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Received 23 June 2022 Abstract: The possibility of the occurrence of a second punching shear failure and of a Progressive Collapse

Accepted 23 March 2023 after a punching shear failure had occurred in one flat slab column connection is investigated in two building
structures, using Eberick and SAP2000 softwares and the Yield Line Method, and codes ACI318:2019,
EUROCODEZ2:2004 and NBR6118:2014. It is shown that slab column connections should be designed and
detailed to prevent Progressive Collapse and that Integrity Reinforcement should always be present, and that
the remaining capacity of floors after punching failures depends on the i) post-punching resistance of the
connection being punched; ii) post-punching resistance of the neighbors’ connections; #ii) flexural resistance
of the slabs, and that the flexural resistance of the slab’s floors can be evaluated by the Yield Line Method.
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Resumo: A possibilidade da ocorréncia de uma segunda ruptura por pungéo e colapso progressivo depois de
uma ruptura por pungdo em uma ligag@o laje-pilar foi investigado em duas estruturas, usando os softwares
Eberick e SAP2000, Método das Linhas de Ruptura e as normas ACI318:2019, EUROCODE2:2004 ¢
NBR6118:2014. Verifica-se que a ligagdo laje-pilar deve ser projetada para prevenir o colapso progressivo,
as armaduras contra o colapso progressivo devem estar sempre presentes, a capacidade remanescente da laje
lisa depois de uma ruptura por pungdo depende da resisténcia pds pungdo da ligagdo puncionada, resisténcia
p6s pungdo das ligagdes vizinhas sobrecarregadas, resisténcia de flexdo da laje conforme o Método das Linhas
de Ruptura.
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1 INTRODUCTION

This study aims to verify using a software the post-punching shear behavior of reinforced concrete flat slab structures
considering the partial or total failure of the slab-column connection, using SAP 2000 [1] and Eberick 2022 [2] software’s.

When a slab-column connection fails, there may be an overload on neighboring supports and new failures may
occur in a chain reaction [3]. Thus, the effect known as progressive collapse arises.

The causes of this phenomenon include improper renovation of structure, fire, vehicle collision, substandard
material, design and/or execution errors. The accident that occurred with the Liberdade Building, in Rio de Janeiro,
highlights the tragic damage caused after the loss of a support [4].

Progressive collapse of a building can be trigged by a punching shear failure even eight months after a slab-column
connection punching shear resistance was exceeded by almost four times [5].
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Flat slabs are structural elements that are rested by columns and are very susceptible to progressive collapse, as there is less
capacity for redistribution of loads and a brittle failure by punching with few pathology warnings. The advantages of using this
structural system are lower ceiling heights, concrete forms simplifications and lower costs during construction.

In order to avoid progressive collapse and improve post-punching shear behavior, well anchored reinforcement can be
used at the bottom of slab-column connections and is necessary to create alternative load paths, ductility, and continuity in
the structure [6], [7], and this integrity bottom reinforcement is required and adopted in most codes [8]-[10].

The utilization of the Yield Line Theory to evaluate the post punching capacity of a flat floor submitted to a punching
shear failure and its relation to the possibility of the occurrence of a progressive collapse has been adopted for some
time [6], [11], and this use has been continued [12].

And as progressive collapse is not a well comprehensively explored phenomenon, due to its many implications [13],
investigations continue to being done on the subject [14], [15], as post-punching shear behavior is one of the main factors that
will interfere on the behavior of the floor slab and on the possibility of a progressive collapse and its possible tragic consequences.

2 METHODOLOGIES

Two flat slab buildings structures are analyzed, first the support reactions are obtained, then one column is removed,
simulating a punching shear failure at this connection, and the redistribution of the support reactions at the remaining
columns are followed, checking for the possibility of a progressive collapse at all slab columns connections.

After the slab punching shear failure, the loads found were compared with the loads obtained according to the intact
structure, thus verifying the increase or decrease of the reactions at the connections.

It was then analyzed if there was a possibility of new failures at the most loaded connections by means of a new
verification of the punching shear, considering the acting and the shear strength stresses.

The possibility of punching shear failures was checked using the codes ACI 318 [16], EUROCODE [9] and NBR
6118 [10], according to its requirements regarding critical surfaces, punching shear reinforcement, and checking the
possibility of splitting or crushing of the concrete.

According to NBR 6118 [10], with the presence of shear reinforcement at the column region there are three
calculated design stresses (Tsq1, Tsaz, Tsqz) determined with Equation 1, where Fg; = reaction at the connection; u =
critical perimeter; d = effective height; Mgy, and Mgq,,= bending moments; K; and K, depends on the columns sides
ratio; and Wp,; and W), = plastic resistant modulus, while the resistant stresses are determined by Equations 2 to 4,
where f,; and f,; = respectively the characteristic and design concrete strength; p = reinforcement ratio; 4y, and s, =
respectively the shear reinforcement area and spacing and f,,,,; = design yielding limit.

