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A B S T R A C T   

Although many analytical and experimental studies have been carried out to date on the progressive collapse and 
robustness of cast-in-place reinforced concrete (RC) and steel building structures, very few experimental research 
works have been performed on precast concrete (PC) structures. The small number of publications on these 
experiments have focused on analysing the behaviour of subassemblies after the sudden loss of an internal 
column. This paper is the first to describe the construction of a full-scale purpose-built experimental PC building 
to study the sudden removal of corner columns and the structure’s ability to find alternative load paths (ALPs). 
The connections between the precast members were designed using existing simplified guidance for robustness. 
The results obtained from the test using gravity loads corresponding to typical load combinations defined in 
building codes for accidental design situations, showed a structural response governed by Vierendeel action with 
a clear contribution from the floor slabs. Load increase factors were obtained from the test results which can be 
applied by practitioners using simplified linear finite element models to account for non-linear dynamic effects in 
a simplified manner. This work is expected to form part of a large database of experimental results that are useful 
for developing advanced numerical simulations and parametric analyses.   

1. Introduction 

Precast concrete construction has several advantages over cast-in- 
place buildings in terms of speed of construction, reduction of waste 
(i.e. more effective reuse of formwork), improved quality control and 
safety during construction. Special attention should be given to the 
connections between the elements, especially in case of accidents or 
extreme events, to ensure sufficient structural integrity to avoid a 
domino effect that could lead to total collapse of the building. Although 
good design practices and recommendations already exist for precast 
concrete elements [1], these can only safeguard against some of the 
known risks considered in design codes, e.g. seismic and wind loads. 

Advanced codes and guides [2–6] introduce the concept of structural 
robustness or the capacity of the structure to adapt to and withstand 
local failure scenarios, regardless of the cause (threat-independent 
approach) and avoiding its propagation leading to progressive collapse. 
Structural robustness design can follow various methods to prevent 
progressive collapse, including indirect methods, e.g. tying approach, 
the alternative load path (ALP) method or the specific load resistance 
method [5]. The first consists of giving the structure enough continuity 

through connections and/or ties to improve its structural response after 
local failures; the second consists of ensuring that the structure can find 
ALPs after the failure of any vertical load-bearing element, e.g. columns 
and walls in all parts of the structure; while the third consists of looking 
for key elements that would lead to progressive collapse if they fail, and 
to design them so as to reduce the possibility of failure to a minimum. 
The ALP method has attracted the most attention from researchers, who 
typically employ it to analyse a structure’s capacity to generate ALPs 
after the sudden removal of any column (notional member removal 
approach) [7]. 

Fewer studies have been published on precast concrete structures 
than on cast-in-place reinforced concrete (RC) structures with respect to 
the notional member removal approach [7]. Apart from numerical and 
analytical studies, experimental studies in the field of precast RC 
structures have focused on testing subassemblies formed by two beams 
and three columns in which the middle column is removed [8–27]. Only 
one test was performed on 2-bay frames with two floors [28] to analyse 
their capacity to find other ALPs that had never been tested experi-
mentally until then. In all these studies, it was found that the structural 
design of the joints affected the capacity of the structure to avoid the 
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propagation of a local failure of an internal or edge column. There are no 
available experiments looking at the influence of 3D effects of a struc-
ture and the contribution of the slabs for the case of corner columns. The 
influence of slabs redistributing the load is relevant for understanding 
the development of ALPs such as the Vierendeel action. 

The novelty of the present study lies in the construction, testing and 
analysis of a complete full-scale building with precast RC elements. 
Testing corner columns in a complete building provides unique test data 
about ALPs compared to subassembly tests. The structure was exten-
sively monitored during the test, which was carried out at an outdoor 
laboratory with the same conditions as an indoor laboratory with respect 
to characterization of the materials, the sensors used and the process 
control. The joints between the precast elements followed widely 
accepted structural design guidance [1,5,6] used in the sector, with 
special attention given to their effect on the robustness of the structure. 
It is also significant to remark that corner columns are more vulnerable 
and exposed to extreme events compared to other columns [29,30]. 

The overall aim of the study was to determine ALPs after the sudden 
loss of a corner column, when the building is subjected to gravity loads 
with values given in design codes for accidental load combinations. 
Another objective of this work was to determine the Load Increase 
Factors (LIFs) which are generally used in current practice; LIF are 
applied to static loads in linear numerical models to take into account 
non-linear and dynamic effects in a simplified manner. 

After this Introduction, the paper contains a description of the test 
building in Section 2. Section 3 describes the monitoring system, while 

Section 4 includes the results and analyses of the test. The discussion, 
which includes the ALP analyses and the calculation of the LIFs, is 
included in Section 5, while Section 6 gives the main conclusions drawn 
from the work. 

