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Abstract

The most frequently used technique to construct reinforced concrete (RC) building
structures is the shoring or propping of successive floors, in which the slabs are supported by
the shores until the concrete acquires sufficient strength. A significant number of structural
failures have been reported during construction in recent years leading in some cases to the
progressive collapse of the whole structure. The collapse often starts with the local failure of a
single element which could be due to errors in design or construction and/or due to accidental
events. Although this is a well-recognized problem, studies on the effects of local failure in the
shoring elements on the integrity of the shoring-structure system have not been carried out in
the past. In this work advanced numerical finite element models were carried out of a three-
storey RC building and its shoring system. Four scenarios of local failure were considered:
sudden removal of a (1) shore, (2) joist and (3) complete shore line; and (4) incorrect selection
of shores. The results indicated that the structure-shoring system was able to develop
alternative load paths without dynamic amplification effects due to the large stiffness and
redundancy of the system without compromising the integrity of the structure but leading to
significant damage in the concrete slabs. Design recommendations are also given based on the

results from this study, which pretend to be the first study to focus on the structural response
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and damage of a building structure under construction after the sudden failure of one or more
shores.
Keywords: Alternative load path; Buildings; Dynamic amplification factor; Finite element

analysis; Progressive collapse; Shore failure.
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1. Introduction

Building reinforced concrete (RC) structures involves the use of temporary shoring or
propping systems to support the slabs until the concrete is strong enough to support itself.
Although there are many types of such systems, the one most commonly used is the shoring of
successive floors [1,2], in which the shores distribute the weight of the newly poured slabs
among the lower floors. The main components of this system are: shores (s), joists (j) and
formwork boards (f) (see Fig. 1). Recovering shores from the lowest level enables the
construction of a new upper floor without the need for additional shores. The most basic option
of this system consists of the shoring/striking (SS) of individual floors when the slab is able to
support its own weight plus the loads transmitted to it from above. Fig. 1 shows the construction

phases and these operations in a building with three successively-shored floors.
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Fig. 1. Shoring system: components and construction processes.
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In order to reduce the costs of this system even further, two other alternatives have been
suggested that include an intermediate operation on each floor: clearing or partial striking (C)
and re-shoring or back propping (R). The former involves removing more than 50% of the
shoring material some days after the pouring of the slab in order to recover 50% of the shores
(s) and joists (j) and 100% of the formwork boards (f). Re-shoring consists of removing all the
shoring and formwork boards a few days after pouring when the slab is able to bear its own
weight (with no or minimal cracking), and then re-install the shores to help support additional
future loads. These two construction alternatives are shown in Fig. 1 for three successively-
shored floors (Shoring/Clearing/Striking-SCS, and Shoring/Re-shoring/Striking-SRS).

The design philosophy of temporary structures differs significantly from permanent
structures; in the former, the members are highly stressed during short period of time and they
can be reused several times. Some of the latest simplified calculation methods that can be used
to design these systems include those by Duan and Chen [3], Fang et al [4], Calderdn et al [5]
and Buitrago et al [6,7]. There are commercial pressures to shorten construction cycles to
reduce costs which introduce demand on simplicity of the connections and components.
Stability has been traditionally identified as one of the main reasons for concern and codes for
design (e.g. BS 5975:2008+A1:2011 [8]) generally provide information to ensure sufficient
bracing and lateral stability. Design guidelines for temporary works are now starting to
introduce clauses to avoid progressive collapse with the idea that local failure of the temporary
structures does not lead to failure of the whole structure [8]. This is a shift from traditional
views in design practice where local failures in construction works were generally assumed to
have negligible consequences compared to permanent works to an extent where collapse due
to an accidental event could be acceptable if agreed with the client or relevant authority [9].

This variable tendency in design reflects that the risk of local failure of shoring systems

(including its probability and consequences) is still not well understood. Due to the temporary
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nature of shoring systems the probability of local failure is higher and the consequences are
lower compared to permanent structures. However, it is not well defined to what extent this is
critical due to the lack of solid research in this area. According to a recent study by Buitrago et
al [10], shore failure is the principal cause of the collapse of buildings under construction and
have caused loss of human lives, injuries and material losses. Such failures are mainly due to:
loads higher than allowable design loads on the shores, improper shore installation or lack of
shore bracing. In addition, other studies on building failures under construction [10-15] have
shown that failure can also be due to inadequate design of the structure itself (i.e. insufficient
anchorage length of reinforcement bars, insufficient reinforcement for flexure and punching
shear or deficient detailing).

The numerical analyses of a RC building structure carried out in this work provide unique
and novel evidence on the structural consequences of the structure-shoring system after the
local failure of different shoring elements using the concept of notional member removal. This
approach is commonly used for robustness analysis of permanent structures in research [16—
24] and international codes [25-27]. This approach is based on the “sudden” removal of an
element (scenario independent approach) to assess the capacity of the structure to redistribute
the loads (alternative load path method) and to assess dynamic effects. Advanced dynamic
analysis are unlikely to be carried out in design of shoring systems even in category 2 of design
checks [8] which includes more complex designs. Therefore, simplified approaches using
Dynamic Amplification Factors (DAF) will be needed for design. This work shows that the
DAFs used for permanent structures are not directly applicable to structure-shoring systems
due to their high redundancy and stiffness compared to traditional permanent structural steel
or RC construction. Design recommendations are provided based on the analyses carried out

in this work.
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After the Introduction (Section 1), Section 2 describes the building structure considered in
the study including loading and construction considerations for the design of the shoring
system. Section 3 describes the finite element (FE) model used to assess the local failure
scenarios and Section 4 presents the results for each scenario. Section 5 contains a discussion
of the results together with some recommendations, and the main conclusions drawn from the

work are given in Section 6.