Toa = it St 4 S (1)
Trar = 027 (1- 1% £, )
TRdZ=0.10-(1+\/%T)-(IOO-p-fck)%+1.5-£- Zew v 3)
Tras = 0.13- (1 + \/%T) (100 - p - £ )3 4)

For EUROCODE [9] the three calculated design stresses (0541, G542 € Osq3) are determined by Equation 5, similar to
Equation 1, according to Equations 6 to 8, similar to Equations 2 to 4, but with a limit for a size effect on the slab
thickness and a higher load factor.
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ACI 318 [16] presents Equations 9 to 13, the first for the determination of the acting and the others for the resistant shear
stresses, where V = load transferred by the slab; b,, = critical perimeter; M, = bending moment at the connection; /. = geometric
property of the section; y,, = parcel of the moment transferred by shear and C,5 = eccentricity of the critical perimeter; § = ratio
between the column sides and A = size effect; f', = concrete strength; A,, and s = respectively the shear reinforcement area and
spacing and f,,; = design yielding limit; a depends on the column position.

v = boLd + yu-Ms]i-cAs ©)
vn=0.75-0.17-(1+%)-/15-\/ﬁ+0.75-/1:'—g (10)
vn=0.75-0.083-(%+2)-As-\/ﬁ+0.75-% (11)
vy = 0.75-0.25- A, -/f'. +0.75 "s—bfyf (12)
Veoue = 0.75-0.17 - A¢ - /' (13)

The reinforcement against progressive collapse (integrity reinforcement) were determined according to Equations 14
to 17, according respectively to the NBR 6118:2014 [10], GSA:2013 [17], CEB:2010 [8] e ACI 352:2011 [18], where
a,: = angle between the reinforcement and the plan of the slab; and L, e L, = spans at the two directions.
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The Yield Line Theory was also used to analyze the possibility of progressive collapse in the structure after the
failure of a slab-column connection. The remaining flexural capacity of the slab was verified in the region where a
support was removed using the Virtual-Work Method, procedure that has been used before [6], [11], and [12].
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3 RESULTS AND DISCUSSIONS

3.1 First example

The analysis of the structure was carried out according to a structural design available in two lecture notes used in
the UFMG (Federal University of Minas Gerais) course, authored by Chaves [19], and Silva [20].

The post-punching shear behavior was analyzed using the computer program SAP2000 [1] using the Finite Element Method.
A comparison of the Integrity Reinforcement according to NBR 6118:2014 [10], GSA:2013 [17], CEB:2010 [8] and ACI
352:2011 [18] was also presented.

As shown in Figure 1, there is an advance of the slab at the edges (overhang) to increase the stiffness of the connection and
there is no presence of beams or openings at the floor for the passage of electrical or hidro-sanitary pipes.

The reinforced concrete building has three floors, a ceiling height of 289 ¢cm and twelve columns. The slabs were
designed with a thickness of 16 cm, and with columns with a square cross section of 30 cm x 30 cm.

The concrete strength is 30 MPa and the reinforcement steel grade of 500 MPa. The Elasticity Modulus of the
concrete was taken as 26072 MPa. The reinforcement adopted at the analysis was the same used at the lecture notes of
UFMG [19] and [20], designed by the Equivalent Frame Method. In general bars with eight millimeters of diameter
each 15 or 20 centimeters were used at the two directions, and for the connections close to the corners ten millimeters
bars each 10 centimeters were used at the two directions. For the internal connections 12.5 mm bars each 12 centimeter
was used at the two directions. Besides this, all connections presented punching shear reinforcement.

DPI O P2 [ P3 1>4D
] ] [] B E
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LX ] ] [ =
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20.0

Figure 1. Floor plan of the structure — Dimensions in m.

According to the structural design in the lecture notes and NRB 6120 [21], a live load of 1.50 kN/m? and a total
dead load of 8.08 kN/m?, considering also distributed on the floor a wall located in the middle of the slab and a wall
located at the periphery of the floor slab were used in the structural analysis, as shown in Table 1.

Table 1. Load used.

