes the 
position of the scaffolding in relation to the building and 
should be determined with respect to the wind direction. 
In the case of unclad scaffoldings, the values are equal to 
0.75 (normal) and 1.0 (parallel). Wind action in the direc-
tion normal to the unclad scaffolding is defined more pre-
cisely in [9]. The code introduces the solidity ratio of the 
building façade, φB, which is the ratio of the façade net area 
without openings to the total façade area. Taking this into 
account, the cs changes linearly from 1.0 for φB < 0.1 to 0.25 
for φB = 1.0. Wind velocity pressure depends on the height 
of the structure above the ground level and changes linearly 
from 800 Pa for 0 m to 1100 Pa for 24 m. This recommenda-
tion [8] should be applied while designing new façade scaf-
folding systems; otherwise, wind action should be evaluated 
with [10], according to the mean wind speed vertical profile. 
The use of the scaffolding codes provides a maximum pos-
sible value of pressure without distinction between terrain 
categories or wind zones. A statistical factor can be consid-
ered for the period of working life from the erection to the 
dismantling of the scaffolding. The factor shall not be less 
than 0.7 when applied to the wind speed pressure with a 
50-year return period [9].

In the literature, there are many papers concerning the 
mechanical features of entire scaffoldings, single elements or 
their connections examined in the laboratory or with the use 
of finite element (FE) analyses (e.g. [11, 12]). The available 
data about wind action on scaffoldings are very limited and 
are related mainly to wind tunnel tests of structures with pro-
tective covers. A wind tunnel experiment with a scaffolding 
attached to a medium-height building covered with sheets 
of 0% porosity was described in [13]. The study focused 
on buildings with various openings, with different ratios 
of parts of the façade with openings to the solid façade, 
and with different arrangements of scaffoldings standing at 
1, 2, 3, and 4 walls. The authors measured pressure and 
then determined the wind force coefficients and stated that 
these values decreased as the percentage of wall openings 
increased. The development of the study to the interference 

(1)F = cs

n∑

i=1

(
Aicf ,iqi

) effect caused by the neighbouring building, and its influence 
on the behaviour of scaffoldings placed at 1, 2 or 3 walls 
was presented in [14]. Irtaza used a wind tunnel experiment 
and CFD techniques to examine sheet and net clad scaf-
foldings erected at the full façades of the Silsoe Cube [15]. 
The authors formulated some recommendations to the code 
provisions. Wind tunnel tests were performed by Yue et al. 
[16, 17] on integral-lift scaffoldings used in Asia for high-
rise buildings, for which the wind effect can be very signifi-
cant, especially if the scaffolding is placed over a height of 
150 m. Wind pressures on scaffoldings covered with plastic 
sheets were examined in a wind tunnel by Charuvisit et al. 
[18]. The scaffolding was placed at one and two walls and 
partially at two walls. The authors determined the angles of 
wind attack for which the maximum pressure on scaffolding 
was obtained. Beale [12] presented an extensive review on 
the majority of subjects connected with scaffoldings, includ-
ing wind action on such structures. This review cited many 
works that were focused on wind action from the conference 
held by the UK Health and Safety Executive at Bruxton in 
1994.

According to the authors’ knowledge, there are nearly 
no data on wind action on scaffolding structures from full-
scale experiments in the literature. Tests in wind tunnels 
focused on scaffoldings covered with protective elements 
do not fully correspond to the field situation. Protective ele-
ments are usually made of light materials that are deform-
able and susceptible to flutter when exposed to the wind. 
However, as noted above, rigid panels were used in tunnel 
tests to model the protective cover. In the case of scaffold-
ings without a cover, it is very difficult to perform reliable 
model tests, because the dimensions of the scaffolding and 
building components differ by several orders of magnitude. 
After reducing the building-scaffolding system to the size of 
a model that could be tested in the tunnel, the components 
have dimensions in millimetres or micrometres. This causes 
a lack of stability of the scaffolding structure and makes it 
difficult, or even impossible, to install measurement sensors 
on the model. Due to such technical difficulties, the only 
possibility to obtain reasonable results is full-scale research. 
This study presents such tests on scaffoldings without a pro-
tective cover. The extensive measurements of environmental 
parameters, including wind speed, performed by the authors 
allow us to expound on the issue of wind loads on temporary 
beam structures. In the present work, a description of in situ 
experiments is presented. Then, the proposed estimation of 
the simplified static wind load is elaborated. The proposal is 
based on the conversion of wind speed measured on the scaf-
folding, using data obtained from a nearby meteorological 
station, to the base wind speed given in the standards. This 
allowed for comparison of the static response of scaffoldings 
to wind action determined on the basis of measurements and 
standards. The application of the procedure is illustrated by 
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three examples of real scaffolding structures. FE computa-
tions are then presented for the responses of these struc-
tures to the static wind action based on full-scale data, and 
based on the scaffolding code and wind code procedures. 
The issue of the potential wind action not defined by the 
codes is finally raised.