2. Description of the building structure

The study in this work focused on a three-storey flat-slab RC building in which shoring
was used to support the slabs and formwork. This section describes both the building structure
and the shoring. The weight of the fresh concrete poured into the top formwork was uniformly
distributed among the previously built slabs and the ground by means of the shores as shown

in Fig. 2.

2.1. Building structure

The building structure considered in this study corresponds to a real office building whose
characteristics (geometry, reinforcement, materials) are thoroughly described in CS [28] and
which was designed in accordance to Eurocode 2 [25]. The building had three floors with RC
flat-slabs 300 mm thick, 3.5 m between floors and columns 400 mm square which were
irregularly distributed in plan. A more exhaustive description of the building, which was also
the subject of other studies, can be found in Olmati et al [16]. Fig. 2 shows a 3D view of the

building where colours represent the areas with different amount of reinforcement.
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Secondary joists

Fig. 2. Building geometry and sketch of the shoring system.

2.2. Design of shoring system and loading during construction

According to Adam et al [1], good shoring design should include the correct definition of
the permanent and live loads during construction and the use of a calculation tool or method to
properly estimate load transmission between slabs and shores. At the present time there is no
consensus among the international codes and recommendations as to the live loads on slabs
during construction; for example, the ACI [29] suggests a minimum value of 2.4kN/m?,
whereas the Australian standard [30] gives a value of 1.0kN/m?. On the other hand, Eurocode
1 [31] recommends an overload of 1.5kN/m? consisting of 1.0kN/m? due to personnel and
0.5kN/m? due to shoring equipment. In the present study, the construction live loads in
Eurocode 1 were adopted for consistency with the design of the building structure (Eurocode
2). The weight of the structure and shoring were considered to be as permanent loads. Load
safety factors for persistent and transient situations were 1.35 and 1.50 for permanent and live
loads respectively [32].

Calderon et al’s simplified method [5] and improvements suggested by Buitrago et al [6,7]

were used to estimate the loads transmitted between the slabs and shores. This approach has
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been shown to give better predictions than any other method available. An optimisation design
approach was then followed using Buitrago et al’s criterion [33] to check the construction
process which included checking whether the slabs could carry the loads and also checking that
the axial load in the shores is below their allowable design load, in which case the construction
process considered would be considered as valid.

In this work the SCS construction process was adopted (see Fig. 1) consisting of three
successively shored floors (two cleared and one totally shored) and clearing of 50% of the
shores (belonging to the secondary joists, as seen in Fig. 2). A standard spacing between joists
and between shores was adopted which was equal to 1 m (2 m between joists on the cleared
floors) and a new slab was poured every 7 days. This construction sequence was adopted
following standard current construction practice [1]. Such cases generally result in high axial
loads in the shores which is a highly unfavourable situation to look at notional member removal
or local failure of the shoring elements. The maximum axial loads are carried by the shores
connected to the foundation/ground during the pouring of the top floor slab connected by shores
to the foundations [7,34]. The different structural failure scenarios analysed in sections 3 and
4 are defined for this most unfavourable construction phase.

For the building investigated, the maximum axial load on the shores developed after the
pouring of the third-floor slab when the first and second floor slabs were 14 days and 7 days
old respectively. The position of the most heavily loaded shore in Bay A2-B1 is shown in Fig.
2. The maximum axial load was 47.6 KN which was estimated using the refined approach
proposed by Buitrago et al [6] based on the proposal by Calderén et al [5]; a standard shore of
47.7 kN strength was finally adopted using the design catalogue [35] from a leading
international formwork company. It was also verified that all the slabs could carry the loads
during all the construction phases. A plan view of the designed shoring system is shown in Fig.

2. The mechanical characteristics of the shoring system elements were as follows:
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e Shores: 1.85 cm? tubular steel cross-section with an elastic modulus of 210 GPa.
e Joists: 4.35 cm? hollow rectangular cross-section with an elastic modulus of 210 GPa.

e Formwork boards: 2.7 cm thick wooden boards with an elastic modulus of 10 GPa.

3. Description of the Finite Element model

A nonlinear dynamic finite element analysis was carried out in this work using LS-DYNA
software [36] with an explicit algorithm in the time domain to solve the equations of motion
considering material and geometrical non-linearities. The FE model included the RC flat slab
structure, shores and joists during construction. The analysis focused on the most unfavourable
construction phase with the highest loads on the shores corresponding to the pouring of slab
number three using SCS with two cleared floors and one fully shored as shown in Fig. 3. The
FE model of the RC structure had been previously validated by Olmati et al [16] in a separate
study on punching shear in slab/column joints due to accidental events. This FE model provided
similar results of bending moments and deflections to that reported in CS report [28] for an

elastic analysis with a quasi-static load combination used in design.

3rd glab —————— ——
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Fig. 3. Modelling of the structure.