2. Description of the building and test 

The purpose-built structure had two 2.6 m-high floors measuring 15 
× 12 m2 in plan, with three 5 m bays in one direction and two 6 m bays 
in the other (Fig. 1). The building was designed in accordance with 
Eurocodes [31–33] with 2.5 kN/m2 dead load and 5.0 kN/m2 live load 
(appropriate for use categories C3, C4, C5, D1 and D2 according to 
Eurocode 1 [32]), and following the recommendations of the Institution 
of Structural Engineers (IStructE) [6] and the FIB [1,5] for the connec-
tions and tying systems for robustness. 

The foundations were cast in place with sleeves to later connect with 
the concrete columns by grouting (Fig. 2). The 40 × 40 cm2 columns 
were precast and the beams were partially precast and had total di-
mensions of 40 × 60 cm2 (width × depth; the precast part was 40 × 35 
cm2, with a cast-in-place topping of around 25 cm). During construction, 
these beams were simply supported with elastomeric supports on the 
column corbels (width and length: 40 cm; depth: 30 cm along the var-
iable length plus 30 cm along the constant length), which had two 20 
mm diameter dowel bars for their connection. The final beam-column 
connection was arranged using top continuity reinforcement through 
3 ties that crossed the internal columns through the tubular sleeves 

Fig. 1. General overview and dimensions of the building-specimen.  
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(Fig. 2b) and reached the corner columns where the ties were threaded 
and anchored to the columns (Fig. 2b). 3 × 20 mm diameter (942 mm2) 
tie bars were used in peripherical beams, while 3 × 25 mm diameter 
(1473 mm2) tie bars were used in internal beams (from C5 to C8 only). 
The cross-sectional area of ties in the beams was similar to that rec-
ommended by the DoD [4] (935 mm2 and 1869 mm2 for peripherical 
and internal ties, respectively), with considerably more reinforcement 
than that recommended by the Eurocode [2] (218 mm2 and 435 mm2 for 
peripherical and internal ties, respectively) but less than that recom-
mended by the FIB [5] (1114 mm2 and 2227 mm2 for peripherical and 
internal ties, respectively, with a limitation of vertical displacement of 
1.1 m, the maximum rotation recommended by the DoD). The effective 
area of tying reinforcements in the building was larger than the values 
given above due to the slab topping reinforcement (described below). 
After installing the tie bars, the mortar grouting was injected in column 
sleeves and beam sleeves for the reinforcement and dowel bars. 20 cm- 
thick hollow-core slabs, oriented in the direction of the longest span of 
the building, were simply supported (using elastomeric supports) on 

beams during construction until placing of the topping (Fig. 2c). 12 mm- 
diameter ties between hollow-core units themselves and between 
hollow-core units and beams were provided (Fig. 3a) following IStructE 
recommendations [6]. Continuity between bays was also ensured by 
503 mm2/m reinforcement bars along the top of the internal beams and 
connecting with the hollow-core slabs (Fig. 3a). All the structural ele-
ments were connected in this way to prevent collapse propagation 
during an accidental event. After placing a reinforcement layer on the 
top of the hollow-core units, a concrete topping 6.5 cm thick was placed, 
together with that of the top part of beams (Fig. 3b). Table 1 gives the 
reinforcement in the precast elements and in the cast-in-place part of the 
slabs. 

The test took place 33 days after placing the concrete topping. The 
mechanical properties of the materials of the different elements were 
determined and mean values obtained on the day of the test are shown in 
Table 2. 

The test involved the sudden removal of the C12 corner column, 
which was achieved by means of a specially designed unidirectional 

Fig. 2. Details of the building during construction: foundation (a), connections prepared for ties in edge, internal and corner columns (b) and placing of hollow-core 
units for the slabs (c). 
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triple-hinged steel column (Fig. 4) allowing free movement of the col-
umn in the diagonal direction (C12-C7), thus also allowing it to move 
vertically. For the removal, the central hinge was unlocked by removing 
different locking systems and a slight destabilization of the column was 
imposed using a forklift. A similar system had previously been used by 
the authors [29,30]. A gravity load was introduced in the structure with 
a value corresponding to the quasi-permanent combination of actions 
for accidental design situations given in the Eurocode [31] (1.0xDL +
0.3xLL; where DL are Dead Loads and LL are Live Loads). This loading 
consisted of a uniformly distributed load of 4 kN/m2 composed of con-
crete blocks, applied only in the corner bay of both the first and second 
floors. Fig. 4 contains views of the steel column to be removed and of the 
concrete blocks. 

3. Monitoring 

During the column-removal test, data was acquired at a sample rate 
of 200 Hz from a total of 106 sensors, including 59 strain gauges, 38 
displacement transducers and 9 accelerometers. 

As detailed in Table 3, two strain gauges were placed on either side of 
the collapsible steel column (Fig. 5c) to monitor the change in axial 
strains due to unloading during the sudden column-removal. The 
remaining 57 strain gauges were embedded in the concrete and placed 
either on longitudinal rebars in columns (Fig. 5), on the continuous ties 
placed in beams, on ties between hollow-core units, on continuity bars 
and u-shaped ties, on the reinforcement mesh bars in the topping, or on 
dowel bars. 