Overview Amount
Dead load (distributed): Load (kN/m?)
Self-weight of slab (h = 16.0 cm) 25.0-0.16 =4.00
Cladding 0.80
Wall (middle of the slab) 1.00
Wall (periphery of the slab) 2.28
Live load: Load (kN/m?)
Load in residential building 1.50

The slab was modeled with a “Four nodes Thin-Shell element type”, considering at the analysis only the translation
normal to the slab plane. In the discretization of the slab, rectangular elements measuring 20 cm x 20 cm were used and
the columns were modeled in the structural frame as frame-type connected in an element node.
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Only a linear elastic structural analysis of the structure was performed, therefore, the reinforcement at columns was
not determined and second-order effects were not considered.

3.1.1 Punching shear assessment

According to the results obtained by the codes NBR 6118:2014 [10], EUROCODE 2:2004 [9] and ACI 318:2019 [16], it
was found that the slab-column connections presented a satisfactory strength to punching shear in order to withstand the loads
that act on the intact structure. According to Table 2, the reactions and bending moments of the supports of the undamaged
structure were obtained from the software SAP2000 [1].

Table 2. Reactions and the moments of the support in the structure without damage.
Column Ny (kN) M, (kNm) M, (kNm) Column Ny (kN) M, (kNm) M, (kNm)
P1 177.10 21.80 23.00 P7 290.50 0.00 4.20
P2 228.60 4.50 18.10 P8 239.30 20.50 0.00
P3 228.60 4.50 18.10 P9 177.10 21.80 23.00
P4 177.10 21.80 23.00 P10 228.60 4.50 18.10
P5 239.30 20.50 0.00 P11 228.60 4.50 18.10
P6 290.50 0.00 4.20 P12 177.10 21.80 23.00

The effective depth (13 cm) and reinforcement ratio were determined according to the structural design presented
at the reference. All connections presented studs type shear reinforcement, with four layers 6.23 ¢cm? each at columns
P1, P4, P9 and P12, and five layers 6.23cm? each for the other columns, spacing between studs equal to 10 cm and 6
cm from the first layer to the column face. Table 3 shows the shear stresses in the slab-column connections analyzed.

Table 3. Shear stresses at the critical section.
Codes Stress (MPa) P1 P2 P6
Tras 0.70 0.74 0.78
Togs 0.48 0.48 0.57
NBR 6118 Trao 1.53 1.56 1.60
Teay 1.03 1.06 1.17
Trar 5.09 5.09 5.09
Tea 3.73 3.15 2.86
Oras 0.58 0.61 0.64
Osaa 0.52 0.51 0.61
EUROCODE Oras 1.42 1.45 1.48
O 1.03 1.06 1.17
Orar 5.8 5.28 5.8
Osa1 3.73 3.15 2.86
Veout 0.70 0.70 0.70
ACI Vo 0.43 0.43 0.52
v, 2.17 2.17 2.17
Vi 1.34 131 1.38
In Table 3:
*  T,q3 and Tgy3 are the strength and acting stresses outside the shear reinforcement,
*  T,4, and T¢4, are the strength and acting stresses at the shear reinforcement region,
*  T,41 and 744, are the strength and acting stresses at the periphery of the column,

Ord3
Ord2

Orgi
. vn

and o043 are the strength and acting stresses outside the shear reinforcement,
and o4, are the strength and acting stresses at the shear reinforcement region,
and 0,4, are the strength and acting stresses at the periphery of the column,

e V,,; are the strength and acting stresses at the shear reinforcement region,

*  Ugout and V,, are the strength and acting stresses outside the shear reinforcement.
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Figure 2 shows the acting and strength stresses ratio in the slab-column connections and as it can be seen, the
analyzed supports present good punching shear strength, since the acting stresses were smaller than the capacity.
EUROCODE [9] was the standard that presented the highest shear stress ratios in all the supports studied.

The possibility of progressive collapse is always relevant when the acting and the strength stresses ratio are high,
not to mention the possibility of an overload or errors being done at the construction phase, for example. The highest
ratios of the acting over the resistant stresses were taken as potential failures possibilities and the behavior of the floor
slab and the remaining connections was then examined following these failures.
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Figure 2. Acting and strength stresses ratio in the support.

3.1.2 Integrity reinforcement

Table 4 shows the integrity reinforcement designed according to the equations provided by the NBR 6118:2014 [10],
GSA:2013 [17], CEB:2010 [8] and ACI 352:2011 [18] standards, basically considering the column reaction and the yield
strength of the reinforcement.

Figure 3 shows a comparison between the amount of reinforcement found by the codes, with values being not so
different, and ACI 352 [18] being surprisingly less conservative.

Table 4. Integrity reinforcement area.

Column N, (kN) NBR 6118 (cm?) GSA (cm?) CEB (cm?) ACI (cm?)
P1 177.10 7.33 10.81 8.23 6.46
P2 228.60 9.46 10.81 10.62 6.46
P6 290.50 12.03 10.81 13.50 6.46

30 B NBR 6118
25 OGSA
ECEB
EZO mACI
2 15
10
05
0.0

P1 P2 P6

Figure 3. Comparison of reinforcement steel area.