2 � Experiment description

All measurements were performed within the scope of a 
project focused on the safety of people working on scaf-
foldings and on the safety of such temporary structures 
themselves. A total of 120 façade scaffoldings erected all 
around the territory of Poland were measured with respect 
to different aspects, including geodesy, instantaneous and 
permanent loads, and comfort of workers, between April 
2016 and November 2018. The results of the measurements 
of wind speed field with simultaneous measurements of 
operational load were used to check the ultimate limit state 
at the maximum load occurring during the week of scaffold-
ing operation and to determine the possibility of structural 
failure. The measurements were carried out on scaffoldings 
of various dimensions. The width and height of the objects 
were in the range of 3.7–75 m and 6–58 m, respectively. The 
aspect ratio (defined as the height-to-width ratio) was in the 
range of 0.16–8.65, and the total area of the outer side of the 
structures was 70.4–1560 m2.

The important part of the project was microclimate 
measurements containing wind speed, air pressure, tem-
perature, humidity, insolation and noise. This paper focuses 
on wind speed measurements performed using the KIMO 
multifunction instrument AMI 310 and a telescopic vane 
probe SHT100. The device has a resolution of 0.01 m/s and 
an accuracy of ± 3% (± 0.1 m/s) for 0.3–3 m/s and ± 1% 
(± 0.3 m/s) for 3.1–35 m/s. This device could work in a 
temperature range from − 20 to 80 °C. The main reasons for 
choosing KIMO devices to measure wind speed were very 

easy measurements with the possibility of gathering data 
on a memory card, no need for permanent installation, and 
the ease of changing the location of measurements. The last 
point was very important due to a large number of scaffold-
ings, several locations on every structure, and many repeated 
measurements. KIMO equipment containing different wind 
speed devices is commonly used in various in situ experi-
ments, including studies on the environment in commercial 
airliner cabins [19], the pollution in a residential kitchen 
[20], the air velocity inside urban vehicular tunnels [21], the 
air velocity in a ventilated double skin façade [22], and the 
behaviour of a roof top solar chimney [23].

The climatic measurement points were located on the 
first, middle, and top deck levels of the scaffolding. In the 
case of very low structures, the measurement points were 
on only two levels. The number of locations at each level 
depended on the size of the scaffolding and varied from 2 to 
4. Therefore, the total number of points was between 4 and 
12 for each tested structure. The experiment lasted 5 work-
ing days at a single scaffolding, and the measurements were 
repeated 3 or 4 times every day, usually at 8 a.m., 11 a.m., 
2 p.m., and sometimes at 5 p.m. During each repetition of 
measurements and at every point, two components of the 
horizontal wind speed were recorded. A single measurement 
lasted 60 s. The data were recorded every 1 s. At a given 
point, the probe was directed to measure the wind speed act-
ing perpendicularly to the scaffolding (60 s) and then along 
the façade (60 s), and then the person moved to the next 
location. An example of the scaffolding with the locations 
of points and the definition of wind speed axes illustrated by 
the measurements performed on site are presented in Fig. 1a, 
b. During the measurements, the influence of the person 
using a hand-type anemometer was minimized in the con-
struction site environment. Measurements were performed 
while standing or kneeling motionless with a constant posi-
tion of the anemometer. Observations during the in situ 
measurements indicated low sensitivity of results to small 
changes in the device orientation. Moreover, every person 

(a) (b) (c)
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Fig. 1   Location of measurement points on the scaffolding: a diagram of sample locations and directions of wind speed axes, b measurements 
performed on site, and c front view of the measurement layout on a single level for a perpendicular component of wind speed (axis 1)
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tried to stand at the windward side against the anemometer 
if the direction of the wind was easy to determine on site. 
The simplified scheme of the position of the anemometer in 
the middle of the scaffolding deck is shown in Fig. 1c. The 
KIMO probe was placed in the middle of the deck span, at 
a height of 1.4–1.6 m over the deck, and at a distance from 
the person of approximately 50 cm. The measurements were 
carried out at a distance from the building wall of approxi-
mately 50–80 cm. The majority of scaffolding decks were 
70 cm wide, and the anemometer was placed approximately 
in the middle of the width. The distance from the scaffold-
ing to the building wall varied from 20 to 40 cm. To limit 
the number of measurements, the vertical component of the 
wind velocity was not measured. Therefore, the measure-
ments were made at the penultimate or even lower level of 
decks and always below the level of the building roof. The 
distance between the device and the roof edge minimized 
the influence of conical vortices over the roof, which appear 
mostly for oblique angles. Taking the above assumptions 
and simplifications into account, the measurements allowed 
an approximate determination of real wind action on the 
scaffolding elements based on the data collected within the 
structure space. For the sake of clarity of the current study, 
only examples of scaffoldings without a protective cover 
were chosen. The presence of the cover requires another 
approach, taking into account its porosity and the additional 
wind load acting on it.