The locations of all the strain gauges placed on the continuity rein-
forcement of the beams and slabs are shown in Fig. 6, while the locations 

Fig. 3. Details of the slab ties and continuity bars (a) and concrete topping on the slabs (b).  

Table 1 
Summary of the steel reinforcement.  

Element ID Floor/Slab Steel reinforcement 

Columns C1, C4, C9 Ground 8Φ16 
Columns C2, C10, C11 Ground 8Φ20 
Columns C8 Ground 4Φ20 (corners) + 4Φ16 
Columns C6, C7 Ground 8Φ25 
Columns C1, C4, C5, C8, C9, C12 1st floor 8Φ12 
Columns C2, C3, C6, C7, C10, C11 1st floor 8Φ16 
Corbels Support of perimetral beams Ground – 1st floors 6Φ10 (long.) + 2Φ8 (stirrups) 

Support of internal beams Ground – 1st floors 7Φ12 (long.) + 3Φ8 (stirrups) 
Beams (precast) Perimetral (Long direction) and internal 1st − 2nd slabs Bottom: 5Φ16 

Top: 5Φ12 
Beams (precast) Perimetral (Short direction) 1st − 2nd slabs Bottom: 5Φ16 

Top: 5Φ10 
Precast hollow-core slab units P20-2 1st − 2nd slabs According to the supplier [34] 
Slabs (topping) — 1st − 2nd slabs One rebar Φ8 each 20 cm  

M. Buitrago et al.                                                                                                                                                                                                                               



Structures 52 (2023) 824–841

828

of those placed in columns are shown in Fig. 7. It should be noted that 
the strain gauges on the bars of the reinforcement mesh in the topping 
and on dowel bars are not shown in Fig. 6. Of the three strain gauges 
placed on the reinforcement mesh, two were on the first floor and one on 
the second floor, in close vicinity to column C12. With respect to the two 
strain gauges placed on the dowel bars, one was on a corbel in column 
C12 and the other on the opposite corbel in column C11 on the side with 
three 5 m-span bays. 

Of the 38 displacement transducers used, 20 were for monitoring 
vertical displacements while 18 were for monitoring horizontal dis-
placements. As summarised in Table 4, vertical displacement trans-
ducers were used either to monitor differential foundation settlements 
(Fig. 8a) or placed on spring-loaded telescopic bars to monitor the 
change in the vertical distance between the ground and the first floor 

Fig. 4. Steel column designed for the sudden removal and load superimposed on the 1st and 2nd slabs.  

Table 3 
Summary of strain gauge locations.  

Strain gauge locations No. of strain 
gauges 

Collapsible steel column 2 
Longitudinal rebars in columns 32 
Continuous ties in beams 13 
Ties between hollow-core units 2 
Continuity bars and u-shape ties between hollow-core slabs and 

beams 
5 

Reinforcement mesh in topping 3 
Dowel bars between corbels and beams 2 
Total 59  

Table 2 
Mechanical properties of the concrete and steel reinforcement of different elements.  

Mechanical property Element Results 

Compressive Strength [MPa] 
3 concrete cylinders per element; 
300x150mm (EN 12390–3) 

Columns C2, C6, C7, C8, C10, C11 32.4 
Columns C1, C3, C4, C5, C8, C9, C12 34.2 
1st slab beams 41.8 
2nd slab beams 36.7 
Topping 34.1 

Elastic Modulus [MPa] 
3 concrete cylinders per element; 
300x150mm (EN 12390–13) 

Columns C2, C6, C7, C8, C10, C11 34,504 
Columns C1, C3, C4, C5, C8, C9, C12 30,000 
1st slab beams 35,645 
2nd slab beams 37,584 
Topping 33,527 

Tensile Strength [MPa] 
3 concrete cylinders per element; 
300x150mm (EN 12390–6) 

Columns C2, C6, C7, C8, C10, C11 2.40 
Columns C1, C3, C4, C5, C8, C9, C12 3.12 
1st slab beams 3.27 
2nd slab beams 2.82 
Topping 2.94 

Reinforcement Yield Strength [MPa] (EN ISO 15630-1) Φ12 (4 specimens) 590 
Φ25 (4 specimens) 532 

Reinforcement Tensile Strength [MPa] (EN ISO 15630-1) Φ12 (4 specimens) 717 
Φ25 (4 specimens) 656 

Reinforcement Elongation after Fracture (EN ISO 15630-1) Φ12 (4 specimens) 21.5% 
Φ25 (4 specimens) 23.4% 

Reinforcement Elongation at Maximum Force (EN ISO 15630-1) Φ12 (4 specimens) 8.6% 
Φ25 (4 specimens) 14.4%  
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Fig. 5. (a) Strain gauge placed on column reinforcement before applying protective covering putty; (b) Strain gauge placed on column reinforcement prior to 
concreting; (c) strain gauge placed on collapsible steel column. 

Fig. 7. Locations of all strain gauges placed in columns.  

