Chapter 3

Finite Element Modeling

3.1 Introduction and justification

This chapter introduces the background and details of the numerical models used to sim-
ulate the structures. Finite Element Analysis (FEA) is used to replicate the experimental
investigation. Details for the model, including nonlinear material properties are explained.
The results extracted from the experimental investigations, demonstrate that the behavior
of the structures comprise material and geometric nonlinearities, including dynamic effects
involved in the case of the concrete frame subjected to blast loads. The finite element models
can replicate the response of the full scale concrete model to an extreme event and provide
accurate results of the damage sustained and the potential for progressive failure of the
structures. A full scale FEA model require long computational times and large amounts of
memory and sometimes models experience convergence issues, especially in the non linear
analysis. But due to the limitations of other methods, the advantages of the finite element
analysis are clearly superior and shall be used to conduct the investigations.

3.2 Description of the model

3.2.1 Two-story concrete slab with corner column removal

3.2.1.1 Geometry of the model

The FEM model consists, as well of the experimental model, of two 25 cm slabs with external
dimensions of 7x7 m?, supported on 4 columns with spans of 6.60 m. The height of the
columns is 2.5 m with a section of 25x25 cm? reinforced concrete elements.The reinforcement
consists in a 16 mm bar mesh spaced at 20 cm placed on the bottom of face and a 12 mm
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bar mesh spaced at 20 cm placed on the top face. A supplementary reinforcement of 12 mm
bars spaced at 20 cm is placed on the bottom face in the column strip (1/4 of the transversal
span in the vicinity of the columns). The reinforcement of the supports consists in 4, 12 mm
bars on the corners with 12 mm stirrups spaced at 10 mm in the top and bottom 50 cm and
spaced at 20 cm in the central part of the supports.

3.2.1.2 Modeling of concrete

For the development of the finite element model, the explicit finite element software LS-DYNA
Hallquis, is used due to its numerical stability and variety of constitutive models. Eight
node solid hexahedron elements are used to simulate concrete parts. In this study, the
CSCM model is used to simulate the concrete behavior. This material model can achieve
stable results and several researches have proven its accuracy in the simulation of reinforced
concrete subjected to sudden column removal Pham et al., . This model is isotropic
and has different response in tension and compression, three plasticity surfaces, softening in
compression, damage in tension, and erosion formulation for the elimination of material. This
concrete model in LS-DYNA is provided based on three input specifications: the unconfined
compression strength, the aggregate size, and the units. The unconfined compression strength
affects stiffness, strength, hardening, and softening. The CSCM model is valid for normal
compressive strengths from 28 MPa to 58 MPa. The aggregate size affects the brittleness of
the softening behavior of the damage formulation Murray,

Table 3.1 shows the parameters used for the material model *MAT CSCM__CONCRETE.

Table 3.1: Parameters used for *MAT CSCM CONCRETE

Parameters LS-DYNA Symbol Value
Mass density RO 2300 kg/m?
Erode Parameter ERODE 1.1
Unconfined compression strength FPC 30 MPa
Maximum aggregate size DAGG 20 mm

3.2.1.3 Modeling of steel reinforcement

The reinforced bars are modeled explicitly using two node Hughes-Liu beam elements with
2x2 Gauss points in the cross section and located in the exact position within the concrete
mesh with a circular cross section with different diameters. Each beam element contained
two nodes. The steel behavior is represented using the Piecewise Linear Plasticity material
model, which is an elastoplastic material model with hardening, equal response in tension
and compression, and failure when the effective plastic strain reaches the ultimate strain.
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Table 3.2: Parameters used for Piecewise Linear Plasticity material model for steel rebars

Parameters LS-DYNA Symbol Value
Mass density RO 7850 kg/m?
Young’s modulus E 210 GPa
Poisson’s ratio PR 0.3
Yield stress SIGY 500 MPa
Tangent modulus ETAN 422 MPa
Effective plastic strain to failure FAIL 0.075

LS-DYNA provides different solid element formulations. One integration point at the center
of the element is used for modeling concrete in this study. This solid element formulation has
three translational degrees of freedom at each node.