3 � Assessment of the wind load

The proposed procedure of assuming static wind action on 
façade scaffoldings based on full-scale data consists of the 
following steps:

1.	 Data concerning the wind speed collected with KIMO 
devices were statistically analysed, and 1-min mean val-
ues were determined at every measurement point, every 
hour, and every day of the experiment for two directions: 
perpendicular and parallel to the façade of the building. 
The data provided several cases of possible wind action 
on the structure. The typical 5 days of measurements and 
3–4 repeats during a day gave the maximum number of 
20 cases. To limit further FE analyses and ensure that 
the situation was as close to reality as possible, the most 
unfavourable cases of wind load were chosen taking into 
account two criteria of choice. The first criterion was the 
total sum of all magnitudes of the wind speed resultant 
vectors at a given time of measurement (day and hour). 
Because a single course of measurements lasted 1 to 
1.5 h (4–12 locations on the scaffolding), it was neces-
sary to introduce the assumption that such non-simul-
taneous measurements could ensure the representative 

static load of the distribution close to reality. Therefore, 
the second criterion was based on the analysis of the 
mean wind speed vectors. These vectors should indicate, 
taking into account the time shift of the measurements, 
that they were conducted in more or less constant con-
ditions. This means that the directions of the vectors 
were similar or that the vectors formed characteristic 
patterns. According to the authors’ opinion, these two 
criteria allowed minimization of inaccuracies and errors 
resulting from the non-simultaneous measurements.

2.	 For the chosen case, the 1-min mean wind speed must 
be referred to as the 10-min mean wind speed, which is 
the design value in Eurocodes. The analyses presented 
by Durst [24] allowed for the conversion of the wind 
speeds estimated from different averaging times. The 
gust factor Gv(Ti/T3600) defines this conversion, wherein 
T3600 is the 1-hour averaging time and Ti is the other 
averaging time. Taking Ti as 600 s and 60 s, the gust 
factor is equal to 1.06 and 1.24, respectively. Thus, 
Gv(T60/T600) can be estimated as 1.17. Other investiga-
tions (e.g. [25–29]) and code recommendations [30, 
31] gave a recalculated gust factor around this value 
(approximately 1.12–1.21); so, for further purposes, a 
value of 1.17 was assumed. This was a rough estima-
tion of the 10-min mean, because the majority of the 
research mentioned above, especially that presented by 
Durst [24], was related to open terrain. Scaffoldings usu-
ally stand in built-up areas, and the wind flow is changed 
significantly by the building itself and by neighbouring 
objects. Exact recalculation between averaging times 
would require additional measurements on site that were 
not possible within the scope of the experiment.

3.	 The wind action on the scaffolding was converted to the 
design mean wind speed (for example, 22 m/s), taking 
into account the wind zones in Poland and the ratio of 
the wind speeds measured on site to those measured at 
the nearby weather station. It was assumed that the wind 
speed achieved the design value at the weather station 
and that it was the reference speed for the scaffolding 
site. The meteorological station provides values of the 
wind speed in undisturbed flow, whereas the measure-
ments taken at the construction site describe the flow 
field, which is the result of this speed and the layout 
of buildings and other objects between the station and 
the scaffolding. The available data from meteorological 
stations in Poland concern the last 10-min mean wind 
speed from every hour. The value from the weather sta-
tion corresponding to the hour of chosen measurements 
was taken as the reference speed.

4.	 The wind action on the scaffolding according to the 
measurements was calculated according to the follow-
ing expression:
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where q = 0.5ρv2 is the wind speed pressure based on 
wind speeds in the chosen case; Di is the dimension of a 
particular element, i, when exposed to the wind action; 
and cf,i are the aerodynamic coefficients of particular 
elements. The load (in kN/m) was implemented in the 
FE system, and linear static analysis was performed. The 
load was applied to the following scaffolding elements 
subjected to the wind: vertical stands (inner and outer), 
railings, bracings, and toe-boards (which include thick-
ness of the deck), as shown in Fig. 2. Other elements 
were omitted due to their low influence on the total load.

Additional cases of load based on code recommendations 
were also considered. The load was calculated according to 
Eq. (1). The values of q and cf were calculated in accordance 
with the wind code [10], whereas cs was taken from the scaf-
folding code, because this is the specific parameter defined 
only by this code [8, 9]. The reference area was replaced by 
the diameter (or height for the toe-boards) of the elements 
to obtain the value in kN/m. When calculating the wind 
speed pressure, the direction coefficient, cdir, which changes 
between 0.7 and 1.0, was considered according to National 
Annex to Eurocode [10]. The load was applied separately in 
two directions: perpendicular and parallel to the structure 

(2)pi = qDicf ,i
according to the scaffolding code rules. All of the above-
mentioned elements were loaded in the perpendicular direc-
tion, whereas only vertical stands and bracings were loaded 
in the parallel direction. Additionally, the load defined by 
Eq. (1) was calculated using the recommendations of scaf-
folding codes only [8, 9]. It must be emphasized that the use 
of scaffolding codes is sensible only in the design of new 
systems of scaffoldings. The value of the wind speed pres-
sure is assumed here at its maximum to cover all possible 
climate conditions. These values were established as limits 
for comparisons. In summary, FE linear static analyses were 
performed for 5 scenarios of the wind load based on case 
A—in situ measurements; case B—Eurocode (wind code), 
perpendicular direction; case C—Eurocode (wind code), 
parallel direction; case D—scaffolding code, perpendicular 
direction; and case E—scaffolding code, parallel direction.

