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Abstract:

This paper reviews the research conducted throughout the last forty years into scaffold
and falsework structures. Following a brief historical survey it describes the
development of non-linear models and their correlation with test procedures.
Recommendations for modelling connections are given. Vertical dead and imposed
loads, wind and seismic loads are discussed. Finally the paper reviews research into
collapses and shows that the majority of failures occur due to inadequate site

supervision and poor design.

Key-words: scaffold; falsework; collapse; wind load; modelling

1. Introduction

The objective of this paper is to review and summarise research into scaffold
structures over the last forty years and show the development of modelling procedures
during this time. Prior to 1970 scaffolds were commonly analysed by hand
calculations using effective lengths. The results of standard calculations were
summarised in text books such as those by Brand [1] and Wilshere [2] and design
codes and manufacturer load tables [3-6]. Previous shorter reviews have been
conducted by Beale [7] in 2007 and Chandrangsu and Rasmussen [8] in 2009. André
et al have conducted recent reviews and given design guidance for bridge falsework
[9].

Failures of scaffold and falsework structures in the 1960s in the UK led to the

Institution of Civil Engineers and the Concrete Society writing a report about



formwork procedures [10] whilst the government set up an advisory committee into
falsework which produced in 1975 the Bragg Report [11]. This report became the
basis of the first version of BS 5975 [12]. At the same time research was
commissioned by the UK Science Research Council into scaffold structures at Oxford
University under Professor Lightfoot which was published in 1975 and 1977 [13-17].

This research showed that scaffold structures failed primarily by elastic
instability. Harung et al [13] constructed model single storey tower scaffolds which
were loaded by dead loads on the top. A stability-function [18] based finite element
program was written to analyse the scaffolds. However, in the models all joints were
either pinned or fixed and no eccentricity of either member or connection was
included. The models failed by buckling and the theoretical models gave results
between 10% and 15% higher than experiment. A model three storey scaffold failed
with similar differences between experiment and theory. The conclusions drawn were
that the effective lengths of the columns (called standards) should be taken to be
larger than 1. In addition they concluded that for scaffolds containing spigots
(connections with one section resting upon a second) in the standards that the spigot
could be considered rigid. Later research shown below will show the inaccuracy of
this conclusion for some scaffolds.

A major distinction in scaffold structures are those made from prefabricated
components such as Cuplok [19, 20] or modular scaffolds such as the ‘door-shaped’
ones often used in the US and Asia [21] and scaffolds made from steel tubes (called
tube-and-fitting scaffolds) [22] or bamboo [23]. Proverbs et al [24] compared French,
German and UK practice and found that tube-and-fitting scaffolds predominantly
dominated high-rise in-situ concrete formwork but that the UK also used proprietary
scaffold systems, the Germans used specially designed solutions and the French used
a variety of different systems. A comparison of timber and metal scaffold systems is
given by Yip and Poon [25] where they showed that if formwork was not able to be
reused that timber was often more economical.

This paper will review the methods of determining connection and section
properties, followed by reviewing scaffold and falsework models, finally reviewing

scaffold and falsework safety.

2. Connection behaviour and section properties



2.1 Tube and fitting scaffolds

Tube-and-fitting scaffolds are normally made from steel tubes connected by
couplers. The common couplers are called putlog, right-angled and swivel and are
shown in Fig. 1. The tubes are made from mild steel (typically circular tubes diameter
48.3 mm, thickness 4 mm, yield strength 235 N/mm?). Test results on tubes were
reported by Allen and Sholz [26] who proposed a column curve. Hibner and Saal [27]
found that the buckling curve in BS EN1993-1-1 [28] is conservative and have
recommended an alternative curve. Brand [29] proved out that effective lengths of
scaffold tubes were not solely dependent on the spacing between horizontal members
(called ledgers and transoms) but were also dependent on ledger flexibility. Lindner
and Hamaekers [30] investigated screwed connections which are used for base jacks
in tubular scaffolds and derived modified section and material properties for these
tubes. Mansell and Angelidis [31] described a procedure to load scaffold assemblies
which are prone to sway and hence standard test jack arrangements can put eccentric
loads into the structure causing premature failure.