Although a single point integration formulation is effective for modeling nonlinear material
behavior and capturing large deformations, it does suffer from hourglassing or zero-energy
modes. To avoid zero energy deformations, or hourglassing, an artificial stiffness is added
to the eight node solid elements to resist these zero-energy deformation modes using *CON-
TROL_HOURGLASS in LS-DYNA.

The initial state of the structure under the gravity load is achieved though a dynamic relax-
ation state. Next, the fixed support at the bottom of the column is removed using birth and
death technique, triggering the process.

Figure 3.1 shows details of the model where the size of the concrete elements as well as the
modelling of the reinforcement can be seen. Figure 3.2 shows a global view of the LS-Dyna
model.
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Figure 3.1: FEM model details
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LS-DYNA keyword deck by LS-PrePost
Time = 0

Figure 3.2: FEM model

3.2.1.4 Boundary conditions

To avoid interpenetration between the rebar beam elements during the large-deformation
phase, the keyword *CONTACT AUTOMATIC GENERAL was used to simulate the inter-
action between the rebars. The translational constraints in the X, Y, and Z directions were
assigned to each column at their bottom nodes of the concrete and rebar elements. To obtain
the reaction forces during the simulation, the keyword *DATA CROSS SECTION_ SET
was defined. The simulation of the column removal is performed by replacing the column with
a kinematic constraint that prevents movement at the bottom of the column for 0.5 seconds.
This time is necessary for the dynamic relaxation to converge and the deformation due to
the self-weight is reached. Once this time ended, the restriction on movement is abruptly
eliminated, leaving gravity to act. The overload is included in the model by means of a
distributed pressure applied on each of the upper faces of the elements. The other three
columns are fixed at their base to simulate their union with the foundation. To connect the
reinforcement and concrete *CONSTRAINED LAGRANGE IN SOLID was used. Model
fixed boundary conditions are applied at the bottom of each column.

3.2.1.5 Effect of mesh sensitivity analysis

Sensitivity analysis is a crucial step in computational mechanics and structural engineering
and aims at quantifying the relative importance of each input parameter, potential interaction
and the effects on the model response. To validate the size of the mesh of the FE model, three
series of models with the same geometry and boundary conditions but different elements size
were analyzed. The results of this three models were compared to the result obtained in the
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real test. It can be observed that, the mesh size significantly affects the structural response.
The deflection versus time relationship for the three mesh sizes displayed in Figure 3.3, and
base on these results, the element size was decided as 25 mm for concrete and reinforcement,
since this value provide the more accurate result comparing with the real test.
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Figure 3.3: Mesh sensitivity analysis

3.2.2 Two-span concrete frame subjected to successive blast loads

3.2.2.1 Modeling of concrete

For the material model used for concrete, it is necessary to define the uniaxial tensile strength
(UTS) together with the uniaxial compressive strength (UCS). In this case, the value has
been calculated using the formula provided by EC2 as follows:

2
Jetm = 0.30 x [, (3.1)

being ck for concrete class < C50/60, being fck the characteristic compressive strength. Thus,
in the simulations carried out to test the influence of the variation of the concrete compressive
strength, the UTS values were modified accordingly being in these cases 2.56, 2.89 and 3.21
MPa respectively. As can be seen in 3.5, this parameter also has negligible influence on
the simulation result. It can therefore be concluded that a 40% increase in the concrete
strength values will hardly influence the simulation result. This is mainly due to the fact
that the strength of the structure is provided by the steel reinforcement as the concrete

o8



CHAPTER 3. FINITE ELEMENT MODELING

slabs work mostly in bending. The reinforcement steel is perfectly characterised and the
model parameters are those showed in Table 3.4 and required according to the material model
(*Piecewise_ Linear_ Plasticity).

Regarding the material model used for concrete, the Winfrith material model (MAT084)
which was developed in the 1980s to solve RC structures subjected to impact loads and
implemented in LS-DYNA in 1991, so it can be considered sufficiently tested. However, there
are other material models included in LS-DYNA which work with simplified input parameters
also offering good results. But, looking at the experimental results, after the first and second
tests the damage was minimal. Only after the third test local damage was observed. The
modification of the material model used for concrete would have an impact on a larger or
smaller crater in the structure, but would not differ in anything else.