To increase the accuracy of the calculations, the values of 
the measured wind speed were interpolated between meas-
urement levels (Figs. 1a, 4b). For example, if measurements 
were performed at 3 levels, then 5 levels of different loads 
were assumed overall. The load based on codes (cases B–E) 
was determined to be constant at the entire width of scaffold-
ing levels corresponding to levels in case A.

In summary, the wind load determination procedure, 
based on in situ measurements and on guidelines provided 
by the wind and scaffolding codes, can be presented in the 
form of the diagram shown in Fig. 3.

4 � In situ measurements

Three steel scaffoldings without a protective cover (namely 
W07, P01, and P10, as shown in Fig. 4) were chosen as 
examples to illustrate the procedure of estimating the wind 
load and the static response. The elaborated procedure can 
be applied to all kinds of scaffoldings without a protective 
cover. The various heights and widths of the scaffolding do 
not introduce any changes in the measurement setup and 
consequently in the calculations. In any case, the load is 
based on measurements carried out in points defined accord-
ing to the example in Fig. 1a.

The W07 scaffolding was located in Warsaw in a built-
up terrain. This scaffolding had 15 frames and 8 levels of 
decks. The measured elevation was the southeast one of the 
large office building. The building was a frame structure 
with large openings, which resulted in a solidity ratio of 
0.3. The climatic measurements were conducted at 12 points 
over 5 days at 8 a.m., 11 a.m., 3 p.m., and 5 p.m. (with 
some exceptions due to weather). The most unfavourable 
case of the wind action, chosen on the basis of the assump-
tions mentioned in Sect. 3, was on the fifth day, at 11 a.m. 
The reference 10-min mean wind speed was measured at 

Fig. 2   Continuous load applied to structural elements of the scaffold-
ing in the FE system
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Warsaw–Okęcie Airport weather station, which was approxi-
mately 7 km away from the construction site.

The P01 scaffolding was located in Ostrzeszów by the 
newly constructed residential building standing in the 
built-up terrain. This scaffolding consisted of 6 frames and 
6 levels of wooden decks that were 4.4 cm in thickness. 
The measured façade was on the north-east side of the solid 
building. Measurements were carried out in 8 locations 
over 4 days at 9 a.m., 11 a.m., and 2 p.m. The fifth day was 
omitted due to weather conditions. For further analyses, the 
data collected on the second day at 8 a.m. were chosen as 
the most unfavourable case. Two weather stations, Wieluń-
Cewice and Kalisz-Oksywie, were approximately 40 km 
away from the scaffolding.

The last scaffolding, P10, was located in Krosno in the 
suburban terrain. This scaffolding had 16 frames and 7 levels 
of mixed steel, aluminium and wooden decks. The measured 
elevation was the east-north one of the long office building. 
The building had a full façade, so the solidity ratio was equal 
to 1.0. Measurements were carried out in 12 locations over 
4 days at 8 a.m., 11 a.m., and 2 p.m. and on one day at 5 p.m. 
The first day was omitted due to weather conditions. For 
further analyses, the data collected on the third day at 8 a.m. 
were chosen. The reference 10-min mean wind speed was 
measured at the Krosno weather station, which was approxi-
mately 3.5 km away from the construction site.

The ranges of the wind velocity characteristics in the cho-
sen time are collected in Table 1. These ranges are based on 

Fig. 3   Scheme of wind load 
estimation according to the 
proposed procedure

Fig. 4   Scaffoldings (from left to right) W07, P01, and P10: a view and b schemes with the location of measurement points
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data from all measurement points and are related to 1-min 
mean v1,m and v2,m, 1-s instantaneous v1 and v2, and standard 
deviations σ1 and σ2 for the perpendicular (1) and parallel 
(2) directions of wind velocity, respectively. An example of 
a 1-min record with 1 s of sampling, registered at the top 
right point of scaffolding W07, is shown in Fig. 5a. The 
mean wind speed, its standard deviation, and the range of 
instantaneous speeds (max–min) for this point are presented 
in Fig. 5b for every hour and day of measurements. More 
detailed information about this case study can be found in 
[32].

Additional assumptions based on in situ observations 
and code provisions are listed in Table 2. The design val-
ues of wind speed were 22 m/s, and the results from the 
scaffoldings were recalculated to this value. The directional 
coefficient cdir was estimated from the National Annex to 
Eurocode on the basis of the mean wind speed direction 
measured at the nearby weather station at the time of the 
measurements. The patterns of resultant wind speed vectors 
in the chosen cases acting on the measurement points are 
presented in Fig. 6. The values of speeds were recalculated 
to the design ones, and then the wind load per unit length 
acting on the scaffolding elements was estimated according 
to the procedure described in Sect. 3.