Lightfoot and Bhula [16, 17] determined the elastic properties of tube-and-
fitting couplers by idealising the connection as an elastic beam with three translational
and three rotational stiffnesses at each end. An experimental rig was developed to
determine the six stiffnesses. The resulting stiffness matrix was then incorporated into
Harung’s program [14, 15]. The papers showed that the difference between modelling
using an exact beam model with eccentric springs and a simplified approximate model
using a single six degree of freedom spring was negligible. The researchers showed
that the translational stiffnesses of couplers could be taken to be infinite and hence
only the three rotational stiffnesses need to be determined. In tube-and-fitting
scaffolds there is an eccentricity of approximately S0mm between two tubes. The
effect of this eccentricity was shown to be small. This was verified by Milojkovic et al
[32].

In the development of Euronorms for scaffolds Volkel and Zimmerman [33] and
Hertle [34] conducted investigations into the properties of couplers and their effects
on analysis. Abdel-Jaber et al [35] undertook an extensive series of test on putlog and
right-angled connectors using the cantilever test according to BS EN12810 [36] and
BS EN 12811 [37] to determine the rotational strength of both new and used couplers.
They found that there was little difference between new and used couplers but

recommended minor changes to the Euronorms to remove some ambiguities in the



codes. They also recommended that putlog couplers and Type A right-angled couplers
be added be added into BS EN 74 [38] which currently only has values for Type B
right-angled couplers. Typical moment-rotation curves are given in Fig. 2. From the
figures it can be noticed that both types of connector exhibit looseness which is
normally ignored in analyses but which can be shown to have significant effects [39].
Son and Park [40] surveyed the spacing of tubes in scaffolds in domestic
construction and found that normally they were placed within the range of allowed
standard spacing. However, torques applied to coupler fastenings varied considerably

and often were less than 65% of the expected torque.

2.2 Proprietary scaffolds

As part of the process for the development of European codes for scaffolding
experiments were undertaken at Oxford Brookes University (formerly Oxford
Polytechnic) [41, 42] and Stuttgart University [33, 43] into the properties of
proprietary scaffolds. The properties of the connections about an axis at right angles
to the standard (column member) were obtained by the cantilever test. However,
rotational characteristics about axes parallel to standards were obtained by using mini-
frames as shown in Fig. 3. Fig. 4 shows a typical load-deflection curve. The large
looseness obtained in the connection under cyclic loading is clearly visible. The
relationship between load-deflection curve and moment-rotation curve for the case

shown in Fig 3(a) is
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where M /8is the moment-rotation stiffness, W the applied load, L the ledger span
and A the measured deflection.

In order to obtain data for reliability analyses Chandrangsu under the
supervision of Rasmussen undertook tests on Cuplok scaffolds with varying numbers
of horizontal members (from 1-4) connected to the vertical standard using cantilever
tests [44-46]. They produced tri-linear moment-rotation curves. A criticism of these
curves is that the tests were conducted to failure without any cycling and hence
looseness of connection was not determined. As will be seen later, looseness can yield
significantly different results. In part of a continuing research project into bridge

falsework reliability André et al [47, 48] have repeated the tests cycling the loads at



early parts of the tests with similar results for loading but also determining some
unloading curves. In addition in [48] they reported on tests on fork-heads and
baseplates and produced reliability results.

Tests have not been reported on individual components of modular scaffolds but

whole systems have been tested and will be described below.

2.3 Bamboo scaffolds

Bamboo scaffolds are commonly used in Hong Kong and East Asia due to low
costs associated with bamboo [23, 49, 50]. The material properties of bamboo were
reported for two structural bamboos — Kao Jue and Mao Jue by Chan and Xian [51],
by Chung and Yu [52, 53] and Lu et al [54].

The connections between horizontal and vertical members are taken as simply-

supported and calculations involving structural bamboo are given in Yu et al [55, 56],

Chung et al [57, 587], Chan and Chung [59] and Janssen [60].

2.4 Extendable Props

The design of extendible props in Europe is governed by BS EN 1065 [61]. This
standard was based on the German standard DIN 4422 [62]. An exact solution of the
differential equations governing the theoretical model is found in Chapter 8 of Feng’s
PhD thesis [63]. Salvadori [64] also derived a theoretical solution to the equations and
developed a commercial program. A research project was undertaken at the
Portuguese National Laboratory for Civil Engineering (LNEC) by André¢ et al [65, 66]
where the props were modelled numerically and the theoretical results compared with
experiments on the capacity of the props, especially when used on sites.

Peng et al [67] experimentally investigated single layer single layer shore
systems and showed that props in excess of 3.96 m failed by buckling and below that
by connecting lock failure. They also showed that attaching a wooden shore above the

top of the prop reduced the overall capacity of the system.