Another parameter that can have an influence on the simulation result is the hourglass
technique used. LS-DYNA recommends viscous hourglass control for problems deforming
with high velocities, as this is the case. Stiffness control is often preferable for lower velocities,
especially if the number of time steps are large. Given the problems with using the standard
LS-DYNA viscous form (i.e. IHQ = 1) for hourglass control in high strain rate problems, the
option IHQ = 3 Flanagan-Belytschko viscous form with exact volume integration for solid
elements has been chosen, since, as stated in the LS DYNA manual, for solid elements the
exact volume integration provides some advantage for highly distorted elements.

As for the blast load, it was applied using the load blast enhanced (LBE) feature, which is an
improved version of the Load Blast command.

The LBE technique is optimal when the explosive used is TNT or its equivalent is known.
In this study, the pressures were measured in the three tests performed and the results were
found to correspond to the detonated charges, and therefore the TNT equivalent masses were
as initially calculated (10 kg TNT eq. for the first test and 20 kg TNT eq. for the second
and third tests). The pressure was applied directly to the structure by defining a segment for
the impact of the shock wave. To use the LBE technique, it is only necessary to define the
equivalent mass of TNT and the charge coordinates. In addition, the type of blast source
needs to be specified. In case of the third test where the local damage was observed, the type
of source defined was hemispherical surface burst, which means that the charge is located on
or very near the ground surface. Furthermore, the validity range of this option is determined
by the scaled distances between 0.178 and 40 m/kg!/3, and here, the test carried out was
within this range.

In this case the Winfrith model is used for concrete. This model is based on the Ottosen
plasticity model and allows modeling of softening of concrete in tension (through fracture
Energy, allowing for aggregate size) and can account for strain rate. Eight node solid
hexahedron elements are used to simulate concrete parts (Figure 3.4). As the Rate-Card of
the Winfrith material is set to 0 LS-DYNA uses the specific fracture energy, i.e. energy per
unit area dissipated in opening a crack. The fracture energy GF [N/m] is calculated using

the equation:

N
Gp=T3x fO18 = 137— (3.2)
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Figure 3.4: FEM model details.

For the model, the element size at the blast impact location is 0.05 m. If the mesh size is
smaller than the fracture progress zone (FPZ) the model is affected by the fracture energy
dissipation leading to a failure response of the whole structure (depending on the explosive
charge and therefore the pressures applied to the structure) Khoe and Weerheijm, 2012,
Alanén et al., 2018. The reinforced bars are modeled explicitly using two node Hughes-Liu
beam elements with 2x2 Gauss points in the cross section and located in their theoretical
position within the concrete mesh. Table 3.3 shows the parameters used for the material model
for concrete *MAT Winfrith. Note that, unfortunately, no tests of the concrete strength are
available, so the design characteristic strength increase by 8 MPa, as recommended by EC2
Européen, 2004 was used as the mean concrete strength. This fact does not undermine the
results of the model as the behavior of concrete is more influenced by other factors than the
compressive strength of the concrete Grisaro, 2021.
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Table 3.3: Parameters used for *MAT Winfrith

Parameters LS-DYNA Symbol Value
Mass density RO 2300 kg/m?
Initial tangent modulus of concrete ™ 26.94 GPa
Unconfined compressive strength ucs 33 MPa
Unconfined tension strength UTSs 3.3 MPa
Poisson “s ratio PR 0.17
Aggregate size (radius) ASIZE 0.01 m

3.2.2.2 Modeling of steel reinforcement

Steel behavior is represented using the Piecewise Linear Plasticity material model, which is
an elastoplastic material model with hardening, equal response in tension and compression,
and failure when the effective plastic strain reaches the ultimate strain. Table 3.2 listed
the parameters used for Piecewise Linear Plasticity material model for steel rebars. For
reinforcement, the steels manufactured in Spain are well characterized by the industry. The
values used for the analysis fy = 500 MPa and a tangent modulus for the second line of the
bilinear law of 1194 MPa are taken from data provided by the Spanish steel reinforcement
manufacturing association for a steel of class B 500 SD.