5 � FE modelling

The results of the in situ measurements were wind speeds 
and directions in several locations. The actual full-scale 
wind action did not coincide with the directions recom-
mended by the standards, so it was difficult to compare the 
determined loads directly with each other. Therefore, the 
responses of each structure to the static wind action based 
on various approaches were compared. For this purpose, 
FE models of the structures were created. An example of 

Table 1   Ranges of wind speed 
characteristics in the chosen 
time of the measurements (m/s)

v1,m v2,m σ1 σ2 v1 v2

W07 0.57–3.39 − 1.11–2.22 0.22–0.88 0.23–1.47 − 0.62–5.48 − 2.01–4.90
P01 − 0.44–1.22 0.84–3.06 0.19–0.42 0.52–1.31 − 1.08–2.42 − 1.06–4.95
P10 − 0.09–2.17 − 2.46–0.42 0.09–0.70 0.23–2.31 − 1.31–3.69 − 5.00–2.94

Fig. 5   Wind speeds v1 and v2: a over 1 min with 1 s of sampling, and b, c 1-min mean, standard deviation, range of maximum and minimum 1-s 
values. Data from the top, right measurement point of structure W07

Table 2   Wind action assumptions

W07 P01 P_10

Mean wind speed at the 
weather station

4 m/s 5 m/s 4 m/s

Wind load zone 1 1 3
Terrain category 4 4 2
Solidity ratio, φB 0.3 1 1
Site coefficient, cs 0.833 0.25 0.25
Directional coefficient, cdir SE: 0.7 ESE: 0.7 S: 1.0
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Fig. 6   Resultant directions of 
1-min wind speed vectors for 
chosen cases of wind load: a 
W07, b P01, and c P10

Fig. 7   Elements used in scaffolding systems: a description, b main elements, c single frame with lower and upper transoms, d upper transom and 
its connection with steel decks and gusset plates, e anchors and anchor couplings, and f base jacks
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scaffolding composed of typical elements commonly used 
in Europe is presented in Fig. 7.

Cross sections of the scaffolding elements were based 
on the in situ observations and the producer’s catalogues. 
Geodesic measurements were carried out for all structures, 
and the real locations of their nodes (connections between 
frames and decks) in space were established. The correct 
position of the connections between the upper u-sections 
and the lower transoms, as well as the bracings and rail-
ings, were modelled on the basis of the in situ inventory 
control. The created FE models represented “real” scaf-
foldings during their work on the construction site. Not 
all elements were modelled directly. The mass density 
of the frame was increased by additional weights of gus-
set plates, railing edges, and welded studs (elements in 
Fig. 7d), for which the characteristics were taken from 
the in situ observations and producer’s catalogues. A sim-
plified structure of the decks was used, which consisted 
of plate elements with transoms and ledgers and mount-
ing hooks. The weight and stiffness of these simplified 
elements were previously analysed in detail to reflect the 
behaviour of real decks [33]. In the case of P01, the decks 
were made of wood and were not simplified but modelled 
directly as plate elements with anisotropic features. All the 
elements other than the decks were modelled as beams. 
The basic elements of all scaffoldings had the following 
shapes and dimensions: stands—pipes, D = 48.3 mm; rail-
ings—pipes, D = 38 mm; bracings—pipes, D = 42 mm; 
and wooden toe-boards—rectangular cross section of 
15 cm × 3 cm. The anchorage system and boundary con-
ditions in the supports and connections between particu-
lar elements were set according to in situ observations. 
Rigid and hinge connections were applied in the models. 
All models were validated by in situ measurements. Free 
vibrations tests were performed on all scaffoldings with 

excited forces applied at different points and directions. 
Accelerations of vibrations were measured in several loca-
tions. Spectral analysis was performed on the acceleration 
time histories, which provided the dynamic characteris-
tics of the structure. A comparison of the results from the 
FE modal analysis and full-scale measurements indicated 
that some models had to be slightly improved. In practice, 
this meant that some DOFs in particular supports were 
released or masses in specified locations were added in 
the FE models. Additional validation of the models was 
based on the full-scale measurement of axial forces in the 
chosen stands. The characteristics of changes introduced to 
the model were different in particular cases, but finally, the 
frequencies and mode shapes obtained in the FE computa-
tions were close to those from the full-scale. More details 
of FE modelling of scaffoldings can be found in [34]. 
Clearances in the connections between elements were not 
modelled. Scaffoldings as temporary structures are used 
several times, so the clearances between the elements and 
the inaccuracies arising in each subsequent assembly are 
unavoidable. The clearances mainly influenced the damp-
ing of the structure, which was also observed during the 
in situ dynamic tests of the excited vibrations. Full-scale 
observations of the behaviour of scaffoldings allowed us 
to conclude that the connections, in static load conditions, 
basically blocked the possibility of movement, and the use 
of the hinge connection was justified. This was mainly 
related to the connections between the anchor coupling 
with the hook and the anchor eye bolt. An additional rea-
son why the clearances were not modelled in the whole 
structure was the excessive computing power necessary 
to carry out the correct calculations with such boundary 
conditions. The authors assumed that this was unnecessary 
for the main purpose of the study. The FE models of the 
three structures are presented in Fig. 8.