3.1.3 Post punching shear pattern

After a punching shear failure at an internal slab-column connection, the possibility of a new punching failure at the
neighboring connections was verified, considering zero or a partial residual strength at the damaged support. Table 5 shows
the columns reactions when a punching failure is admitted at edge column P2.
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Table 5. Reactions and bending moments of support after P2 punching shear.

Column Ny (kN) M, (kNm) M,, (kNm) Column Ny (kN) M, (kNm) M,, (kNm)
Pl 271.00 127.10 17.30 P7 267.80 7.30 1.90
P2 - - - P8 235.70 19.00 0.90
P3 349.40 74.80 18.90 P9 172.10 11.30 20.90
P4 158.20 20.50 13.90 P10 207.90 4.30 5.70
P5 208.20 30.90 13.20 P11 223.40 4.50 12.20
P6 411.20 10.90 42.40 P12 178.90 22.60 23.70

Figure 4 shows the columns reactions changes for the neighbor’s connections following a punching shear failure at
column P2, compared with the intact structure. Only the most affected columns connections are shown, together with
column P12, far from column P2, for comparison.

As seen, with a total failure at P2 column connection a load increase of 53.0% is obtained at column P1, or an
increase of 45.1% is obtained with a residual strength of 15% at column P2, stating the high probability of the
occurrence of new failures in sequence, not to mention that the bending moments increased more than five times at P1
connection.

100
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5 40+ ’/._/"/f"" o5 [P6]
’:1 - ,,//
< 1.0 [P12]
0 _\ -7.8 [P?]
e | i [P4]
%\i 20 -13.0 [PS]
g -40-
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]
-80 -
-100 ~.-100 [P2]

Figure 4. Variation of support reactions after failure at P2.

Integrity reinforcement at the failed slab-column connection can provide up to 60% residual strength, according to
experimental research carried out by Melo [6], and by Lima [22] at the University of Brasilia, allowing that failed
connection can withstand more load and less load being spread to the other supports.

Big increases are always found at the “first neighbor line” supports close to a failed connection, as was seen at
column connections P1 and P3 after failure at column connection P2. At a “second neighbor line” the load decrease, as
seen at column connections P5 and P7. On the other hand, column connection P12, that is far from the failure has only
a small increase in its load, as seen in Figure 4.

Table 6 shows the shear stresses for the internal slab-column connection P1, considering a zero or partial residual
strength at the damaged connection, after a punching shear failure at connection P2.

The possibility of progressive collapse in the building would be avoided if the acting and strength stress ratio would
be less than one, the defined limit, guaranteeing that the remaining strength is bigger than the actual acting load.
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Table 6. Shear stresses in P1 after failure at P2.

Codes Stress (MPa) P1 No residual reaction in P2 P1 60% of residual reaction in P2
Traz 0.70 0.70
Tsqs 0.93 0.66
NBR 6118 Traz 1.53 1.53
Tsa 2.19 1.50
Tra1 5.09 5.09
Tsq1 9.34 6.02
Oras 0.58 0.58
Oga3 0.98 0.70
EUROCODE Oraz 1.42 1.42
Ogaz 2.19 1.50
Orq1 5.28 5.28
Osa1 9.34 6.02
Veout 0.70 0.70
ACI Via 0.79 0.58
v, 2.17 2.17
Vi 2.97 2.00

Figure 5 shows the acting and strength stresses ratios at the column P1, considering a residual strength of 0% or
60% at P2, aiming to verify the post-punching shear behavior of the analyzed structure.

2.0

ENBR 6118
OEUROCODE
BACI

1.0

Acting and strength stresses ratio

0.0

P1 Pl
Strength 0%  Strength 60%

Figure 5. Shear stresses ratio in P1 for zero and for 60% of residual reaction in P2.

It is seen that according to NBR6118 [10] and EUROCODE [9] standards there is a great possibility of new punching
shear failures in the structure, even with the presence of integrity reinforcement at P2, due to the large increase in
reaction at P1.

3.1.4 Estimating the floor remaining capacity following a punching shear failure by the Yield Line Theory

The flexural capacity of the slab was determined after punching shear failure of a slab-column connection close to
the edge (P2), without considering any residual strength. After the loss of support in the structure, the loads were
redistributed to the columns, with an increase or decrease in reactions.

The Yield Line Method is applied for calculating the remaining capacity of the floor after a shear punching had
occurred, taking in account all the well anchored flexural reinforcement according to the structural concrete
requirements that crosses the supposed yield line rupture mechanisms and then can provide yielding resisting moment.