Table 3.4: Parameters used for Piecewise Linear Plasticity material model for steel rebars

Parameters LS-DYNA Symbol Value
Mass density RO 7850 kg/m3
Young’s modulus E 210 GPa
Poisson’s ratio PR 0.3
Yield stress SIGY 500 MPa
Tangent modulus ETAN 422 MPa
Effective plastic strain to failure FAIL 0.11

LS-DYNA provides different solid element formulations. One integration point at the center of
the element is used for modeling the concrete in this study. This solid element formulation has
three translational degrees of freedom at each node. Although a single point integration formu-
lation is effective for modeling nonlinear material behavior and capturing large deformations,
it does suffer from hour glassing or zero-energy modes. To avoid zero energy deformations,
or hour glassing, an artificial stiffness is added to the eight node solid elements to resist
these zero-energy deformation modes using *CONTROL_HOURGLASS in LS-DYNA. The
initial state of the structure under the gravity load is achieved through a dynamic relaxation
state. The blast pressure can be automated in the LS-DYNA environment and applied on the
blast-facing surface of the slab and columns using the *LOAD_BLAST ENHANCED (LBE)
keyword. This function is based on the Kingery-Bulmash empirical blast data Kingery and
Bulmash, . In this approach, the blast pressures on slab and supports were generated
following the CONWEP empirical relations Hyde,

The element erosion function, while not a property or physics-based phenomenon, provides a
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useful means of simulating the spalling of concrete and provides a more realistic graphical
representation of blast events. Erosion is characterized by the physical deletion of the eroded
solid element from the rest of the mesh Wu et al., . The most common erosion criteria
used are the instantaneous geometric strain and maximum principal strain. These criteria can
be used to smooth simulations. The maximum strain criterion acts as a limit on tension strain.
This criterion, when applied to brittle materials like concrete, can be physically interpreted as
a lower limit on crack opening. Luccioni and Ardoz, summarized recent past research to
show that the maximum principal strain can represent tensile fracture and spalling of concrete
under blast and impact loads. Maximum principal strain values are often used as the erosion

criterion in the simulation of concrete fracture and cracking Tanapornraweekit et al., Xu
and Lu, . Other criteria such as maximum tensile stress and maximum shear strain Teng
et al., have also been used to simulate concrete damage. Maximum principal strain has

been used is this study for spalling and damage assessment. To visualize the formation of the
crater, an additional erosion criterion has been taken (which in LS-DYNA is introduced by
means of the command *MAT ADD EROSION). Following the indications Luccioni and
Aréoz, , for concretes with the same order of element sizes and scaled distance similar to
those used in this study, a value for the maximum principal strain at failure of 0.01 has been
selected as a criterion.

3.2.2.3 Boundary conditions

Model fixed boundary conditions are applied at the bottom of each column. To avoid
interpenetration between the rebars beam elements during the large-deformation phase,
the keyword *CONTACT AUTOMATIC GENERAL was used to simulate the interaction
between the rebars. The translational constraints in the X, Y, and Z directions were assigned to
each column at their bottom nodes of the concrete and rebars elements. To obtain the reaction
forces during the simulation, the keyword *DATA CROSS SECTION SET was defined. To
connect the concrete and steel reinforcement, *CONSTRAINED LAGRANGE IN SOLID

command was used.

3.2.2.4 Sensitivity analysis

In the numerical model there are a large number of parameters relating to blast type and
material properties. All the parameters used have been selected according to the test to
be modeled and some of them based on references of works in line with the present study.
Therefore, this section aims to justify and clarify some of the assumptions made on model
parameters.

As mention in Section 2.5.2.2 Chapter 2, no test were carried out to obtain the mechanical
properties of the concrete. However, this value of compressive strength could not be necessarily
the real value or even sufficiently close to the real value. In order to check that there are no
noticeable differences when changing the concrete strength, different models have been run
with compressive strengths of 25, 30 and 35 MPa. As can be seen in Figure 3.5, the residual
displacement after the three tests run in series is practically the same, with a difference of 2
mm between the concrete with the highest and lowest strength. This displacement has been
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evaluated at a node located in the center of span 1. Therefore, it can be concluded that in

this case the influence of the concrete strength is negligible considering the tested loads and
scaled distances
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Figure 3.5: Residual displacement vs. time obtained with different values of compressive
strength (25, 30, 33 and 35 MPa).