Fig. 8   FE models of W07 (left), P01 (middle), and P10 (right)
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6 � Discussion of the results

All FE static analyses were carried out to check the influ-
ence of wind loads only, so the other influences, including 
deadweight, were not considered. The chosen load systems 
(comp. Fig. 6) were implemented in the models. The magni-
tudes of the maximum displacement are collected in Table 3, 
and the example deformation forms of the W07 scaffolding 
are presented in Fig. 9. The scale due to the legibility is not 
maintained between figures, and the deformations are largely 
scaled-up. The forms of deformation were the same for wind 
and scaffolding code approaches (cases B and D and cases 
C and E, respectively). Larger values of displacements were 
obtained in cases C and E due to higher multipliers of load 
derived on the basis of the scaffolding code. When consid-
ering W07, the form of deformation in case A was roughly 
similar to that in cases B and D, because the directions of 
forces were close to perpendicular to the façade (Fig. 6a). 
The displacements obtained for perpendicular loads were 
higher than those for parallel loads, which was different 
for scaffoldings P01 and P10. In general, the wind action 
induced small displacements of structure P01, which sug-
gested high stiffness of the entire structure. Slightly higher 
displacements were obtained for parallel loads (cases C and 
E) in P01, and significantly higher in P10. The components 
of the displacement vector were the largest along axes 1 or 
2 in accordance with the load direction for all structures.

There were different locations of maximum displace-
ments between the cases of loads. For W07, the maximum 
displacements occurred in the first from the right outer top 
stand (case A), in the sixth from the right outer top stand 
(cases B and D), and in the first from the left outer top stand 
(cases C and E). Considering P01, the maximum displace-
ments were observed in the top right outer stand (case A), in 
the third from the left outer stand at the third level of decks 
(cases B and D), and in the fourth from the left inner lower 
stand, which was due to released DOF along the façade 
(cases C and E). The same behaviour was observed for P10, 
in which the locations were in the fifth from the left outer top 
stand (case A), in the fourth from the right outer top stand 
(cases B and D) and in the eighth from the right inner top 
stand (cases C and E).

The axial force, torque, bending moments, and normal 
stresses in the beam elements were compared between the 
cases of loads. The worst normal stresses were calculated 
according to the formula:

where Ac is the cross sectional area, W2 and W3 are the sec-
tional moduli, N is the axial force, and M2 and M3 are the 
bending moments against two axes of the cross section.

The extreme values of σ in the main elements are shown 
in Fig. 10. Low values of stress were found in the railings, 
bracings, and toe-boards, as could be expected, because 
these are not structural elements. In the case of bracings, 
the values of normal forces are important. If there is a high 
axial force in a bracing, then there is a possibility that the 
bracing will fall out of the connection or cut the mandrel 
depending on the scaffolding system used. Low stresses 
were also found in the ledgers under the deck, which are 
structural elements but are rigidly connected to the steel 
decks. The anchors also had relatively low stresses, but for 

(3)� =
|N|
Ac

+

||M2
||

W2

+

||M3
||

W3

Table 3   Magnitude of maximum displacements for load cases A–E 

Magnitude of maximum displacements (cm)

Case A Case B Case C Case D Case E

W07 0.88 2.00 0.38 5.01 1.23
P01 0.29 0.17 0.42 0.35 1.34
P10 0.62 0.89 2.37 0.97 3.80

Fig. 9   Forms of deformation in W07 obtained in static analysis under wind action in cases a A, b B, and c C
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these elements, normal forces are also important. These 
normal forces are equal to the forces pulling the anchor 
out of the façade. The maximum axial force in a standard 
anchor, permitted by Polish regulations, is 2.5 kN. It is 
possible to increase this value by using glued anchors. 
Then, the load capacity of the coupling between the anchor 
and the stand is a limit for its use. In most systems, the 
maximum force is defined as 9 kN. Standard anchors were 
used in all constructs described in this paper. Locally, in 
stands and base jacks, the stresses were close to limit val-
ues or even exceeded them in the case of the load calcu-
lated on the basis of the scaffolding code (Fig. 10, P10). 
This code assigned to the newly designed scaffolding sys-
tems does not consider terrain, wind zone and temporary 
or seasonal factors, which results in higher loads. The 
limited stresses that can be accepted for steel scaffold-
ing elements are usually in the range of 260–320 MPa; as 
shown in Fig. 10, an average of 300 MPa is used as the 
upper limit. Extreme values of normal stresses are addi-
tionally collected in Table 4. Accepting the lowest value of 
260 MPa as the limit, the exceeding values are designated 
with italic values in the table, and the values close to this 
limit, i.e. 80–100% of this limit, are designated with bold 

fonts. The bearing capacity is exceeded only in the case of 
the wind load directed parallel to the façade (P10, cases 
C and E).  

Detailed comparisons of the internal forces N, M2, and 
M3 for the chosen elements with the largest effort and the 
axial forces N in the bracings and anchors are presented in 
Table 5. Tensile and compressive axial forces had very simi-
lar values, and only extreme forces are shown. Only abso-
lute extreme values of bending moments without distinc-
tion of their direction are noted. The moments M2 and M3 
were relatively low. However, considering the values of the 
sectional moduli for the thin pipe elements, these moments 
could produce larger stresses than the axial forces. In the 
case of axial forces in the anchors, values exceeding 2.5 kN 
and close to the limit were found (italic values and bold font, 
respectively). 