In the FE model, concrete slabs were modelled using Hughes-Liu shell elements [36] as

composite layered elements with concrete and steel reinforcement layers. Belytschko-Schwer
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resultant beam elements [36] were used for the columns, stiffly connected to slabs and fully
fixed in the foundations. The defined finite elements considered cracking and crushing, as well
as yielding, hardening, softening, stiffness degradation due to cyclic loads and fracture of the
reinforcement steel as specified in Eurocode 2 [16,25]. Further details of the simulation can be
found in Olmati et al [16]. In the present study, involving the simulation of a building under
construction, the mechanical properties of the concrete were modified from one slab to another
in order to take into account the different curing times; simplified expressions in Eurocode 2
[25] were adopted for this. For example, the compressive strength of the first and second slabs
shown in Fig. 3 were 34.25 MPa and 29.58 MPa respectively corresponding to the concrete
strength at 14 and 7 days and considering a mean temperature of 20°C and a cement of class
N. Young Modulus is automatically considered on the model using the expressions of EC-2
[25] for the different concrete strength of the slabs. Eq.1, Eq.2 and Eq.3 are the expressions
from EC-2 [25] for the main mechanical properties of concrete at different ages: compressive
(fem) and tensile (feim) strength and young modulus (Ecm), respectively. The different parameters

can be obtained from EC-2 [25].

fcm(t) = ,Bcc(t) ‘fem [1]
fctm(t) = ﬁcc(t) *fetm [2]
Ecm(t) = (fcm(t)/fcm)o'g “Ecm [3]

These considerations resulted in the first slab being stiffer than the second slab. The newly
poured top slab was simplified as having linear elastic behaviour with a very low elastic
modulus (300 MPa) to simulate fresh concrete. Table 1 summarizes the main mechanical

parameters used in the model.

10
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Table 1. Mechanical parameters of slabs and shoring system.

Element Parameter Value
Compressive strength at 14 days [fem,14] 34.25MPa
1% slab Tensile strength at 14 days [fcim,14] 2.61MPa
Young modulus at 14 days [Ecm,14] 31.83GPa
Strength at 7 days [fem.7] 29.58MPa
2" slab Tensile strength at 7 days [fem 7] 2.25MPa
Young modulus at 7 days [Ecm7] 30.46GPa
Strength 47.70kN
Shores Area 1.85cm?
Young Modulus 210GPa
_ Area 4.35cm?
Joists
Young Modulus 210GPa
Thickness 2.70cm

Formwork boards
Young Modulus 10GPa

The shores were modelled using Hughes-Liu beam elements with cross section integration
[36], which allows the failure of these elements to be considered. The piecewise linear
plasticity material model [36] was used to consider linear elastic shore behaviour until yielding
point (elasto-plastic behaviour). A very low ultimate plastic strain (1E-6) was adopted in order
to have member failure soon after yielding. All the shores had compatibility of displacements
and rotations (as hinges) at the lower node (slab-shore connection) and at the upper node (joist-
shore connection). On the ground floor the lower nodes of the shores had restricted
displacements and free rotations.

The joists were modelled with Belytschko-Schwer resultant beam elements [36] and the
formwork of the last floor with Hughes-Liu shell elements [36], both with linear and elastic
behaviour. Connection between joists and slabs, joists and formwork boards, and formwork
boards and slabs were modelled as contacts. Joists-slab and joists-formwork connections were
modelled using Automatic_Node-to-Surface contact [36], whereas formwork-slab connection
was by Automatic-Surface-to-Surface contact [36]. In all cases, a static coefficient of friction

of 0.45 and a dynamic coefficient of friction of 0.20 was considered [37,38]. Although these

11
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values largely depend on the conditions of the materials (e.g. oxidation, deterioration) and the
type of material used [37], a sensitivity study carried out with these parameters showed that
any variations had almost no effect on the results.

The dead load (DL) was applied in the FE model as the self-weight of the different
elements: density of 25 kN/m? for concrete, 5.3 kN/m?® for wood and 78.5 kN/m? for steel. The
live load (LL) was also applied as a uniformly distributed mass on the slab. A characteristic
value of the live load equal to 1.0kN/m? due to personnel was adopted (EN 1991-1-6:2005
[31]), since the self-weight of the shoring system is automatically taken into account by the FE
model. The frequent load combination was used in the analysis (i.e. DL+0.5LL) corresponding
to accidental load combinations in accordance with Eurocode [32] and most international codes
using the alternative load path method. The factor for frequent load value of 0.5 was taken
directly from Eurocode [32] lacking a more refined value in design codes for falsework under
accidental situations. This is a contentious issue for shoring design where members are
generally stressed nearer the permissible working stress and the variability of the imposed loads
is lower than for permanent structures [8]. In the FE analyses, the gravity acceleration was
introduced gradually over time using a ramp function within t=0 s and t=0.8 s, similarly to
Olmati et al [16]. This was followed by a time interval of stabilization and the introduction of

a sudden local failure scenarios as described in Section 4.

4. Local failure scenarios and results

This section defines the different local failure scenarios of some of the shoring components
to study their effects on the behaviour of the structure-shoring system. This is relevant since
according to a recent study by Buitrago et al [10], shore failure is the principal cause of the
collapse of buildings under construction. These failures are mainly due to: loads higher than

allowable design loads on the shores, improper shore installation or lack of shore bracing. Table

12
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2 summarizes the local failure scenarios defined, and the possible causes they may represent.
Table 2 also gives the estimated probability of occurrence of a building collapse under
construction due to these situations (results are based on a field survey) which justify further
the adoption of the scenarios considered in this work. The probability of occurrence of each
cause was quantified in direct proportion to the number of times the cause was cited or appeared

in the different accident reports studied in the previous work [10].