Fig. 6. Locations of strain gauges placed over main reinforcements for continuity in beams and slabs.  
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(Fig. 8b) or between the first and second floors. The horizontal trans-
ducers were used to monitor building drift (Fig. 8c) or the horizontal 
expansion and contraction on the top or bottom of beam-column joints 
(Fig. 8d) or between the hollow-core precast units. 

The exact locations of all the displacement transducers used to 
measure the relative vertical displacement between floors are shown in 
Fig. 9. The three transducers used to monitor foundation settlements 
were placed above the C7, C8 and C11 column foundations. The posi-
tions of the horizontal displacement transducers are shown in Fig. 10. 

The accelerometers used for the test were fibre-optic uniaxial 

sensors. Of the 9 sensors, 6 were based on Fibre Bragg Grating (FBG) 
technology and used for monitoring the dynamic response of the 
structure after the sudden column removal. The remaining 3 were more 
sensitive Fabry-Pérot (FP) accelerometers. These were used prior to 
column removal for ambient vibration tests of (i) the undamaged 
structure, (ii) the structure after the column removal, and (iii) the 
damaged structure after returning the collapsible steel column to its 
original position. The positions of the accelerometers and their mea-
surement directions are shown in Fig. 11. 

Fig. 8. Displacement transducer used to monitor: (a) vertical settlement of foundation, (b) vertical displacement of first floor, (c) building drift (connected to de-
tached auxiliary structure), and (d) horizontal contraction at the bottom of beam-column joint. 

Fig. 9. Locations of all displacement transducers used to measure relative vertical displacement between floors (all dimensions shown in m).  

Table 4 
Summary of displacement transducer locations.  

Displacement transducer locations No. of sensors 

Vertical displacement  
Foundation settlement 3 
Between ground floor and first floor 9 
Between first floor and second floor 8  

Horizontal displacement  
Building drift 4 
Top of beam-column joint 7 
Bottom of beam-column joint 5 
Joint between hollow-core units 2 
Total 59  
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4. Results and analyses 

Test results are presented and analysed in this section, which is 
organised according to the following subsections: strain readings, ver-
tical and horizontal measurements, accelerations and the state of the 
structure after the test. 

4.1. Strain readings 

Strain readings were taken from reinforcement bars in different el-
ements such as columns, ties, slabs and dowels only during the test from 
an initial value of zero. 

Fig. 12 gives the results obtained from column C12 in the sudden 

Fig. 11. (a) Locations and direction of measurement of all accelerometers used; (b) High-sensitivity accelerometer used for ambient vibration testing; (c) Accel-
erometer used for monitoring dynamic response after column removal. 

Fig. 10. (a) Locations of displacement transducers monitoring horizontal building drift; (b) Displacement transducers monitoring horizontal extension or contraction 
at the top or bottom of beam-column joints or below the slab between hollow-core planks; (c) Schematic showing the positioning of displacement transducers at the 
top and bottom of a beam-column joint (all dimensions shown in cm). 

Fig. 12. Strain readings on the first-floor steel C12 column (left) and average strain reading on the second-floor concrete C12 column (right). Positive values indicate 
compression. 
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corner-column removal on the ground floor. The readings from the first- 
floor gauges show that the total unloading time was 0.07 s. The results 
from the second-floor show that column C12 unloaded (49.2 με at peak 
value and 29.8 με at the residual value), causing the column to change 
from an axial compression state (106 kN) to an axial tension state (130 
kN at peak and 37 kN at residual value). In no case did the tension reach 
the concrete cracking strength and always remained below 0.82 MPa. 

Fig. 13 gives the results of Columns C7, C8, C11 (Fig. 13a-c), C4 and 
C10 (Fig. 13). Fig. 13a-b,d gives the average reading of the different 
strain gauges as a representative measure of the axial strain readings of 
the column, whereas Fig. 13c shows all the strain readings of column C7. 
Column C7 did not experience a rise in its mean deformation (see 
Fig. 13a), although there were significant variations in individual 
deformation values (see Fig. 13c), which indicate the rotation of this 
column towards the removed column C12. In columns C8 and C11, a 
similar response can be seen, both on the first (Fig. 13a) and second 
floors (Fig. 13b). In both cases, the columns suffered higher compres-
sion. In columns C4 and C10, however, slight axial decompression can 
be seen, confirming the rocking effect of the outer frames. 

Table 5 contains all the peak and residual values of the strain gauges 
installed on columns, together with a scheme of the sensors in each 
column (plan view). The strain values obtained could be used to deter-
mine the axial and bending moments using a nonlinear sectional 

approach with moment–curvature diagrams for different axial forces. 
Fig. 14 shows the strain results from the peripheral ties on beams 

both close to columns and at mid-span between columns. It can be seen 
that (i) the strains were well below the plastic deformation (over 2500 
με) and (ii) the positions close to the nodes present very high tensile 
deformations (shown in green in Fig. 14a-d) which are much lower than 
at mid-span. These results suggest that the ties were not activated by 
catenary action but by large bending moments due to Vierendeel action. 
This was confirmed by the compression values measured in the strain 
gauges in the ties close to the removed column C12 (shown in red in 
Fig. 14a-b). The values were generally higher in the C12-C11 beam than 
in the C12-C8 beam, due to the former being shorter (5 m) than the latter 
(6 m). 