3. Scaffold Modelling and tests

3.1 Tube-and-fitting models

The UK design codes BS 5973 [68] and BS5975 [12] used effective lengths to

determine scaffold designs. However, effective lengths for the standards used in



scaffolds are difficult to determine as the horizontal ledgers and transoms elastically
restrain columns at intermediate points. With the introduction of BS EN 12812 [69]
and BS EN 12811 [37] the UK National Access and Scaffolding Confederation
commissioned Oxford Brookes University to produce a new design guide so that
scaffolds using tube-and-fitting scaffolds could be safely erected [70]. During the
development of the design guide many computer models needed to be produced and
analysed. Beale and Godley [22, 71-73] developed one and two dimensional models
which were validated against full 3-D analyses. Fig. 5 and Fig. 6 give schematics of
the two common scaffolds used to access the sides of buildings — a single-layer
(called a putlog) scaffold and two-layer (called an independent tied) scaffold.

Putlog scaffolds have alternate standards tied to the facade and hence a two
dimensional model is appropriate. This model can also be used to represent the
behaviour normal to the fagade of an independent tied scaffold. Diagonal bracing is
used on the face farthest from the facade and this restrains this face of the scaffold to
buckle normal to the fagade. The rear face of the scaffold is restrained by ties and
buckles with alternate standards buckling in opposite directions and hence a single
column model can be used. These are shown in Fig. 7.

The spring stiffnesses for the different scaffold arrangements were shown to be

Putlog scaffold, standards buckling alternately & = 48E[3 (2)

Putlog scaffold, standards buckling together k 3)

Independent tied scaffold k,= # “4)
1+ <%

12EI
where k. is the rotational stiffness of the ledger — standard connection, Lp the
horizontal standard spacing and EI the flexural rigidity of the standard.

Prabhakaran et al [39, 74-76] developed a computer program including
looseness and tested several theoretical models and showed that looseness was
insignificant for diagonally braced frames but that for unbraced frames differences in
response were obtained between applying out-of-plumb as a direct imperfection or

applying a proportional side load. A result of the analyses including looseness in



connections was that the ultimate load for the modelled frame was reduced by
approximately 8% from the same frame without looseness. In addition Prabhakaran
found that the bi-linear model determined using the Pallet-rack code BS EN 15512
[77], the tri-dimensional model given from the scaffold code BS EN 12810 [36] and a
non-linear regression curve plotted to follow an experimental result all gave similar
results implying that the simpler bi-linear model would be appropriate for analyses.

Experimental and theoretical studies conducted by Liu et al in Taiwan [78] on
high scaffolds without diagonal bracing showed that the most important factors for
structural safety were the length of exposed U-head at the top of the scaffold and the
rotational capacity of joints. They used the approach of Beale and Godley [72] and
derived approximate formulae for the design of these scaffolds. Recent research in
China has been undertaken on theoretical and experimental models of tube-and-fitting
scaffolds. Hu et al [79-81] undertook experiments on scaffold assemblies and showed
that when the imperfections in the scaffold were correctly modeled that
correspondence was made with analytical models. Li et al [82] developed a semi-
empirical design tool for the analysis of scaffolds and compared the results with a
finite element program with good correlation. A parametric study scaffold
arrangements including span, height, width was undertaken for both stability and
ultimate load configurations. Gao et al [83] measured the imperfections occurring in
scaffold tubes and developed parametric stochastic models of the scaffolds. The
authors applied the models to scaffold structures where they demonstrated that
member imperfections significantly reduced the capacity of the scaffolds and
recommended stricter quality control measures on allowable imperfections to ensure
safe scaffolds. This result reinforces the conclusions on control discussed by Zhang et
al [84]. Xie and Wang [85, 86] investigated high falsework and performed reliability
analyses. They showed that incorrect alignment of vertical members significantly
reduced the formwork capacity.

Tests on scaffold tower shoring systems were reported by Kao [87]. Yen et al
[88-91] conducted tests on shoring systems up to 5 stories in height and proposed an
empirical equation which could model the experimental results. However, as the
experimental frame was only 5 stories tall the formula could not be used for higher

systems without further work.

3.2 Proprietary scaffolds



Proprietary scaffolds can be divided into two classes — those made up of
individual components such as Cuplok and those made up of modular construction

such as ‘door’-type scaffolds.