Table 2. Definition, causes and probability of different failure scenarios.

Scenarios Definition Possible causes Probability of

occurrence®
Instant removal of the Non-expected loads higher than 18%
most loaded shore, a allowable load of shores
1% 2"and  joist and a complete Poor installation/foundation failure 3%
3" scenarios  shore line respectively,  Impacts on shores or impact of a 3¢
in a single time step heavy load °
(At=10"%s) Operator decision No data available
Construction process is not 26%
considered in the design stage
Lack of inspection 18%
Construction without permission 18%
Deficient estimation of shore loads
. which produce loads higher than 18%
Wrong election of . .
" . . . their allowable load (wrong design)
4" scenario  shores with less capacity Sub-standard materials or
than necessary . 15%
workmanship
Noqe or only one structural 6%
engineer
Lack of codes or mandatory laws 6%

Formwork company send a wrong

kind of shore with the same length No data available

8According to Buitrago et al [10]

The local failure scenarios considered followed the conventional notional member removal
approach used traditionally for permanent structures to assess whether the structure can
develop alternative load paths after local damage [16,20,26,27,39,40]. The aim of this study
was to determine the effects of sudden failure of one or more ground-floor shores, which carry
the highest loads when the third floor is poured, with two cleared floors and one fully shored.
The risk of local failure is high in this situation since the shores operate close to their allowable

load. The removal of the most loaded elements in the shoring system was adopted because

13
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these elements are usually installed near the centre of the bay, where the slabs might be strongly
affected because of the loss of its support during construction in the zone of maximum
displacement. Additionally, as the expected key of alternate load path in accidental events
during construction is the ability of distributing loads with the help of the load transmission
between slabs and shores, these failures scenarios were considered as critical situations with
greater probability of occurrence, for the first approach to the study of sudden failure of shoring
elements during construction.

In this work, the local damage and the study on the behaviour of the shore-structure system
focuses on a representative bay (A2-B1) as shown in Fig. 4. Four different local failure
scenarios of the most heavily loaded shores were considered in A2-B1: 1) failure of the most
heavily loaded shore (see Fig. 2 and Fig. 4b), 2) failure of the joist over this shore (see Fig. 4c),
3) failure of the complete shore line including this shore (see Fig. 4d) and 4) incorrect selection
of shores. The following subsections give the results obtained for the scenarios considered,
including an analysis of the behaviour and the alternative load paths developed in the structure
to re-distribute the loads after local failure. The RC structure was checked for flexure and
punching shear in accordance with Eurocode 2 [25] in the time history analysis to assess

potential damage in the concrete slabs.

14
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Fig. 4. Position of the bay under study (a) and scenarios of sudden failure of ground-floor shores (b, ¢ and d).

4.1. 1% scenario: failure of the most heavily loaded shore

Fig. 5 summarizes the FE results obtained describing the structural behaviour after the
sudden removal of the most heavily loaded shore supporting the first slab. Fig. 5a shows the
loads carried by the shores supporting the first and second slabs on the point at which the shore
was removed (see Fig. 4b). During the stabilization period (between t=0.8 s and t=1.3 s) the
axial load in the most heavily loaded shore is around 34 kN which is consistent to that obtained
in Section 2.2 for the design of the shoring system. This validates further both the FE model
and the simplified method in [5,6]. After the sudden shore removal at t=1.3 s the load in the

eliminated shore drops to zero as expected whereas in the shore immediately above the
removed one the load only reduces slightly due to the small increase of the vertical deformation
of the first slab. Fig. 5b shows the small increment in the displacement of the first and second
slabs at the position of the most heavily loaded shore (shown as thick lines). This displacement

is higher in the first floor, which confirms the slight reduction of the compression load on the

shore supporting the second floor.

15
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Overall the obtained response was signifi

cantly different to cases of column removal in

buildings leading to progressive collapse where the axial load in all the columns above the

removed support drops to almost zero (equal vertical displacements in all the slabs after local

failure). In the problem under consideration, the development of alternative load paths kept a

significant contribution of the shores on the floors above the local failure. This behaviour also

resulted in the interesting fact that the event had no effect on adjacent bay (AB) A3-B2 (see

Fig. 4a) as shown in Fig. 5b.
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n the first failure scenario: a) load received by the shores

the position of the eliminated shore, b) displacement of

first and second slabs in the position of the eliminated shore in the studied bay and adjacent bay AB, c) loads on

slabs (Q) and shoring system (S) for the first and second floors, and d) load-displacement curve of the first and

second floor slabs in the position of the eliminated shore.
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After analysing the local displacements and axial loads on the shores, the overall behaviour
was analysed (sum of vertical reactions for each floor corresponding to the shores and the
columns). Therefore for each floor, the loads per unit surface (KN/m?) carried by the shoring
system (S) and the slabs (Q) were calculated. In Fig. 5c it can be seen that the sudden event
consisting of the removal of the most heavily loaded shore under the first slab does not alter
the structure’s overall behaviour. This can also be seen in Fig. 5d, which shows the slab load-
displacement curve of the first two floors considering the slab displacement at the position of
the most heavily loaded shore. The slope of this curve is constant, confirming the linear
behaviour of the slabs and showing that they have not been affected by the event.