Analysing the distribution of the extreme worst normal 
stresses with respect to the forces and moments in W07, 
it was noticed that their locations were different from case 
to case. Extreme values of σ were in the elements at the 
right side of the structure and roughly in accordance with 
the deformation shape (cases A, B, and D). For example, 
extreme values of σ were located in the second stand from 

Fig. 10   Normal stresses in scaffolding elements, cases A–E: a maximum values and b minimum values

Table 4   Extreme normal 
stresses in scaffolding elements 
[MPa]

Stands Base jacks Upper/lower transoms

W07 P01 P10 W07 P01 P10 W07 P01 P10

A − 36.93 − 43.03 − 59.66 19.06 − 7.32 56.77 36.98 8.96 18.61
B − 94.10 − 37.67 44.57 42.10 − 9.05 7.71 81.74 17.89 − 35.00
C 78.90 − 47.18 283.49 56.18 − 8.02 267.10 − 7.69 10.05 − 62.23
D − 232.06 − 42.07 47.77 96.02 − 12.11 11.06 199.24 − 37.17 − 38.01
E 260.76 − 77.67 472.20 183.62 − 10.09 444.00 − 25.54 30.93 − 101.13
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the right at the seventh level of decks (min.) and in the upper 
transom under this deck (max.) in case A. The location of 
extreme internal forces N, M2, and M3 and particular compo-
nents of normal stresses (Eq. 3) were in different elements of 
the structure. Similar observations were also applied to the 
results of computations based on codes—cases B and D and 
cases C and E. In general, it was very difficult to predict the 
most stressed elements, the locations of the worst stresses, 
and the corresponding internal forces in the entire struc-
ture. Considering stands in case A under wind loading, the 
extreme worst normal stresses in these elements were equal 
to 34.20 MPa (max.) and − 36.93 MPa (min.). The stress 
components produced by the axial force N and the bend-
ing moments M2 and M3 (Eq. 3) in the location of extreme 
stresses were equal to 1.26 MPa, 3.90 MPa, 29.03 MPa 
(max.) and − 1.35 MPa, − 3.70 MPa, − 31.88 MPa (min.), 
respectively. Thus, the influence of bending moments was 
the largest for these elements. When considering internal 
forces N, M2, and M3 in these locations, they were equal to 
0.489 kN, 1.629 × 10−2 kN m, and 0.121 kN m (max.) and 
− 0.520 kN, − 1.545 × 10−2 kN m, − 0.133 kN m (min.).

For comparison, a static analysis with the deadweight 
only was performed, and it gave the maximum displacement 
equal to 0.32 cm in the dominant vertical direction and the 
worst normal stress equal to − 21.38 MPa.

The load capacity was not exceeded in any element of 
scaffolding P01. The extreme worst stresses were at a rea-
sonable level, with the largest values in the stands. The dis-
tribution of extreme values in the stands was different for 

particular load cases. However, the stresses in the stands 
produced by axial forces were always several times smaller 
than those produced by bending moments acting in the direc-
tion parallel to the façade. The stresses caused by bending 
moments acting to or from the façade were also significantly 
smaller. Cases B and D were the exceptions in which the 
axial stresses were also small, but the bending stresses in the 
two directions were comparable. In general, the response of 
P01 was the largest for case E, but when comparing case A 
(measurements) with cases B, C, and D, the discrepancies 
were small. The stresses were higher in case A than in case 
B and comparable with cases C and D in some elements. 
Such results indicate that the approach to the design of the 
scaffoldings in the codes could not cover situations that are 
potentially dangerous to the structure.

The values of displacements and stresses caused by the 
wind action were slightly higher when compared to the 
values obtained in the analysis with deadweight only. The 
maximum displacement under deadweight was 0.3 cm in the 
vertical direction, and the minimum worst normal stress in 
the stands was − 39.0 MPa.

In elements of structure P10, the load capacity was 
exceeded at a parallel wind load based on the scaffold-
ing code (case E). Excessively high stresses appeared 
in the stands and base jacks. The results in case C also 
gave stresses at their limit level. Stresses were signifi-
cantly lower when considering perpendicular load (cases 
B and D) or load based on measurements (case A), which 
was nearly parallel to the façade with some disturbances 

Table 5   Extreme internal axial forces and bending moments in scaffolding elements