3.2.1 Proprietary scaffolds with individual components

Holmes and Hindson [92] constructed tests on components of a proprietary
scaffold used to construct a ‘birdcage’ falsework as used in bridge construction. They
then tested a full-scale scaffold loaded by applying concrete blocks at the top of the
scaffold. The collapse load was compared against the buckling load of the standards
obtained using a Perry-Robertson formula. The results were varied with predictions of
the theoretical load varying from 40% to 110% of the experimental load. The cases of
large discrepancy were attributed to load eccentricity and coupler failure.

In the development of the Euronorms for scaffolding a series of tests on a
prototype were conducted in Stuttgart. Fig. 8 shows the configuration of the
prototype. The prototype structure was analysed by Godley and Beale [19, 93] and the
results are shown in Fig. 9. It can be seen that 2-D and 3-D analyses ignoring spigot
looseness give results where the maximum deflection was only half that observed in
the tests. Only when contact elements at spigot joints were added to the analysis was
good correlation between theory and experiment obtained. Maximum loads in all
analyses were approximately the same. The authors showed that the behaviour of
large proprietary scaffolds could be predicted using 2D models as there was little 3D
interaction between failure modes which were predominantly either normal to the
facade or parallel to the fagade [19, 20]. Fig. 10 shows a 2D model of a large 3D
scaffold which was based on the standard design given in BS 1139 [94]. As the
analysis procedures available to the authors at that time did not allow full geometrical
non-linear elasto-plastic analyses the authors undertook a non-linear geometric
analysis and assumed failure occurred when the maximum loads columns determined
in accordance with BS 5950 [95] were exceeded.

Note that in using 2D models diagonal bracing, treated as a bar element, which

is eccentric can be included if its area is reduced using Eq. (5).
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where A4, is the reduced area, L the length of the brace, 4 the area of the bracing

element, £ is an axial stiffness determined from experiments and £ Young’s modulus.
The stiffness of the spring (F/A) used to tie the fagade in Fig 10(c) can be determined
by

E_I[L+1J_ ©)

where L is the length of the tie and & the rotational stiffness of the ledger/standards or
transom/standard connection. In the example in Fig. 10 three ledgers or transoms were
connected to the same standard.

A 3D analysis of the scaffold modelled in [20] was also undertaken by Chan et
al using stability functions [96] who obtained the same buckling load. The modes are
shown to be primarily buckling normal to the faced in the lower elements only.
Similar comparisons between 2D and 3D models were made by Lindner and Frolich
[97] who compared their results with DIN 4421 [98] and by Gylltoft and Norelius
[99], Gylltoft and Mroz [100] and Weinhold [101].

A detailed study of the Cuplok proprietary scaffold was undertaken at the
University of Sydney Australia starting with an investigation of the spigot joint [102]
using tests and non-linear computer models. The spigot joint was modelled by a
similar procedure used in the the Euronorm for props [61] with results showing that if
the spigot is concentrically loaded that the capacity of the standard was higher than an
equivalent standard without a spigot but that eccentricity of loading significantly
reduced the capacity. The Sydney research then tested the individual components
followed by tests on falsework assemblies. Models were then constructed and
probabilistic analyses undertaken to get reliability data [44-46, 103-108].

Jian et al [1099] undertook a series of full-scale tests on a proprietary scaffold
and gave recommendations on the safe use of this scaffold system. Ohdo et al [110]
tested several different forms of proprietary scaffold and undertook a risk analysis of
the different types of wedge joint. They showed that the risk of failure of a given joint
increases with increase in height of the scaffold.

Rodrigues used ABAQUS to develop structural models of the behaviour of
Cuplok shoring towers showing the effects of eccentricities in member connections

[111].



3.2.2. Modular scaffold systems

To speed erection and reduce the number of semi-rigid connections in a
scaffold modular systems are popular in many countries. A typical module is shown
in Fig. 11. All the component elements of a module are welded and spigots used to
connect modules. The spigots are often treated as pins and eccentricity is ignored.
Two modules parallel to each other are joined by diagonal braces with flattened ends
assumed to be pinned.