As seen in Figure 6, one possible yield line pattern is adopted after a punching shear had occurred in P2 connection,
the Virtual Work Principle is used to calculate the remaining capacity of the floor by the Yield Line Method, assuming
a virtual unitary displacement at the point “J”, in this case where the slab/column connection failed, and all the
contributions of the hogging and sagging reinforcement is considered, provide it is well anchored and crosses the yield
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lines. The volume of the deformed shape when the virtual unitary displacement (J) is applied is shown in Figure 7,
considering the rotations of the floor.

[ & E] O
(G- OS] O
[ [ U U
————— Line Negative
— Line Positive

Figure 6. Positive and negative yield line configuration.

Figure 7. Deformation of a slab — Dimensions in cm.

Figures 8, 9, 10 and 11 show the positive and negative yielding resisting moments strengths of the floor slab,
determined taking in account all the well anchored flexural reinforcement that crosses the assumed yield line pattern.
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Figure 8. Positive moment strengths in the X direction — Dimensions in m.
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Figure 9. Positive moment strengths in the Y direction — Dimensions in m.
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Figure 10. Negative moment strengths in the X direction — Dimensions in m.
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Figure 11. Negative moment strengths in the Y direction — Dimensions in m.

As seen the Yield Line Method can be calculated by the Virtual-Work Method considering the external work

required by the load and the internal work used by the slab or floor to deform itself.

The external work required by a load applied uniformly on a slab can be determined by the product of the failure
load and the volume of the displaced slab after the application of the virtual displacement. The internal work can be

defined as the product of the strength moments and rotations in the slab [23].
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The calculated collapse load (5.39 kN/m?) was 44% lower than the predicted actual load on the slab (9.58 kN/m?),
after the loss of support P2, stating the real and big possibility of the occurrence of progressive collapse in the structure.

As Yield Line is a Superior Limit Method [23]-[25] other possible collapse mechanism could have been found with
an even lower collapse load but there is no need for this search as the floor slab is already in a critical condition for the
possibility of occurrence of a progressive collapse for the one yield line pattern investigated.

As was seen the Yield Line Method can be applied to verify the possibility of a progressive collapse following a
punching shear failure at a connection. It should also be mentioned that for this analysis no residual strength at the
damaged slab-column connection was considered. If integrity reinforcement at P2 was considered the situation would
be less severe, as the collapse load would be higher.

3.2 Second Example

The studied building was designed in 2015 [26] and its post-punching shear behavior was analyzed using the
software for structural design in reinforced concrete Eberick [2], using “Grid Analogy”, basically with plate elements
connected to bars in two orthogonal directions presenting bending stiffness that can be adjusted.

The building structure has six floors, with a garage parking on the third floor formed by a 35 cm thick waftle slab
and a ceiling height of 270 cm, two rigid cores formed by the stairs and elevator shaft, and floor openings for hydro-
sanitary pipes. There is also a car access ramp at the left corner and presence beams connecting the columns at the
periphery of the building.

The slab / column connections located at the third floor of the building were studied. Concrete with 30 MPa strength were
adopted, and a cross-section of the ribbed slab and the floor plan of the structure are shown respectively in Figures 12 and 13.
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Figure 12. Section of the waffle slab — Dimensions in cm.
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Figure 13. Floor plan of the parking — Dimensions in cm.
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Horizontal forces from wind action were considered on the structure according to NBR 6123 [27], and Table 7
presents the gravity loads adopted at the structural design, according to NBR 6120 [21]. A live load of 5.0 kN/m? and
a dead load of 6.02 kN/m? were used on the floor slab of the third floor.

Table 7. Load used.

Overview Amount
Dead Load (distributed): Load (kN/m?)
Self-weight of slab 4.60
Cladding 1.23
Wall 0.19
Live Load: Load (kN/m?)
Load in parking building 5.00

3.2.1 Punching shear assessment

Punching shear was checked at three internal slab columns connections (P11, P23 and P27) of the intact structure,
susceptible to punching shear failures, and according to the shear stresses obtained by the codes NBR 6118:2014 [10],
EUROCODE 2:2004 [9] and ACI 318:2019 [16].

Table 8 shows all columns reactions and bending moments for the intact structure, calculated by the Eberick software [2].
Columns P11, P23 and P27 have respectively cross sections of 50 cm x 35 cm, 50 cm x 30 cm and 80 cm x 30 cm.

Table 8. Reactions and the moments of the support in the structure without damage.