Fig. 5d also suggests that the local failure did not result on slab cracking. The moments
calculated from the FE model are far from the cracking moment (51.6 kN-m/m for the first and
41.3 kN-m/m for the second slab), which confirms the linear behaviour in Fig. 5d. The slabs
also comply satisfactorily with flexural and punching shear requirements in Eurocode 2 [25]
for the accidental load combination considered. It can be concluded that after the sudden
removal of the most heavily loaded shore, the structure remains undamaged and is able to
efficiently seek alternative load paths (i.e. loads are shared between slabs one and two with
loads Q almost unaltered). No dynamic amplification was obtained in the analysis.

4.2. 2" Scenario: failure of the joist on the most loaded shore

Fig. 6 summarizes the results from the analysis corresponding to the sudden removal of the
joist over the most heavily loaded shore under the first slab (see Fig. 2 and 4c). After the
extreme event at t = 1.3 s, the eliminated and most heavily loaded shore drops to zero as
expected whereas in the shore above, supporting slab 2, the load reduces 2.5 kN (10%
reduction). As in the first scenario (see Section 4.1), the reduced load on the shore under slab
2 is due to the increased deformation of slab 1 after the local failure. The thickest lines in Fig.

6b show the increased displacement of slabs 1 (about 1 mm) and 2 (about 0.5 mm) over the
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position of the most heavily loaded shore under the first slab. The displacement is higher in
slab 1, which explains the reduction in load of the shore supporting slab 2. Fig. 6b also shows

that the sudden event has no effect on the adjacent bay (AB) A3-B2.
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Fig. 6. Patterns of the behaviour of slabs and shoring in the second failure scenario: a) load received by the
shores supporting the first and second slabs coinciding with the position of the most heavily loaded shore
supporting the first slab, b) displacement of slabs 1 and 2 in the position of the most heavily loaded shore

supporting the first slab in the studied bay and adjacent bay AB, c) loads on slabs (Q) and shoring system (S) for
the first and second floors, and d) load-displacement curve of the first and second floor slabs in the position of

the most heavily loaded shore supporting the first slab.

A similar analysis of the overall structural behaviour was carried out for each floor looking
at the loads per unit surface (kN/m?) carried by the shores (S) and slabs (Q). In Fig. 6c it can

be seen that the sudden event had no effect on the overall structural behaviour. Due to the
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higher deformability of the shoring system under slab 1, the load carried by this slab increased
(about 0.6 kN/m? more) whereas the load carried by the shores reduced (about 0.9 KN/m? less).
The higher deformability of the shores under slab 1 also caused a higher deformability in the
elements supporting slab 2 (slab 1 and shores under slabs 1 and 2). Thus, the load carried by
slab 2 was also higher (about 0.3 kN/m? more) whereas the load carried by the shores under
slab 2 was lower (about 0.3 kN/m? less). Fig. 6d shows the slab load-displacement curve of
slabs 1 and 2 at the position of the most heavily loaded shore under slab 1. Similarly as in the
first scenario, the curve has a steady slope and, even though there is a slight increase in the
displacements and load carried by the slab after local failure, the relationship is still linear.

Fig. 7 gives the most unfavourable bending moments obtained from the FE model in the
bay investigated (moment Mx in the direction of longer span). This figure shows the areas in
the slab liable to cracking (cracking moment of 51.6kN-m/m and 45.3 kN-m/m for slabs 1 and
2 respectively). The positive moments of slabs 1 and 2 increase after the local failure whereas
the negative moments remain constant (see Fig. 7). The most severe case of cracking was found
at mid-span in slab 2 at the position of the failed joist in slab 1 (see Fig. 4c), although the total
cracked zone is very localised. The slabs satisfactorily complied with the flexural and punching
shear requirements specified in Eurocode 2 [25] for the accidental load combination
considered.

It can be concluded from this local failure scenario that similarly as in the first scenario the
structure is able to efficiently seek alternative load paths without failing. However, in this
scenario greater cracking was obtained, particularly in slab 2 after the sudden event, which
could have a negative effect on serviceability limit state performance (e.g. long-term
deformations, crack widths). The area affected by cracking is not significant so the level of
consequence could still be classified as “minimal” according to IStructE risk manual [41] or

“very low” according to EN 1991-1-7 [9].
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Fig. 7. Bending moments of first (a and b) and second (c and d) slabs before (a and c) and after (b and d) the

accidental event for the second scenario (units in N-m/m).

4.3. 3™ Scenario: failure of the complete shore line on the most loaded shore

Fig. 8 shows the sudden failure (at t=1.1 s) of a complete shore line (see Fig. 4d) causing

the progressive collapse of all the other shores. As can be seen from the sequence of images in

Fig. 8 (at 0.1s intervals), when the central line of shores under slab 1 is removed there is a chain

reaction in all the shores at this level in which all collapse. In each step of the sequences in Fig.

8, the shores that fail in the following step (i.e. ultimate strength is reached) are shown in red.