Research into these structures was first reported by Chan and Peng and co-
workers [112-119]. The first papers in 1995 and 1996 [112-114] described a finite
element model using a polynomial beam element to analyse shoring scaffolds with
between 1 and 3 stories. In all their models the buckling mode was approximately a
sine wave normal to the modular sections. Papers [116, 118] included wooden shores
on the top a modular scaffold and concluded that these shores significantly reduced
the capacity of the structure but that reasonable agreement between tests and models
could be obtained. As scaffolds frequently fail during the construction phase of a
building the authors analysed placement loads on scaffolds and devised design
guidelines [119-121]. The authors produced simplified methods of analysis and
design [122, 123]. In 2003 they analysed pattern loading [124] and showed that the
maximum load imposed on falsework often occurred at final loading and that the
impact loading of fresh concrete was usually less than an equivalent uniform load
throughout the scaffold. Chan et al [125] used geometric non-linear analyses on
frames tested by Weesner and Jones [21] and obtained good correlation. A typical
buckling mode of a modular scaffold is shown in Fig. 12. They then analysed the
frame considered by Godley and Beale [19] (Fig. 10) and obtained higher loads than
the simplified procedures adopted in [19]. Peng and Chan and co-workers then
produced a series of papers comparing test results against non-linear analyses for a
variety of structural configurations and loadings [126-137]. Chung and Yu [138]
reported similar work. Yu et al [139, 140] investigated the stability of modular door
scaffolds.

Huang et al [141, 142] developed simple numerical models for shoring
systems made up of modular components and showed that 2D models gave accurate

results when compared with tests. In addition Huang et al [143] developed a



monitoring method to ensure that alerts could be given when false systems near
collapse.

Weesner and Jones [21] described tests on three storey modular scaffolds from
different manufacturers and compared the results against ANSYS models with moderate
agreement. These tests have since often been used as example results for other
researchers. Didgenes et al [144] showed that only 2 beam elements per member in
ABAQUS were needed to analyse modular scaffolds.

A detailed finite element analysis of the nodes in a modular scaffold was
undertaken by Pienko and Btazik-Borowa [145] to determine the maximum capacity that
can be applied to a node. Unfortunately no comparison was made with experiments to

validate the analysis.

3.3. Timber and bamboo scaffolds

A conference was held in Hong Kong in 2002 [146] where the analysis and
design of bamboo scaffolds was discussed. Papers on the design and assessment of
bamboo columns have already been described [53, 60]. Tong [144] described the
areas where bamboo scaffolding is currently used and design limitations of the
scaffolds. Chung et al [56] outlined design calculations for bamboo scaffolds and
gave examples of typical arrangements. So [148] showed that the performance of
single layer bamboo putlog scaffolds could be improved by using metal tubes as the
horizontal putlog connections. This was extended by So and Chan [149] where steel
tubes were used as main standards with bamboo standards at intermediate positions.

Albermani et al [150] presented a double layer bamboo grid system where
special PVC joints were used to improve structural performance. Finite element
analyses of the joints were presented.

Peng [120, 121] and Peng et al [134] analysed and tested timber shoring

systems and determined safe spacings for vertical and horizontal members.

3.4 Moveable scaffold structures

Moveable scaffold structures are used in large bridge projects. They are
specialized structures and are only briefly covered here for completeness as a review
has recently been produced by André et al [9]. André et al [151] also reviewed the
existing design codes for bridge falsework and gave recommendations that the codes

be revised to incorporate a risk management framework for bridge construction. A



further paper [152] outlined the application of risk management techniques and
defined a new robustness index so that failures could be reduced.

Di et al [153] constructed a finite element model to analyse the scaffolding
framework and showed that a girder system could satisfy the Chinese design code.
Recently Pacheco et al [154] discussed the changes to moveable systems with larger
spans in the 70-90 m range. Design recommendations were made. Practical
applications of such systems have been described by Pdévoas [155] and Rosignoli

[156].

4. Scaffold Loading

4.1 Dead and imposed vertical loads

The vertical load applied to scaffolds depends upon whether the scaffold is used
as an access scaffold where it is applied throughout the scaffold or used as support
structure for falsework such as a bridge deck during construction where the load is
applied at the top.

When used for access scaffolds the European code BS EN12810 [36] and its
predecessor BS 1139 [94] stipulated that 5 storeys must be considered as boarded
although modern practice is often to board all storeys. The imposed load is then
applied to the top storey with a reduced load to the storey below. These loading
systems induce failure, normally by buckling in the bottom storeys. The buckled
modes are either a sway buckling parallel to the facade or by buckling normal to the
facade. See for example [20, 72].

Surveys undertaken by US National Bureau of Standards indicated that a
significant proportion of failures were attributable to excessive loads applied to the
falsework. El-Sheikh and Chen [157] undertook a survey of the loads on shore loads
and showed that using the standard simplified design analyses that loads were
underestimated by up to 27%. Rosowsky et al [158-160] measured the loads during
placement and recommended that load factors in excess of 2 should be used to ensure
safe design.

Hill [161] raised the issue as to whether the design loads for temporary
structures should be lower than those for permanent structures as is often postulated
by some designers as the structures are only in existence for a limited time. However,

he argued that this can lead to failures.