Column N (kN) M, (kNm) M, (kNm) Column Ny (kN) M, (kNm) M,, (kNm)
Pl 117.30 9.50 28.30 P18 465.70 3.50 30.10
P2 99.60 18.10 4.00 P19 220.40 0.30 14.10
P3 134.90 15.50 44.40 P20 82.90 5.40 41.30
P4 156.80 31.50 18.80 P21 128.10 7.50 35.90
P5 215.00 34.30 9.50 P22 193.00 10.20 39.10
P6 145.90 11.40 26.90 P23 415.70 1.30 57.30
P7 546.40 83.60 23.50 P24 163.40 11.30 65.20
P8 500.70 33.50 20.50 P25 240.30 13.60 102.60
P9 332.90 6.00 43.30 P26 317.90 9.00 29.20
P10 159.70 39.60 40.90 P27 530.00 25.70 107.30
P11 332.10 20.20 15.70 P28 42430 3.40 33.90
P12 56.90 1.90 6.20 P29 186.40 4.40 36.20
P13 86.30 4.60 28.30 P30 153.60 27.80 40.90
P14 243.40 31.90 54.20 P31 278.30 59.40 0.60
P15 373.90 75.50 31.80 P32 255.40 48.40 1.40
P16 590.70 20.50 69.10 P33 131.00 35.30 19.70
P17 173.10 9.10 45.60 - - - -

The top flexural reinforcement was 12.5 mm bars each ten centimeters and 16 mm bars each fifteen centimeters
respectively for the x and y directions for column P11 connection, 12.5 mm bars each ten centimeters for the two
directions for column P23 connection, and 16 mm bars each ten centimeters and 12.5 mm bars each ten centimeters
respectively for the x and y directions for column P27 connection.

For the bottom flexural reinforcement was 10 mm bars each ten centimeters for the two directions for column P11
and P27 connections, and 10 mm bars each fifteen centimeters for the two directions for column P23 connection. For
the ribs 12.5- or 16-mm bars were used at the bottom and 12.5 mm at the top at the two directions.

Shear reinforcement was present at all internal connections, designed by the NBR 6118 [10], in four layers, each
with 4.36 cm? for the regions of columns P11 and P23, and with 4.98 cm? for the region of column P27, the first layer
being 16 cm from the column and the others 24 cm apart.
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Table 9 presents the acting and strength stress at the studied connections, according to the three codes presented,
and Figure 14 presents the stress ratio for verifying the stability of the structure. It can be seen that the strength capacity
is higher than the actual acting load for all three the studied columns regions, and the structure can be considered safe.

Connections at columns P11, P23 and P27 were chosen as are susceptible to punching shear failures even though
P27 would be the most susceptible as seen in Figure 14.

Table 9. Shear stresses at the critical section.

Codes Stress (MPa) P11 P23 P27
Traz 0.52 0.51 0.56
Tsd3 0.15 0.19 0.24
NBR 6118 Traz 0.61 0.61 0.65
Teaz 0.31 0.40 0.52
Tra1 5.09 5.09 5.09
Tear 1.29 2.00 1.99
Oraz 0.48 0.48 0.52
Osaz 0.16 0.20 0.26
EUROCODE Oraz 0.52 0.52 0.55
Osaz 0.31 0.40 0.52
Orar 5.28 5.28 5.28
Osat 1.29 2.00 1.99
Veout 0.66 0.66 0.66
ACI Viz 0.14 0.17 0.22
Uy 1.17 1.18 1.17
Via 0.43 0.58 0.69
-
£15
w
g
é mNBR 6118
=10 0.95— |[sEEUROCODE
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Figure 14. Acting and strength stresses ratio in support.

Estimations with NBR 6118 [10] and EUROCODE [9] are close, as the acting shear stresses are calculated in almost
the same way, while the resisting shear stresses differs as the European code has a higher safety factor for the concrete
strength and limits the top reinforcement ratio and the size effect.

3.2.2 Integrity reinforcement

The Table 10 shows the results obtained by the NBR 6118:2014 [10], GSA:2013 [17], CEB:2010 [8] and ACI
352:2011 [18] codes, for the integrity reinforcement steel areas. The most conservative standard was found, while
Figure 15 shows a comparison of the reinforcement areas.
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Table 10. Integrity reinforcement area.

Column Ny, (kN) NBR 6118 (cm?) GSA (cm?) CEB (cm?) ACI (cm?)
P11 332.10 13.75 25.55 15.43 5.62
P23 415.70 17.21 25.55 19.32 4.67
P27 530.00 21.94 25.55 24.63 577

30 BNBR 6118
OGSA
BCEB
BACI

As (cm?)

P11 P23

P27

Figure 15. Comparison of reinforcement steel areas.