In this case, when a large number of shores fail between t=1.1 s and t=1.2 s the shoring under

slab 1 becomes more flexible, increasing the deformation of this slab and the loads on the

remaining shores around those that have previously failed. This increase in deformations can
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result in the shores under slab 1 reaching their ultimate strength (47.7 kN) and cause them t

0]

collapse one after the other. The deformation of the structure before and after the sudden event

is shown in Fig. 9 for t=1.0 s (Fig. 9a) and t=1.5 s (Fig. 9b), in which the collapsed shores are

not shown.
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Fig. 9. Structure before (a) and after (b) the sudden event (units in mm). Collapsed shores are not shown.
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Fig. 10 shows the main results obtained describing the structural behaviour. As can be seen
in Fig. 10a, after the extreme event at t=1.1s in the position of the most heavily loaded shore
under slab 1 (Fig. 2), the load on the shore under slab 1 drops to zero and that on the shore
under slab 2 is gradually reduced (around 56% reduction) during the gradual collapse of the
shoring system. As occurred in Scenarios 1 and 2 (Sections 4.1 and 4.2) this reduction of the
load in the shore under slab 2 in the position under study is due to the increased deformation
of slab 1 after the failure of a complete shore line. The thickest lines in Fig. 10b show how the
progressive collapse gradually results in a sudden increase of the vertical displacements of
slabs 1 (around 9 mm increase) and 2 (around 8 mm increase) at the position of the most heavily
loaded shore under slab 1. The deflection is higher in slab 1, which confirms the reason for the
reduced load on the shore under slab 2. Fig. 10b also shows how an extreme event such as that
that happened in the bay under study has no effect on the adjacent bay (AB) A3-B2.

Fig. 10c gives the loads per unit surface (kN/m?) carried by the shoring system (S) and
slabs (Q) on each floor. Fig. 10c shows how the overall behaviour of the structure is affected
by the extreme event. As the deformability of the shoring under slab 1 is higher, this slab will
carry greater load (about 2.5kN/m? more) whereas the load carried by the shoring system will
reduce (about 5.0kN/m?less). In turn, the higher deformability of the shoring system under slab
1 makes the support of slab 2 (consisting of slab 1 and the shoring under slabs 1 and 2) more
deformable. The load carried by slab 2 is therefore also higher (about 2.5kN/m? more) and the
load carried by the shores under this slab is lower (about 2.5kN/m? less). Fig. 10d gives the
load-displacement curve of slabs 1 and 2 in relation to their displacement at the position of the
most heavily loaded shore of the ground floor. The slope can be seen to suddenly drop at the
start of the collapse of the shoring system. The drastic reduction in the stiffness of the slabs is

the first indication of the high level of cracking that develops.
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Fig. 10. Patterns of the behaviour of slabs and shoring in the third failure scenario: a) load received by the
shores under slabs 1 and 2 at the position of the most heavily loaded ground-floor shore, b) displacement of
slabs 1 and 2 at the position of the most heavily loaded ground-floor shore in the bay under study and adjacent
bay AB, c) loads on slabs (Q) and shores (S) of first and second floors, and d) load-displacement curve of slabs

1 and 2 at the position of the most heavily loaded ground-floor shore.

Fig. 11 gives the moments obtained from the FE model in the bay under study (A2-B1) on
the most unfavourable axis (bending moment Mx along the long span). Both the positive and
negative moments in both slabs (see Fig. 11b and Fig. 11d) are higher than before the extreme
event (Fig. 11a and Fig. 11c). Fig. 11 shows that the development of cracking at the position
of the shore failures (See Fig. 4d) and in the zone close to the columns is severe (the cracking
moment is 51.6kN-m/m and 45.3kN-m/m for the first and second slab respectively). The

moments along the short span (not shown) also caused severe cracking in the slabs around the
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columns. Regardless of the damage predicted, the slabs complied with the flexure and punching

requirements specified in Eurocode 2 [25] for the accidental load combination considered.
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Fig. 11. Bending moments of first (a and b) and second (c and d) slabs before (a and c¢) and after (b and d) the

accidental event in the third scenario (units in N-m/m).

It can be concluded that whilst the local damaged considered resulted in the progressive
collapse of the shoring system, the building structure did not fail due to the efficient alternative
load paths that could be activated in the shoring-structure system after local failure (i.e. load
sharing between slabs 1 and 2 was critical, as seen from their displacements and loads). After
the event the slabs carried higher loads (Q) although similar to previous scenarios no dynamic
amplification of loads nor deflections was observed from the FE analysis. The high level of

slab cracking obtained in this scenario could result in potential serviceability and durability
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issues. In such cases the safety of the structure would need to be assessed in parallel with a cost
analysis in order to determine possible repairing measures and whether it should be
demolished. The scale of consequence in this case (local permanent structural damage) can be
classified as “minor” according to the IStructE systematic risk assessment approach [41] or
“low” according to EN 1991-1-7 [9].

4.4. 4™ Scenario: incorrect selection of shores

In design, incorrect sizing of the shores can occur due to a number of reasons (see Table 2
in Section 4). In this scenario a shore immediately below the strength of those used in the other
scenarios (Sections 4.1, 4.2 and 4.3) was used from the same formwork provider [35]. The
ultimate strength of this shore was 30.6kN, well below the strength required of 47.6kN in
design. After changing the mechanical characteristics (cross-section and shore ultimate
strength) in the numerical model to those of the new shore, Fig. 12 shows how the progressive
application of the entire expected load (i.e. quasi-static loading) between t=0 s and t=0.8 s
caused the progressive collapse of the shoring system at t=0.66 s.