Vertical loads applied to assemblies during construction have been considered
by Peng et al [119, 124, 129] and reviewed in section 2.2.2. Pintado Llurba and
Carlton [162] measured the loads occurring on two sites and compared them with the
values determined from a 3D finite element simulation. They discovered that the
simulation was unable to predict the experimental results varying from a load
underestimation of 20% to and overestimation of 67%. They attributed the
discrepancy to props being out-of-plumb and foundations not being as stiff as

assumed in the analysis.

4.2 Seismic Loading

Limited research has been reported into the behaviour of scaffold structures
under seismic conditions. Mohammadi and Zamani Heydari [163] argue that a
reduced risk level for loads be adopted to account for the short life-span. This is in
contrast to the research calculations by Hill [157] above.

Blair and Woods [164] described an analysis of a tube-and-fitting scaffold
subjected to seismic loads when attached to the Fort Calhoun Nuclear Power Station
in Omaha. They found that the friction between the base and the foundation was
unable to resist the horizontal seismic forces and they recommended that scaffold
structures be free to translate under seismic loads.

Lindley et al [165] undertook a series of shaking table tests on 6 foot and 12
foot scaffolds and concluded damping was high (coefficient 0.15), rubber mats would
improve friction resistance, fundamental frequency is low (between 3-6 Hz),
scaffolding is rugged and in their tests no structural failures except tie-off wire breaks
occurred. They also found that single degree of freedom models could adequately
model the structure.

Tests on scaffold connections were made by Satyan-Sharma and Brewer [166]
who showed that standard connections made by the American Patent Scaffolding
Company were able to take 1.5 times the load required in designing the Cook nuclear

plant.

4.3 Wind Loading
Research in to wind loading applied to structures has been primarily concerned

with loads on permanent structure with results codified into National and International

standards such as CP3 [167], BS 6399-2 [168], BS EN 1991-1-4 [169]. In 1990



Lindner and Magnitzke [170] calculated that wind on scaffolds required tying the
scaffold horizontally at 2 m intervals and vertically at 4 m intervals and that the load
on the ties of a sheeted scaffold was up to five times the load on an unsheeted
scaffold. Similar results were found by Beale and Godley [72]. The US Department of
Labor [171] also emphasised the frequency and adequacy of ties. The wind speeds
used in the US were described by Boggs and Peterka [172].

A conference was held by the UK Health and Safety Executive (HSE) at Buxton
in 1994 [173]. Papers on the use of cladding in scaffolds, usually determined by wind
tunnel tests or measuring forces on full-scale scaffolds were given [174-177].
Blackmore [178] commented that the BS 6399-2 [168] made allowance for temporary
structures by reducing the probabilities of high wind speeds. He then gave a summary
of scaffold failures where wind had played a part [179]. Williams [180] discussed the
dynamic behaviour of fabric sheets suggesting that at that time modelling could only
be achieved by wind-tunnel tests. Schnabel [181] described wind-tunnel tests on a
cubical building 0.6 x 0.3 x 0.6 m conducted in Bavaria [182] in accordance with the
German code DIN 4420 Part 1 [183]. Permeability of debris netting was shown to
reduce the total force applied to the netting by over 20%. Hoxey [184] pointed out
that the maximum force applied to a scaffold occurred when the wind was at an angle
of approximately 30° — 40° from the plane of the fagade. Wilson and Hollis conducted
full-scale field tests on a large putlog scaffold 13.7 m high by 13.2 m wide at Buxton
[185]. The scaffold was sheeted with different cladding materials and consisted of a
single face, the rear being open. Measurements were made when the wind was within
7° of the fagade normal. Profiles of wind speed 10 m from the fagade were recorded
and the force at locations of the scaffold determined using the method described by
Gylltoft [186]. Hollis published further results in [187].

A fundamental study of the wind loads on porous facade systems were
determined experimentally by Gerhardt and Janser [188] where comparisons were
made between full-scale and model experiments.

Between 2000 and 2007 Hino and Ohdo et al published a series of reports and
papers on Japanese experiments into wind loads [189-197]. Wind tunnel experiments
were undertaken with the scaffold placed around one or two sides of a rectangular
building. Reliability analyses of the scaffold systems were also undertaken assuming
that the scaffolds could be modelled as a series of series and parallel systems. Ohdo et

al [196] also investigated a number of scaffold collapses and found that approximately



10% were due to wind. Recently, wind tunnel tests on scaffold systems surrounded by
cladding with different numbers of storeys and different cladding arrangements have
been reported by Wang et al [198, 199] and Irtaza et al [200, 201].