It can be seen that the GSA [17] standard is the most conservative in all cases, presenting the largest reinforcement
areas against progressive collapse, leading to a possibly lower possibility of propagation of a collapse. For P11 it is
observed that the GSA standard [17] has a steel areca 86% larger than the Brazilian standard NBR 6118 [10], as the
GSA [17] does not consider the support reactions in the calculation of the reinforcement, while for P27 the difference
is small difference between GSA [17] and CEB [8].

3.2.3 Post punching shear pattern

The analysis of the post punching shear behavior of the slab studied was carried out considering as previous a total
or partial loss of a slab-column connection after a punching shear failure, comparing the bending moments and column
reactions, and checking the possibility of the damage being spread through other connections.

Table 11 shows changes in reaction and in bending moments when slab-column connection P23 is removed, and
Figure 16 shows the internal connections with the highest variations in percentage.

Table 11. Reactions and moments of support after P23 punching shear.

Column N, (kN) M, (kNm) M, (kNm) Column Ny, (kN) M, (kNm) M, (kNm)
P1 116.70 9.30 27.90 P17 182.30 7.20 50.10
P2 99.60 18.10 3.30 P18 520.00 3.20 27.60
P3 134.60 15.50 43.6 P19 210.10 0.20 18.20
P4 158.50 32.20 19.4 P20 82.40 5.70 46.60
P5 217.40 33.80 10.50 P21 117.10 7.90 38.10
P6 145.40 10.80 27.3 P22 220.10 8.50 35.10
P7 545.00 82.90 233 P23 - - -
P8 486.40 30.00 22.60 P24 164.50 12.10 63.50
P9 325.00 7.60 40.40 P25 242.60 16.00 99.70
P10 160.50 39.30 43.40 P26 334.60 10.40 36.80
P11 325.70 20.30 12.10 P27 714.30 34.70 105.40
P12 58.40 1.90 5.90 P28 415.00 1.90 41.00
P13 85.20 4.70 26.70 P29 185.00 4.20 38.30
P14 242.30 32.00 59.80 P30 155.40 28.10 43.00
P15 379.40 74.60 30.60 P31 273.40 54.20 0.50
P16 752.10 25.20 158.6 P32 245.60 55.70 1.20
- - - - P33 130.90 34.50 22.20
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Column P23 was chosen to be removed to guarantee high loads at neighboring internal slab-column connections,
more susceptible to punching shear failures, and avoiding the periphery columns with beams.
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0. _——127.30 [P16]
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0

2204
-40-
-604
-804

-100 -100 [P23]

Figure 16. Variation of support reactions after failure at P23.

Increase (%)

Decrease (%)

As seen in figure 16 the most loaded support following a failure at P23 is slab / column connection P27, presenting
a 34.8% load increase in comparison with the intact structure, and is investigated.

Considering a residual strength of 15% in connection P23 the load increase in P27 drops to 29.6%, possibly still a
high value that could contribute to spread the failure. With integrity reinforcement the residual strength could go up to
60%, reducing the load increase to 13.9% at P27, practically putting aside the possibility of progressive collapse with
a 15% residual strength at connection P23 and the presence of the integrity reinforcement.

Table 12 shows the punching shear stresses in the region of slab column connection P27 when zero or 60% residual
strength is considered for connection P23, and Figure 17 shows the comparison between the actual acting load and the
strength capacity for these simulations.

It can be seen that the integrity reinforcement is effective in reducing the acting and strength stress ratio, preventing
the possibility of a progressive collapse in the building, according to the NBR 6118 [10] and ACI 318 [16] standards.

Table 12. Shear stresses in P27 after failure at P23.

Codes Stress (MPa) P27 No residual reaction in P23 P27 60% of residual reaction in P23
Trd3 0.56 0.56
T3 0.32 0.27
NBR 6118 Trd2 0.65 0.65
Tsdz 0.67 0.58
Trd1 5.09 5.09
Teg1 2.45 2.18
Ora3 0.52 0.52
Osd3 0.34 0.29
EUROCODE [ 0.55 0.55
Osdz 0.66 0.58
Ora1 5.28 5.28
Osd1 2.45 2.18
Veout 0.66 0.66
ACI Voo 0.29 0.25
vy, 1.17 1.17
Vi 0.88 0.77
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1.7

Acting and strength stresses ratio

0.0

Figure 17. Shear stresses ratio in P27 for zero and for 60% of residual reaction in P23.