63



Yolanda Gutiérrez Diego

64



Chapter 4

Validation of the Finite Element Model

4.1 Introduction

The purpose of this chapter is validate the FE model against the results from the experimental
test described in Section 2.5, Chapter 2. This Chapter does not aim to adjust material
properties or modeling parameters to enhance alignment between numerical and experimental
results. Rather, it utilizes the modeling approach outlined in Chapter 3, incorporating
measured material properties and defined geometries, to compare finite element results
with corresponding experimental outcomes. Consequently, all data collected, analyzed,
and discussed in Chapter 2, Section 2.5 can be assessed alongside the numerical results,
allowing observations on both similarities and differences. Given the inherent uncertainties
in experimental investigations and the assumptions within the modeling process, an exact
match between cases is neither anticipated nor necessary.

4.2 Validation of the FEM against experimental results

In this chapter, the FEM described in previous chapter is used to replicate the experimental
investigation at UPM discussed in Chapter 2, Section 2.5. The results of both experiments
and the FEM analysis are compared to validate the modeling assumptions.

4.2.1 Two-story concrete slab with corner column removal

4.2.1.1 Model validation

Figure 4.1 show a comparison between the deflections measured by laser-scan and the prediction
of the model. It can be seen that both the shapes and values obtained by the simulation are
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very close to those of the test.
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Figure 4.1: Test (a) and FEM (b) Top Slab Deflection.

It is also worth noting that the value of the maximum deflection is relatively low and not
sufficient to generate significant membrane action. This explains why the simple linear-elastic
model with cracked stiffness presented in Section 4.1 also obtained a good approximation
to the observed deflections. Figure 4.2 shows a comparison between the time history of
displacements measured by DIC and the prediction of the FEM model using a reasonable
damping index of 2%. This damping ratio has been selected due to the relatively small
damage observed on the specimen.

Cracks were small enough to be admissible in SLS. This damping index is within the range
recommended by EN1991:2, 2003 for reinforced concrete railway bridges. It can be seen that
there is good agreement between experimental and model results. A very interesting fact that
can be derived from this figure is that the impact factor is quite low, as can be seen from the
small magnitude of the oscillation of deflections after the collapse of the column. Reasons
for this can be related to the asymmetry in stiffness as the slab is cracked when deflecting
downwards, but not when deflecting upwards. Immediately after the sudden column removal,
static equilibrium is not satisfied and the deflections become larger in order to increase the
strain energy of the system.

66



CHAPTER 4. VALIDATION OF THE FINITE ELEMENT MODEL
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Figure 4.2: Comparison of the displacement history from FEM model and test results.

This excess of external work is transformed into kinetic energy, increasing the velocity of the
structural system (see Figure 4.3).
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Figure 4.3: Velocity of corner of slab. Comparison between experimental values and values
obtained by FEM. The test value is obtained by numerical derivation of the deflection results

obtained by DIC.
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As the structure deflects, the kinetic energy decreases, and the structure absorbs the potential
energy of gravity loads in form of elastic and inelastic energy. The maximum dynamic response
is reached when the work done by gravity loads is equal to the stored strain energy of the
system, and hence the kinetic energy is zero (see Figure 4.4).
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Figure 4.4: Kinetic Energy of the structure determined by FEM analysis for 2% damping.

Figure 4.5 to Figure 4.10 presents a comparison between the observerd damage at the end of
the test and the peak tensile strain concentrations from the LS-Dyna model. Although the
LS-Dyna concrete material model does not explicitly show the cracks that form on the surface,
a reasonable approximation of crack location can be obtained by plotting the maximum
principal strain at the solid integration points used to model the concrete material.
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(a) (b)

Figure 4.5: Test (a) and FEM (b) top corner crack pattern.

Figure 4.6: Top corner crack pattern FEM and Test superposition
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(a) (b)

Figure 4.7: Test (a) and FEM (b) top slab crack pattern.
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Figure 4.8: Test (a) and FEM (b) slab crack pattern.
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(a) (b)

Figure 4.9: Test (a) and FEM (b) column slab crack pattern.
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Figure 4.10: Test (a) and FEM (b) top slab crack pattern.