CFD analyses into wind loads on scaffolds were first reported by Yue et al
[202] who analysed the behaviour of integral lift scaffolds - see Mi [203], Du [204],
Yue et al [305] and Chen and Yuen [206] for a description of these scaffolds. Design
calculations on the vibration effects sue to wind on integral lift scaffolds was reported
by Li et al [207]. Yue and Yuan [202] used the CFD model proposed by Huang et al
[208] where a combination of LES and RANS models were used to get pressure
distributions around a model. These techniques were further used by Irtaza et al in
analysing wind pressures acting on fully sheeted and porous clad scaffolds. [209-213].
The permeability of the porous netting was calculated by the procedures described by
Kerry [214] and Browne et al [215]. They found that the wind loads on clad scaffolds
on the lee face could be neglected in some cases and that the practice of not cladding
the lowest level of a scaffold made negligible differences to the total wind pressure on

the scaffold.

S. Design Procedures

There are only a few papers discussing design procedures for scaffold
structures. For example, Mosallam and Chen [216] discuss the use of LRFD
techniques to determine the adequacy of the structure during construction and Shapira
[217] derived an algorithm to design towers.

Caspeele et al [218] commented that the Eurocodes do not provide a
straightforward framework for probabilistic design of falsework and they suggested a
procedure to derive partial factors appropriate to temporary structures.

Holicky [219] suggested a reliability framework for the design of falsework
structures.

Mehdizadeh et al [220] suggested the use of project management techniques to
improve safety on sites.

Fang et al [221] outline a framework which compares the economic costs of
bamboo scaffolding and compares them with metal scaffolding. A sensitivity analysis
was conducted which showed that at the time of the paper metal scaffolding was more

economic in Hong Kong than bamboo scaffolding.



O’Neill et al [222] present a knowledge based system to design proprietary
scaffold structures such as Cuplok.

Sexmith and Reid [223] applied risk management techniques to derive safety
factors for bridge falsework. They proved that standard timescales for wind loads may
be unconservative.

In addition to the design codes referred to above [6, 28, 36-38, 61, 62, 68, 69,
98, 167, 168, 183] relevant design codes are — Australia [244-227], China [228-230],
International Concrete Federation [231, 232], International Standards Institute (ISO)
[233], Hong Kong [234] and USA [235-240]. Guidance for the safe design, erection
and use of scaffolding can also be found in [70, 241-248].

6. Scaffold and falsework collapses

Many researchers have investigated the causes of scaffold collapses. In 1977
Matousek and Schneider surveyed 800 cases from European Insurance files [249] and
in 1979 the ACI Committee surveyed 348 failures of concrete structures [242, 250].
In 1980 Walker [251] summarised the results of 120 failures predominantly in the UK
with approximately 30% of the failures taking place during construction. No detailed
investigation of the causes of failures was presented in these papers.

Lew [252] reported that the results of a review of serious construction collapses
in the USA showed that common causes were errors in falsework design, lack of
communication between designer and builder. The review suggested that design loads
for construction and the calculations for falsework loads should be included in any
construction plan.

In 1986 Hadipriono and Wang collected data on 85 falsework collapses [253,
254]. They reported that of the known causes of collapse that approximately 40% of
the collapses occurred during pouring of concrete and 10% due to improper/premature
falsework or falsework removal. Wind loads caused only one collapse. They
emphasised that in most cases procedural errors due to inadequate design/construction
and/or lack of inspection during concreting caused most failures. Hadipriono et al
used fuzzy logic and event tree analysis to propose procedures to reduce failures [255-
258].

During the six years from 1986-1993 the HK Health and Safety Executive
(HSE) investigated 1091 safety related incidents sing the MARCODE HSE Database



[259]. Of these there were 471 collapses out of an estimated 7.5 million scaffold
erections. The majority of the scaffold accidents were caused by faulty platforms
including platform supports, human error, unsafe working procedures and faulty
access arrangements. Inadequate guardrails also precipitated 44% of falls from
scaffolds. The remaining failures occurred during erection/dismantling scaffolds and
climbing up the outside of the scaffolds. A detailed analysis of the failure of scaffolds
showed that 28% of the trigger events for scaffold collapse were caused by inadequate
tying of the scaffold to the fagcade and 25% to structural overload. Collapses due to
wind occurred on equal numbers of sheeted and unsheeted scaffolds. In 2003
Whitaker et al [260] reported on an analysis of over 3000 incidents in the UK by the
Health and Safety Executive. They found that common structural causes were the use
of defective components, unauthorised modifications to the structure of the scaffold as
well as management failures in risk procedures and inadequate training,