As can be seen in the images at 0.1s intervals (Fig. 12), after the start of the collapse all the
shores under slab 1 begin to collapse one after the other, affecting the bay under study and an
adjacent one. The shores remaining at the end of the sequence shown in Fig. 12 experienced
loads below their ultimate strength. In Fig. 12 the shores under slab 1 shown in red failed due
to excessive loading in the following time step. As in the third scenario (Section 4.3), as a large
number of shores failed between t=0.64 s and t=0.74 s, the shoring under slab 1 becomes more
flexible, resulting in a larger deformation of slab 1 and an increase of the load carried by the
remaining shores adjacent to those that have previously failed. This increased load can then
reach the ultimate strength of 30.6kN in some of the remaining shores and cause their
progressive collapse. Fig. 13 shows the deformations of the structure-shoring system after the

extreme event at t=1.5 s, in which the collapsed shores are not shown.
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465 Fig. 13. Structure after the accidental event (units in mm). Collapsed shores are not shown.
466 Fig. 14 shows the main results obtained describing the structural behaviour. Fig. 14a shows

467  that the most heavily loaded shore under slab 1 reaches its ultimate strength at t=0.66 s, and
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the load of the shore under slab 2 at the same time starts to reduce gradually (around 58%
reduction) during the progressive collapse of the shoring system. Similar to the preceding
scenarios (Sections 4.1, 4.2 and 4.3), the reduced load on the shore under slab 2 is due to the
increased deformation of slab 1 after the extreme event. The thickest lines in Fig. 14b show
that the progressive collapse causes a sudden increment of the displacements in slabs 1 (about
15.3 mm) and 2 (about 14.0 mm) at the position of the most heavily loaded shore under slab 1
(Fig. 2). The displacement is greater in slab 1 and thus confirming the load reduction (i.e.
decompression) on the shore under slab 2. In Fig. 14b it can also be seen how the extreme event
in the bay under study has no effect on the adjacent bay (AB) A3-B2.

The loads per unit surface (kN/m?) carried by the shores (S) and slabs (Q) on each floor are
given in Fig. 14c showing that the structural behaviour given by S and Q changes significantly
after the start of the progressive collapse. Due to the failure of some shores and the increased
deformability of the shoring system under slab 1, the slab carries a higher load whereas the
load on the shores is reduced. The greater deformability of slab 1 in turn increases the
deformability of the support of slab 2 (slab 1 and shores under slabs 1 and 2) resulting in a
higher load carried by slab 2 and less load carried by the shores. Fig. 14d contains the load-
displacement curve of slabs 1 and 2 for the displacement at the position of the most heavily
loaded shore under slab 1. The slopes of the curves change suddenly at the start of the collapse
showing a significant reduction of slab stiffness (i.e. high degree of cracking and flexural

deformations in the slab).
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Fig. 14. Patterns of the behaviour of slabs and shoring in the fourth failure scenario: a) loads on shores under
slab 1 and slab 2 at the position of the most heavily loaded shore under slab 1, b) displacement of slabs 1 and 2
at the position of the most heavily loaded shore under slab 1 in the bay under study and adjacent bay AB, c)
loads on slabs (Q) and shores (S) of first and second floors, and d) load-displacement curve of slabs 1 and 2 at

the position of the most heavily loaded shore under slab 1.

Fig. 15 gives the bending moments in both directions obtained from the FE model in the
bay under study. Both the positive and negative moments of both slabs exceed the crack
moments (51.6 KN-m/m and 45.3 kN-m/m for the first and second slab, respectively) on a large
part of the slab surface in the bay under study. Even under these high loads, the slabs comply
with the ultimate strength flexure and punching requirements specified in Eurocode 2 [25] for

the accidental load combination considered.

28



500 Whilst this scenario resulted in significant damage, the structure did not collapse due to its
501 ability to seek suitable alternative load paths, for which the load-sharing between slabs 1 and
502 2 is again critical, as can be seen from their displacements and loads. Even though the slabs
503 carried significantly higher loads (Q) due to the event, and the deformability of the slabs was
504  higher than in previous scenarios, dynamic effects (i.e. loads and deflections) were not
505 generally observed in the analysis. Cracking of the slabs does increase after the extreme event,
506 thus seriously affecting its serviceability limit state performance and durability. Similar to
507  previous damaged scenario, in such situations it becomes necessary to assess the structural
508 safety of the building to determine possible repairs and whether it should be demolished. The
509 scale of consequence can be classified as “minor” or “low” according to IStructE [41] and EN
510  1991-1-7 [9] respectively.
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512 Fig. 15. Bending moments of first (a and b) and second (c and d) slabs after the accidental event for the fourth
513 scenario (units in N-m/m).
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5. Discussion regarding design implications
5.1. Dynamic amplification factor (DAF)