Fig. 15 shows the results from the reinforcement mesh of the con-
crete topping, the reinforcement in the interconnection between precast 
units in the transverse direction, the continuity bars between precast 
units (longitudinal directions), and U-shape ties between precast units 
and beams. The results from the reinforcement mesh (Fig. 15a) show 
compression values, again demonstrating positive bending moments in 
the zone near the removed column C12 due to Vierendeel action. These 
compressions in the slab topping also show the important contribution 
of the slabs to redistributing loads and searching for ALPs after the 
column removal. Similar conclusions can be drawn regarding the ties 

Fig. 13. (a-b) Average strain readings of the columns closest (Columns C7, C8 and C11) to the removed column; (c) strain readings of all sensors of columns C7, and 
(d) average strain readings of columns C4 and C10. Positive values indicate compression. 
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between precast units in the transverse direction (Fig. 15b), although 
this reinforcement was not allocated to the slab for this purpose, but to 
avoid the separation of precast units under tension. The positive values 
registered in the continuity reinforcement between precast units and 
beams (Fig. 15c) confirm the previous findings, showing that compres-
sive strains were registered on these strain gauges. The results of the 
continuity reinforcement between precast units in the longitudinal di-
rection (shown in blue in Fig. 15c) show that this reinforcement worked 
under tension loads providing continuity to the slab and avoiding the 
precast units from being separated from the framed structure. 

Fig. 16 shows the strain readings for the dowel reinforcement at the 
corbels. Significant differences can be seen between the dowels located 
at column C12 and the dowels located at C11. The dowel located at 
column C12 worked under tension loads since the beam tended to pull 
out of the corbel, but this slip was restraint by the ties and the dowel at 
the corbel. The dowel in C11 worked under compression loads due to the 
increased beam vertical reaction on the corbel after the removal of C12. 
More details about the behaviour of the dowels can be found in Section 
4.3. 

4.2. Vertical displacement measurements 

Fig. 17 shows the vertical displacement of the foundations closest to 
the removed column (C7 shown in green; C8 in yellow and C11 in red), 
which were used to correct the results obtained in the building in the 
case of significant displacement. The vertical displacement was almost 
negligible for C11 (0.14 mm) and practically zero for C7 and C8. 

Fig. 18 shows the vertical displacement or deformed shape of the C7- 
C12 profile (Fig. 18a) and of peripheral beams C8-C12 (Fig. 18b) and 
C11-C12 (Fig. 18c) on the first slab, in which the maximum drop 
registered reached a peak value of 12.1 mm. The relative vertical dis-
placements between the first and the second slabs were small along 
profiles C7-C12 and C8-C12 as shown in Fig. 19; the measurements were 
taken at the same distance from the columns as in the first slab. A 
detailed analysis of these results can be found in Section 5.1. 

4.3. Horizontal displacement measurements 

The drifts measured in the building at the corners of columns C4 and 
C9 towards the removed column C12 are shown in Fig. 20. Higher values 
were registered in C4 than C9 since the C4-C12 frame only had two bays 
and was more flexible than frame C9-C12, with three. The values of the 
horizontal displacements were small (<1 mm) at the top slab and 
negligible in the first slab. 

Another set of LVDTs measuring horizontal displacements were 
employed to estimate bending moments and deformations in beams 
close to the columns shown in Fig. 21, which gives the results obtained 
in the first slab (Fig. 21a-b; lines from C12 to C4 and from C12 to C10) 
and second slab (Fig. 21c; lines from C12 to C8 and C12 to C11). These 
results show the activation of Vierendeel action, with negative bending 
moments (hogging moments) in all beam-to-column joints except in the 
one near the removed column C12, where positive bending moments 
(sagging moments) were found. In general, the LVDTs that registered 
shortening displacements according to the above-explained criteria 
show very small values. These bending moments in the joints show that 
the semi-rigid corbel connections used between beams and columns 
(only the tie reinforcement passed from the beams through the columns) 
were able to mobilise bending moments due to the contribution of: i) the 
dowels working under shear loads (Fig. 22a-b); and ii) the cast-in-place 
upper part of the beam working under local bending moments 
(Fig. 22b). 

Fig. 23 shows the measurements of the separation between the pre-
cast units in the first (red) and second slabs (green). The values 
measured were quite small and were higher in the second slab (0.017 
mm) than the first (0.006 mm). These values show negligible separations 
between the precast units close to the removed column C12 and confirm 
a Vierendeel action that generated tension forces in the lower part of the 
slabs in these zones. 

4.4. Acceleration values 

Fig. 24 shows the vertical acceleration values (in C12 first and second 
slabs) and horizontal (in C4 and C9 first and second slabs) registered by 
fibre-optic accelerometers during the tests. The vertical accelerations 
associated with the oscillations generated after the column removal 
reached values of around 0.7 g with a peak value of up to 1.8 g. These 
values show that removing the corner column generated a movement 
with accelerations close to the free-fall of the building. The peak ac-
celeration of 1.8 g suggests the development of higher frequency modes 

Table 5 
Peak and residual strain readings of sensors placed on concrete columns. Positive 
values indicate compression.  