Milojkovic and co-workers [261-263] conducted a survey of 56 scaffolds
between 1996 and 1999 and showed that the same faults were still present. It was also
reported by Maitra [259] that 13.5% of collapses took place in scaffolds less than Sm
in height, 57% with scaffolds between 5 and 10 m in height, 22% in scaffolds
between 10 and 15 m in height and 7.5% in scaffolds in excess of 15m in height. To
investigate the effects of faults on scaffold safety Milojkovic [261, 262] constructed a
model of a small domestic scaffold as shown in Fig. 13. This scaffold was analysed
under various combinations of dead load, live load and wind load to determine the
combination producing the lowest overall load factor. Faults were then introduced
into the scaffold, typical of those found by Maitra [259]. It was found that inadequate
foundations produced a 41% reduction in maximum capacity, excessive curvature of
individual standards a 36% reduction, incorrect connections between standards and
transoms 24% and inadequate tying 30% reductions. Combinations of faults were then
introduced to correspond with poor site controls which showed that these could
reduce the capacity to less than 10% of the original design capacity.

In 2001 the UK Health and Safety Executive published a report of an
investigation of the faults inherent in scaffolding as erected [264]. The report
summarised work previously carried out by Birch et al [265, 266] into props which
showed that 16% were erected with an ‘out-of-plumb’ of 1.5°. They commented that
research by Burrows [267] showed that there was little control on sites into correct

erection procedures. The authors conducted a series of measurements on 11 UK sites



and reported that on most sites significant percentages of the scaffolds were erected
with components outside the allowable tolerance limits of both the UK and European
codes [36, 94]. Indeed on one site 50% of the legs were outside the UK code. The
authors stated that they believed that the reason why collapses were relatively rare
was due to the under-utilisation of scaffold capacity.

Halperin and McCann [268] surveyed 113 scaffolds in the US and found that
32% were either near to collapse or missing boards, guardrails or had inadequate
access. They recommended improved site safety procedures.

André et al surveyed bridge falsework failures in 2012 [151] and showed that
failures occurred due to inadequate falsework bracing (19%), inadequate main
elements such as jacks, standards, couplers and ledgers (15%) and foundation failures
(11%). They concluded that the probability of failure of temporary structures is higher
than those in permanent structures and recommended factors of safety on vertical
loads of at least 2.0.

Detailed forensic analyses of particular scaffold collapses are presented by El-
Safety et al [269] (bridge falsework collapse), Pashang Pishen et al [270] (failure of
supporting scaffold when pouring a concrete slab) and Andresen [271] (failure of an

access scaffold adjacent to a hotel).

7. Conclusions

This paper has reviewed research into scaffold and falsework systems over forty
years and shows the development of models for traditional tube-and-fitting,
proprietary and bamboo scaffolds. The author recommends that looseness be
considered when new codes are designed and that factors of safety for vertical loads
be increased to 2.0 in the light of reliability research and analysis of scaffold
collapses. The review also shows that limited research has been reported into seismic
analysis of these structures and hence further research is required. Investigation into
scaffold failures by both models and examination of failures shows that the majority

of the failures occur due to poor site control.
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Figure captions

Fig.1. Types of coupler
(a) Right-angled coupler
(b) Putlog coupler
(c) Swivel coupler
Fig. 2. Typical moment-rotation curves
(a) Right-angled coupler
(b) Putlog coupler
Fig. 3. Schematic of tests to determine the moment-rotation curve about an axis
parallel to a standard
(a) Ledger-standard
(b) Transom-standard
Fig. 4. Typical load-deflection curve for a proprietary scaffold connection
Fig. 5. Schematic of a putlog scaffold
Fig. 6. Schematic of an independent tied scaffold
Fig. 7. Double and single column models for tube-and-fitting access scaffolds
Fig. 8. Prototype scaffold
Fig. 9. Deflections normal to the prototype structure
Fig. 10. 2D models of a large proprietary scaffold
(a) Face furthest from fagade
(b) Normal to the fagade
(c) Face nearest the facade
Fig. 11. Schematic of a modular scaffold element
Fig. 12. Typical buckling mode of a 3 storey modular scaffold tower
Fig. 13. Model of a scaffold surrounding a domestic dwelling