The local damage scenarios described in Section 4 showed negligible dynamic
amplification effects (load and displacements) in the shoring elements or in the RC structure.
The fact that the axial forces in the shores and deflections in the structure after the sudden
removal of the shoring elements (see post-event results in Fig. 5, Fig. 6, Fig. 10 and Fig. 14)
was the same as if the shoring elements had been removed gradually (i.e. dynamic
amplification factor DAF = 1) was due to the relatively low deformation capacity of the
structure-shore system after the accidental event and high redundancy. The introduction of
local damage in the cases considered did not introduce significant velocities in the system (i.e.
negligible Kinetic energy) resulting in an almost quasi-static response with only some high
frequency effects of minor importance. This response is significantly different to that observed
in structures subjected to column or member loss (large kinetic energy and deflections) in
which DAF can range from 1 up to 2. The upper value of DAF corresponds to the theoretical
linear response with no damping which is recommended for general actions during construction
in EN 1991-1-6:2005 [31] for accidental actions such as local failure of temporary support.
This work shows that for shoring systems using current practice and state-of-the art design
methods DAF is equal to 1 for cases of the most loaded members removal. This finding is
significant as using DAF = 1 allows to optimise the design for such situations whereas using
DAF = 2 would result in rather conservative designs or unrealistic assessments of the
consequences and risk of such events. However, as pointed out at the end of Section 6, the
presented analysis performed as the first approach should be extended to other cases to confirm

a suitable value for the DAF in order to be extensively applied in simplified approaches.
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5.2. Tolerable risk considerations

It has been shown that with correctly designed shoring an extreme event or local failure of
some of its components does not necessarily lead to the progressive collapse of the entire
structure. Although there is a higher likelihood of local failure during construction compared
to the serviceability stage (i.e. column loss), the consequences of these failures can be lower in
terms of cost and materials (generally the loss of human lives is limited). In the cases
investigated with most serious consequences, it would be necessary to inspect the damage and
assess the safety of the structure to decide whether it can be repaired or needs demolition. In
terms of tolerable risk, the acceptable levels of risk given by guidelines such as IStructE [41]
or Annex B in EN 1991-1-7 [9] will give relatively high values of acceptable probability of
occurrence between 50% to 2% (corresponding to likely to rare likelihood respectively). A
more refined systematic risk analysis would be needed if the structure had significant potential
for instability during construction (i.e. Class 3 according to Harding and Carpenter [42]).

It can be concluded that since the consequences of an event such as the loss of the most
heavily loaded shore are rather small, it seems unnecessary to include explicitly such events in
the design phase. Nor is it necessary to consider the failure of multiple shores since this
probability is even smaller. It is important to note that the integrity of the building is assured
in such cases only assuming that both the structural design and the shoring system provided
are sound. It is advisable to take into account: a) the construction process when designing
building structures, b) accurate and validated simplified calculation methods should be used to
correctly estimate the loads transmitted between slabs and shores during building work [1], and
c) it is also important to use the correct RC construction procedures to avoid stability issues
during temporary support situations. Even so, there is still room for the application of

mitigation technigues to reduce the risk, for example by using load limiters on shores [2,10,43].
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These measures could contribute significantly towards reducing the high-risk of progressive

collapse observed in some cases during construction shown in Table 2.

6. Conclusions

This is the first study to focus on the structural response and damage of a building structure
under construction after the sudden failure of one or more shores. This is relevant in view of
the field evidence shown in Table 2 with many examples of hazards with intolerable high-risk
with relatively medium likelihood and medium/high consequences (structural failures). The
analysis was carried out on a real three-storey office building with RC flat-slabs designed
according to Eurocode and shoring designed using a state-of-the-art and validated simplified
calculation method providing accurate predictions of the axial loads in the shores. A dynamic
explicit finite element analysis was performed to evaluate different local damage scenarios: 1)
failure of the most heavily loaded shore, 2) failure of the joist on the most heavily loaded shore,
3) failure of the complete shore line on the most heavily loaded shore, and 4) the use of
incorrect shores.

In general, from all the situations analysed, the following can be concluded:

e When a shore fails the sharing of loads among the different slabs is critical to maintain
the integrity of the structure. Due to the high stiffness of the structure-shoring system
and high redundancy, the dynamic amplification obtained for the loads and deflections
were negligible (i.e. DAF = 1). This suggest that using DAF = 2 as suggested in EN
1991-1-7 [9] for general cases of accidental actions during construction can be rather
conservative and lead to unrealistic assessment of structural consequences and
associated risk.

e The results showed that scenarios 1 and 2 with least structural effects did not cause the

progressive collapse of neither the shoring nor the structure. In addition, slab cracking
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was negligible and the level of consequence could be classified as “minimal” or “very
low” using standard risk assessment terminology.

Scenarios 3 and 4 with higher structural effects resulted in the progressive collapse of
the shoring, although the integrity of the structure was not affected. In such cases severe
cracking was predicted to occur over most of the bay under study. In these situations,
in order to avoid undesirable serviceability performance and durability issues during
the operational stage, the structural safety should be evaluated in terms of damage,
possible repairs or demolition.

Since the failure scenarios studied had little effect on the integrity of the RC structure,
it is not considered necessary to consider them explicitly when designing shoring
systems on building RC structures. However, it has been shown in this work that it is
very important to consider the construction process in the design of the structure and to
use accurate design method for calculating the shore loads during construction.

The application of good design and correct building procedures will reduce the risk of
progressive collapse during construction which could be high and above the threshold
as observed in recent structural failures. There is still room for improvement in
understanding the behaviour of the structure/shoring system under extreme situations
and the application of mitigation techniques for the risk for example by using load

limiters on shores [2,10,43].

Future works should study other specific failure scenarios of the shoring system that creates
a high level of dynamic displacement or develops a critical alternate load path. Failure of
shores, connections, joists or formwork boards might be considered for different stages of

construction and in different floors.
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