Column Floor Sketch Sensor Peak [με] Residual [με] 

C4 1 C4-1_1 28.8 8.2 
C4-1_2 –22.4 − 5.7 
C4-1_3 − 38.6 − 17.9 
C4-1_4 − 15.1 − 1.5 

C4 2 C4-2_1 27.2 9.8 
C4-2_2 − 13.1 − 7.7 
C4-2_3 − 30.4 − 17.7 

C7 1 C7-1_1 36.6 14.2 
C7-1_2 –23.7 − 7.6 
C7-1_3 − 36.4 − 14.0 
C7-1_4 24.2 6.7 

C7 2 C7-2_1 16.8 5.6 
C7-2_2 — — 
C7-2_3 14.6 9.2 

C8 1 C8-1_1 33.0 8.2 
C8-1_2 62.3 41.6 
C8-1_3 61.2 41.0 
C8-1_4 28.9 8.2 

C8 2 C8-2_1 20.8 12.5 
C8-2_2 39.0 27.7 
C8-2_3 31.5 15.0 

C10 1 C10-1_1 31.6 7.0 
C10-1_2 − 19.5 − 4.3 
C10-1_3 − 28.9 − 12.0 

C11 1 C11-1_1 63.0 39.1 
C11-1_2 62.0 32.7 
C11-1_3 46.1 16.8 
C11-1_4 44.5 21.4 

C11 2 C11-2_1 — — 
C11-2_2 29.8 11.6 
C11-2_3 21.7 13.9 

C12 2 C12-2_1 –23.6 − 10.3 
C12-2_2 − 82.5 − 56.2 
C12-2_3 — —  
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Fig. 14. Strain readings on first and second floor ties. Positive values indicate compression.  

Fig. 15. Strain readings on (a) reinforcement mesh (M) and (b) interconnection of flooring units (G) of the first (red) and second (green) floors, and on (c-d) the 
continuity or tying reinforcement between precast units (N). Positive values indicate compression. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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of vibration near the removed column due to the transmitted axial forces 
through the column above. A similar observation was made in a prior 
building test with infill masonry walls tested by the authors [30]. The 
horizontal accelerations were somewhat lower, with values during os-
cillations close to 0.4 g and up to 0.7 g. 

4.5. Residual damage after the test 

The structure only showed some minor residual damage after the 
column removal (cracking) around the beam-column connections. The 
state of the structure after the test can be seen in Fig. 25, which shows 
the state of the building with the hinged metal column (yellow box) that 
allowed the free fall of the corner (12.1 mm maximum drop). The cracks 
found after the test are also highlighted in the first slab beam-column 
joint C8 (red box) and C12 (green box). The first crack was due to 
hogging moments, as previously commented. The second crack was 
generated by the impact of the beam on the column due to localised 
compression in the beam where it touches the column. 

5. Discussion 

This discussion is divided into two parts, the first with an analysis of 
the ALPs activated in the structure after the sudden corner-column 
removal, and the second with the assessment of the Load Increase Fac-
tors (LIFs) [4] applied in simplified static linear numerical approaches to 
consider nonlinear and dynamic effects in a simplified manner. 

5.1. Alternative load paths (ALPs) 

The loads in the monitored columns during the test were also eval-
uated before the test, for which strains in the reinforcement were 
measured in the ground-floor columns C4, C7, C8, C10 and C11 at two 
different times, before building the structure (initial readings) and 
before the test. The loads estimated from strain measurements from the 
columns (Qreal) were compared with the results from a simplified FE 
model (Qexpected), see Section 5.2 for further details about this analysis. 
Table 6 compares the loads estimated from strain readings before the 
test with the predicted values from the FE model. According to the mean 
residual strain measurements in Table 3, the load increments on these 
columns after the tests were also quantified. Table 6 also gives the 
computed load increments and the final load on the columns obtained as 
the sum of the real initial loads and the load increments. As can be seen, 
all the monitored columns had a final compression load. The load on C12 
before the sudden removal (estimated at 179.8 kN) was mainly re- 
distributed through the outer frames and increased the load on C8 and 
C11 by 41% and 55%, respectively. There was also a rocking effect in the 
outer frames due to the unbalanced load after column removal in which 
the columns closest to the removed column (C8 and C11) had a total load 
increment of 288.5 kN, greater than the load suddenly removed from 
C12 (179.8 kN). This rocking effect resulted in the slight unloading of 
adjacent columns (e.g. C4 and C10) as shown in Table 6. 

Besides the axial load redistribution of the columns after the removal 
of C12, as commented in Section 4, the structure activated Vierendeel 
action, as can be seen in Fig. 26a, with the peak and residual values of 
the deformed structural shape for alignments C11-C12 (shown in red), 

Fig. 16. Strain readings on dowels of Columns C12 and C11 (1st floor). Positive 
values indicate compression. 