3.2.4 Predicting the floor remaining capacity following a punching shear failure by the Yield Line Theory

1.20

P27
Strength 0%

BAC

ENBR 6118
OEUROCODE

P27
Strength 60%

Assuming that there was a punching shear failure at P23, the flexural capacity of the slab was calculated and the possibility
of a progressive collapse in the structure was checked, as the Yield Line Method is applied for calculating the remaining capacity
of the floor after a punching shear had occurred, taking in account all the well anchored flexural reinforcement, according to the
structural concrete requirements, that crosses the supposed yield line rupture mechanisms and then can provide yielding resisting
moment. Yield lines were drawn considering that the collapse would be restricted around the damaged slab column region.
Figure 18 presents a yield line pattern considering a possible slab collapse scenario, assuming negative lines connecting P16,
P18, P27 and P22, and a positive line connecting P16, P23 and P27.
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Figure 18. Positive and negative yield line configuration.

As seen in Figure 19, after a possible yield line pattern is adopted after a shear punching had occurred, the Virtual
Work Principle is used to calculate the remaining capacity of the floor by the Yield Line Method, assuming a virtual
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unitary displacement at the point “J”, in this case where the slab/column connection failed, and all the contributions of
the hogging and sagging reinforcement is considered, provide it is well anchored and crosses the yield lines. The volume
of the deformed shape when the virtual unitary displacement (J) is applied is shown in the figure, considering the
rotations or deformations of the floor.

¥

Figure 19. Deformations of slab — Dimensions in cm.

Figures 20, 21 and 22 show the positive and negative yielding resisting moments strengths of the floor slab,
determined taking in account all the well anchored flexural reinforcement that crosses the assumed yield line pattern.
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Figure 20. Positive moment strengths in the X direction — Dimensions in cm.
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Figure 22. Negative moment strengths in the Y direction — Dimensions in cm.

As in the previous example the Virtual-Work Method was used to calculate the flexural remaining capacity of the
floor and was estimated as 25.10 kN/m?, more than double of the actual acting load on the flat slab (11.02 kN/m?), with
practically no possibility of progressive collapse for this yield line pattern tested.

Having said that, as the Yield Line is a Superior Limit Method another yield line patterns should be tested before
the possibility of a progressive collapse could have been disregarded.

As seen the Yield Line Method can be applied to verify the possibility of a progressive collapse following a punching
shear failure at a connection.

4 CONCLUSIONS

The possibility of a second punching failure in sequence and of a progressive collapse following a column
connection punching shear failure was investigated on a flat slab floor building with 20 x 14 meters in plan with three
stories and twelve columns (Example 1) and on a waffle slab floor building with 25 x 30 meters in plan with six stories
and thirty-three columns (Example 2).

Following a punching shear failure at the most loaded column connection, the remaining most loaded connection was
checked for a punching shear failure, considering that the first failed column connection could hold zero or 60% of its original
load, assuming that the connection could hold this amount of its original load when well designed and detailed integrity bottom
reinforcement was installed at the column connection. The possibility of a progressive collapse at the slab floors after punching
shear failures had occurred was then checked using the Yield Line Method [6], [7], [11], [22].

Regarding the possibility of a second punching shear failure in sequence, when there is no Integrity Reinforcement at the
failed connection and it cannot hold any load, the three codes (ACI 318 [16], EUROCODE [9] and NBR 6118 [10]) indicate the
possibility of a second punching shear failure in sequence for the first example, while only EUROCODE [9] and NBR 6118 [10]
indicate this possibility for the second example. However, when Integrity Reinforcement well designed and detailed was present
at the column connection only codes EUROCODE [9] and NBR 6118 [10] indicate the possibility a second punching shear
failure in sequence for the first example, while onty EUROCODE [9] indicates this possibility for the second example.

In respect to the occurrence of a Progressive Collapse of the floor slabs following the punching shear failure,
investigated by the Yield Line Method and depending on the remaining capacity and the flexural resistance of the floors,
it was shown that progressive collapse would have happen only for the first example, as the load applied would be
about two times higher than the resistance of the floor. For the second example the resistance of the floor slab was more
than double the applied load, securing it against the possibility of a progressive collapse.

As a general conclusion can be stated that slab column connections should be designed and detailed to prevent
Progressive Collapse even when a punching shear failure had occurred in one of the connections. The post punching
shear resistance of the top (hogging) bending reinforcement is low, but well anchored bottom bars going through the
column (Integrity Reinforcement) can improve up to 60% the residual capacity of the connection [6], [7], [11], [22].

And that in flat slabs or plates the global behavior, the possibility of progressive collapse following a punching
shear failure, and the remaining capacity of the floors depends on the i) post-punching resistance of the connection
being punched; ii) post-punching resistance of the neighbors’ connections; iii) flexural resistance of the slabs, and that
it can be well estimated by the Yield Line Method.
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