Stands Base jacks Upper/lower transoms Anchors Bracings

W07 P01 P10 W07 P01 P10 W07 P01 P10 W07 P01 P10 W07 P01 P10

N [kN]
 A 1.21 − 2.50 2.53 1.22 − 2.28 2.53 0.96 0.19 − 0.25 − 1.05 0.23 − 0.28 0.44 0.64 − 1.17
 B 2.57 − 2.18 − 0.90 2.57 − 1.99 − 0.90 3.34 − 0.45 − 1.92 − 3.28 − 0.57 − 2.11 − 0.35 0.55 − 0.05
 C − 1.33 − 2.47 − 9.30 − 1.33 − 2.44 − 9.30 0.12 0.26 − 0.24 − 0.11 0.31 0.18 1.47 − 0.91 5.69
 D 6.33 − 2.14 − 0.95 6.33 − 1.82 − 0.95 7.83 − 0.95 − 2.01 − 7.89 − 1.22 − 2.22 − 0.86 0.66 − 0.06
 E − 4.40 − 3.10 − 17.90 − 4.42 − 3.10 − 14.90 − 0.41 0.78 − 0.39 − 0.36 0.95 0.29 4.82 − 1.85 2.71
M2 [kN m]
 A 0.09 0.15 0.22 0.03 0.00 0.11 0.12 0.03 0.11 – – – – – –
 B 0.12 0.12 0.06 0.01 0.00 0.00 0.38 0.04 0.23 – – – – – –
 C 0.31 0.17 1.08 0.12 0.00 0.53 0.06 0.03 0.49 – – – – – –
 D 0.27 0.12 0.06 0.02 0.00 0.00 0.88 0.08 0.24 – – – – – –
 E 1.03 0.30 1.81 0.40 0.00 0.88 0.18 0.06 0.80 – – – – – –
M3 [kN m]
 A 0.13 0.03 0.05 0.01 0.00 0.00 0.14 0.03 0.07 – – – – – –
 B 0.37 0.06 0.18 0.08 0.01 0.01 0.40 0.05 0.20 – – – – – –
 C 0.01 0.04 0.03 0.00 0.00 0.01 0.01 0.04 0.05 – – – – – –
 D 0.88 0.14 0.19 0.18 0.02 0.02 0.94 0.11 0.22 – – – – – –
 E 0.04 0.11 0.05 0.01 0.01 0.01 0.05 0.13 0.09 – – – – – –
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close to the edge (Fig. 6c). In the stands, the stresses were 
approximately at 20% of the load capacity, which was equal 
to 260 MPa. Calculations based on measurements gave a 
higher response when compared to calculations assum-
ing perpendicular loads, especially in base jacks. Extreme 
normal stresses in the stands in case A were located in the 
fifth and the eleventh from the right bottom outer elements 
and were equal to 56.3 MPa and − 59.66 MPa, respec-
tively. Particular components of Eq. (3) in these locations 
were equal to 6.33 MPa, 49.89 MPa, and 0.08 MPa (max.) 
and − 6.48 MPa, − 53.14 MPa, and − 0.32 MPa (min.), 

whereas internal forces and moments N, M2, and M3, 
which produced these stresses, took the following values: 
2.447 kN, 0.208 kN m, and 3.482 × 10−4 kN m (max.) and 
− 2.58 kN, − 0.222 kN m, and 1.297 × 10−4 kN m (min.), 
respectively.

The total maximum displacement under deadweight 
was nearly negligible at 0.05 cm, and the minimum worst 
normal stress in the stands was − 17.49 MPa.

Different locations of extreme normal stresses in the 
stands and the most stressed anchors are presented in 
Fig. 11 for all three structures and load cases A–E.

Fig. 11   Locations of extreme normal stresses in the stands (left) and anchors in front view of the scaffoldings (right): a W07, b P01, and c P10
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7 � Conclusions

In this paper, a procedure was presented for estimating the 
wind load acting on façade scaffolding structures without 
a protective cover based on in situ measurements. Addi-
tionally, scaffolding and wind code approaches were dis-
cussed. The results of FE static analyses of three examples 
of façade scaffoldings illustrated the problem. The first of 
them (W07) was erected at a building with large open-
ings, whereas the other two (P01 and P10) stood at solid 
buildings. In the majority of cases, the code recommen-
dations remained conservative—like for W07, where the 
results based on in situ measurements were much lower 
than the other ones. In contrast, the response of P01 was 
comparable with those obtained in accordance with the 
Eurocode or as in the case of P10 exceeded it. Basically, 
the scaffolding code gave the highest stress values in all 
cases, but it was intended for the design of new scaffolding 
systems and not for the particular scaffolding setting at the 
construction site. In summary, the displacements, stresses, 
and internal forces in all three scaffoldings were rather low 
for wind loads based on measurements (case A) and were 
comparable, or in a few cases exceeding, the ones obtained 
for loads based on Eurocode (cases B and C). Taking into 
account deadweight or additional operational loads, the 
stresses can increase significantly. However, in general, the 
wind mainly affects the anchors, so these loads cause the 
greatest effort in the stands located in the bottom frames 
and in the base jacks. The detailed analyses of the loca-
tion of extreme stresses in the entire structure caused by 
the wind load indicated their different distributions when 
compared to the codes approaches of normal and parallel 
loads. This could induce larger effort of other elements 
than those identified with code approaches.

In the authors’ opinion, the presented procedure of load 
assessment based on in situ experiments can approximate 
the real load. Two components of the horizontal wind 
speed were measured inside the scaffolding structure: 
in the middle of the deck and in the middle of the level 
height. Thus, the forces applied to the particular elements 
of the FE model roughly represented real wind forces. 
The influence of the location of the scaffolding against the 
building itself and against the whole system of neighbour-
ing buildings is included in this procedure. On the other 
hand, the procedure is burdened with some uncertainty 
due to the reasons described in Sect. 3 and is also affected 
by a number of factors, the most important of which is the 
lack of precision of full-scale measurements performed 
with the used devices.
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