Fig. 17. Displacement measurements on foundations of columns C7, C8 and C11. Positive direction upwards.  
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Fig. 18. Vertical displacement measurements on lines from columns C7, C8 and C11 to C12. First floor. Positive direction downwards.  

Fig. 19. Vertical displacement measurements on lines from columns C7 and C8 to C12. Second floor. Positive values indicate shortening.  

Fig. 20. Drifts measurements on the first and second floor columns C4 and C9. Positive values are indicated by arrows.  
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C8-C12 (in green) and C7-C12 (in blue). In the results of alignments C11- 
C12 and C8-C12 (edge frames) it can be seen that the deformed shape 
follows the pattern of a typical Vierendeel action due to flexure. How-
ever, along the C7-C12 diagonal the deformed shape follows more 
closely that of a cantilever since there was no system of frames to enable 
Vierendeel action, especially in the direction perpendicular to the pre- 
cast units. It should be remembered that the hollow-core precast slab 
system only works in one direction and so has no capacity to activate 

transversal positive bending moments. 
Fig. 26b gives the horizontal displacements of C4 and C9, both of 

which tended to move towards the removed column C12. The C4-C8- 
C12 edge frame provided less lateral restraint against the column 
removal of C12 than the C9-C10-C11-C12 edge frame, which meant that 
the drift of the former after the test was twice as large as that of the 
latter. 

Together with the results in Section 4, those given in this section 

Fig. 21. Representative bending horizontal measurements of first (a-b) and second (c) floor beam-column joints. Shortening displacements are positive.  

Fig. 22. Moment transfer on beam-column joints with the help of: dowel bars working under shear loads (a and b) and the cast-in-place upper part of the beam 
working under local bending moments (b only). 
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indicate that the main ALP activated after the sudden removal of C12 
was Vierendeel action introducing: (i) bending on the beam-column 
joints and (ii) activating both directions in the entire 3D structure. It 
should be noted that Vierendeel action could be activated thanks to: i) 
the capacity of the semi-rigid beam-column joints to resist the bending 
moments due to the dowel and the cast-in-place upper part of the beam, 
and ii) the contribution of the slabs in redistributing the loads after the 
flexural deformations in the structure. 

5.2. Assessment of load Increase Factors (LIFs) 

Load Increase Factors (LIFs) or Dynamic Amplification Factors 
(DAFs) are frequently recommended in standards (e.g. DoD [4]) as a way 
of simplifying the analysis using numerical models after sudden column 
loss. This method can involve applying LIFs in computational models 
that do not consider non-linear material models or dynamic loads, while 
the DAFs can be applied as load factors in models that do not consider 
dynamic effects but do consider non-linear effects. This section describes 
a method of determining LIFs by a direct comparison of the dynamic and 
non-linear test results with those of a simplified FE model developed 
using the SAP2000 software [35] without considering neither material 
nonlinearities nor dynamic effects. 

The FE model developed in this work reproduced the structure of the 

Fig. 23. Measurements of the separation between precast units on the first and 
second floors. Negative values indicate separation. 

Fig. 24. Vertical accelerations on the top of the removed column C12 and horizontal accelerations on the opposite corner columns C4 and C9.  

Fig. 25. Structure after the test.  

Table 6 
Initial and post-test reactions of the monitored columns.  

Columns Initial loads After test – Residual 

Qreal 

[kN] 
Qexpected 

[kN] 
Deviation 
[%] 

Load 
increments 
[kN] 

Final 
load 
[kN] 

Increment 
[%] 

C4  134.8  126.1  6.9%  –23.3  111.4  − 17.3% 
C7  481.9  476.3  1.2%  − 1.0  481.0  − 0.2% 
C8  335.4  338.4  − 0.9%  136.6  472.0  40.7% 
C10  223.7  218.7  − 2.3%  − 17.1  206.6  − 7.7% 
C11  278.2  293.3  − 5.2%  151.8  430.0  54.6%  
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building used in the present study, including the values of the elasticity 
modulus for each of the elements, as described in Table 2. Columns, 
beams, and hollow-core precast units were modelled using beam ele-
ments, while the concrete topping in the slabs was modelled using shell 
elements. All the connections in the model were rigid to accurately 
represent the building, except those between beams and columns. The 
actual building had semi-rigid beam-column connections, represented 
by the tie reinforcement (acting as continuity reinforcement in the upper 
part of the beams), and the beams were also supported on the concrete 
corbels and connected by the dowel bars. These partially fixed connec-
tions can be represented by equivalent rotational springs. The real 
(unknown) exact situation can vary between simply supported (perfect 
hinge with zero rotational stiffness) and totally fixed connections. A 
rotational stiffness of 750 MN⋅m/rad was considered as representing a 

totally connected beam-column joint (see Fig. 27). This value was 
adopted because the vibration modes of the FE model configured with 
such joints were in good agreement with those of an FE model with fixed 
connections. In addition, as shown in Fig. 27, further increasing the 
rotational stiffness causes no significant change in the vibration modes. 
Then it is understood that the stiffness of the structure does not vary 
because the beam-column joints have reached the condition of being 
rigidly connected (Mode 1: 3.37 Hz; Mode 2; 3.85 Hz; Mode 3: 4.41 Hz; 
Mode 4: 10.15 Hz). Fig. 28 shows the model developed in SAP2000, 
which was validated using the results presented in Section 5.1 (Table 6). 

The LIFs were evaluated according to the rotational stiffness of the 
connections to study the influence of this parameter on the results. 
Different cases were investigated in the form of a parametric analysis 
from simply supported situations (0% as a perfect hinge) to totally fixed 
connections. Table 7 shows the LIF results for the forces (LIFLF) and 
displacements (LIFLD). Both of these factors were computed as the ratio 
of peak values obtained from the test (dynamic and nonlinear) and the 
corresponding values obtained from the FE analysis (static and linear). 
Axial loads in columns C8 and C11 were used to compute LIFLF while the 
maximum displacements (at the location of LVDT sensor FC7_12-1_V1) 
were used to compute LIFLD. The simply-supported results (0%) were 
discarded since the displacements from the FE analysis were larger than 
the dynamic nonlinear displacements from the test. For the other cases, 
the computed LIFLF varied between 1.26 and 1.37, while the LIFLD 
varied between 1.07 and 2.47. The influence of connection stiffness was 
therefore significant for LIFLD and almost negligible for LIFLF. 

Refined LIF values were obtained using the rotational stiffness values 
for which the natural frequencies of the FE model best matched those 
obtained experimentally by means of Operational Modal Analysis 
(OMA) performed before the test (i.e. before structural damage). The 
experimental results (Mode 1: 3.82 Hz; Mode 2: 4.51 Hz; Mode 3: 5.11 
Hz; Mode 4: 11.97 Hz) revealed that the best fit between the theoretical 
and experimental results could be obtained from the numerical model in 

Fig. 26. Vertical deformed shape under first floor lines between C7-C12, C8-C2 and C11-C12; and drifts of columns C4 and C9.  

Fig. 27. Natural vibrational modes of the structure depending on rotational 
beam-column stiffness variation. 

Fig. 28. FE model developed on SAP2000 with elements and material representation before column removal (a) and with the structural model with the springs after 
column removal (b). 
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which the beam-column connections were totally fixed. This is a 
reasonable assumption, since the semi-rigid connections used in the 
structure can effectively be considered as being totally rigid under the 
effect of ambient vibrations and for loads which do not cause large 
displacements, as was the case in the test. According to this criterion, the 
recommended LIFs are 1.32 and 2.47, for forces and displacements 
respectively. While it is important to recall that LIFs depend on the 
magnitude of the total deformation as well as on section properties [36], 
it is interesting to note that the displacement-based LIF is greater than 2. 
This result is in good agreement with findings of previous studies for 
structural response in the inelastic range [37]. 

6. Conclusions and future work 

The sudden removal of a corner column was tested for the first time 
in an experiment on a full-scale building made with precast concrete 
components. The experimental building was designed according to the 
latest international codes and standards in the field of progressive 
collapse and structural robustness. The structural details of the beam- 
column joints in the building were designed considering common 
building practices and the need to conserve structural integrity after the 
sudden removal of a corner column. After an exhaustive description of 
the building, the test, and the extensive monitoring carried out, the re-
sults obtained were analysed and the Alternative Load Paths (ALPs) 
activated by the structure were determined. The Load Increase Factors 
(LIFs) that can be used to increase the design load in simplified 
computational models were also obtained. These are typically employed 
to indirectly consider complex dynamic and nonlinear effects in as-
sessments using linear elastic models. From the results obtained, it can 
be concluded that:  

• Although the beam-column joints are semi-rigid with no apparent 
bending resistance, the main ALP was Vierendeel action, which de-
mands flexural behaviour in these joints. This flexural behaviour was 
possible due to i) the dowel bars working under shear loads and the 
cast-in-place upper part of the beam working under tension; and ii) 
the cast-in-place upper part of the beam working under local bending 
moments. These two contributions to the bending capacity of the 
semirigid joint could not be easily expected and quantified before the 
test. This prevented the structure from mobilising its last lines of 
structural defence normally associated with catenary and membrane 
actions.  

• The contribution of the slabs in the load redistribution after flexural 
deformations in Vierendeel action was significant, especially in its 
capacity to absorb bending moments in the principal direction of the 
hollow-core precast units. 

• The load suddenly withdrawn from column C12 was mostly redis-
tributed through the edge frames by increasing the load on nearby 
columns by more than 40%. A rocking effect was also produced in 

these frames due to the unbalanced loads. This resulted in nearby 
columns experiencing a load increment larger than the load removed 
from C12 and other columns further from C12 experiencing a slight 
unloading effect. 

Results presented in this work are expected to be used to create a 
database of experimental results that are useful for the development of 
advanced numerical simulations and parametric analyses. 
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