Figure 4.11 and Figure 4.12 show the cracking patterns predicted by LS-Dyna on the top and
bottom surfaces of the top and bottom slab, respectively. The crack pattern in the bottom
face of the slabs is consistent with those of a slab working in sagging flexure along an axis
with a span length corresponding to the diagonal line perpendicular to the symmetry axis.
The diagonal cracks radiating from the supports on the top of the slab are compatible with
those on a cantilever spanning parallel to the symmetry axis of the structure. This type of
behavior is also illustrated in Melo, 1990 (see Figure 4.13).
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Figure 4.5 and figure 4.7 shown a comparison between the cracking pattern predicted by the
FEM and the pattern observed in the test, it is evident that both patterns are very similar.
Figure 4.8 shows the cracking pattern along the edge of the slabs. These are torsional cracks
as their inclination is contrary to the inclination of shear cracks. The connection between the
support and the first floor slab shows also such torsional cracks (see Figure 4.9. This is a
type of action for which the connection is not designed and failure of this connection could
potentially lead to collapse of the structure. This type of cracking pattern, however does not
develop at the connection between the column and the top slab because the rotation of the
slab is accommodated by more extensive cracking (and possibly yielding of the reinforcement)
at the top of the column (see Figure 4.10. The horizontal cracks in the support at the top
part of the top column were larger than those observed at the bottom supports. This different
behavior is due to the difference in axial force as the compression force in the bottom column
is roughly twice the compression in the top columns.

The stresses in the reinforcement are well within the serviceability limits and the width of the
flexural cracks was small, around 0.2 mm.

\ \\\\"\\ \\\\
N .‘.\\\.\- \\
R RN A
\ ‘; ;\*\\\ \\‘\\ \
3 N ot ; _\-\_.‘ .
X \\‘i\ NI :\“\0\\\ w\\
SRR R R
t:.\:\‘-{\\\. ‘ \ \'\\\\ \\\\\ \\\ \\\\
\\\\R\“Q\;\\\\\\\ :\‘\\ NN S
~"\.§§}}\§\\\\\\§ R : \\Q}\\\\\Q}.{\Q‘\

SRR

- \\\Q\\ NN
3 SRR A AR TN N AN

N AN RN e
AN

SILTIITE

r
)

Figure 4.11: FEM crack pattern of Top Slap: Top view (a) and Bottom view (b)
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Figure 4.12: FEM crack pattern of Bottom Slap: Top view (a) and Bottom view (b)
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Figure 4.13: Deformation and cracking pattern (conceptual scheme). Cantilever behavior
along A-A and simply supported behavior along section B-B. Vertical deflections exaggerated.
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Figure 4.14: Measured accelerations at the corner of the slab (over the removed column)
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Figure 4.15: Measured accelerations at the center of the slabs)

4.2.2 Two-span concrete frame subjected to successive blast loads

4.2.2.1 Model validation

By using the 3-D laser scan the geometry of the structure was measured before the first blast
and after each of the blasts. By subtracting the position of each point after each blast from
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their position at the start of the test it is possible to have an estimate of the permanent
deflections inflicted on the structure by each blast as well as their cumulative effect. Figure
4.16 shown the three-dimensional representation of the structure obtained by 3D Scanner
after Test 3.

Plane A
Plane B .

Figure 4.16: Three-dimensional representation of the structure obtained by 3D Scanner after
test 3.

Figure 4.17 to Figure 4.19 shows the displacements after each of the three successive tests,
taking as a reference the original position (the one prior to test T1). Negative displacement
implies downward movement. Test 2 induces an additional downwards permanent load
deflection because it contributes to deteriorate the stiffness of the slab for the following
reasons:

o Cracking occurs in the supports, and this reduces the embedment of the slab in hogging
bending.

o The second explosion| produces an ascending deflection, but once the effect of the
overpressure has passed gravity produces a downwards movement which is dynamic.

The self-weight is therefore reapplied on the structure magnified by a Dynamic Load Factor,
which contributes to increase the effect of cracking in the slab (reduction of tension stiffening
effects). At the end of the second test, the applied load is the same, but the structural stiffness
is reduced resulting in a larger deflection. The values of the permanent deflections are small,
less than 20 mm for the two first blasts and only 35 mm after the third blast which does
inflict local damage on the structure. Note that the deflection at the perforation of the slab
corresponds to the bent reinforcement which is captured by the laser-scanner. The results
show that the structural solution adopted for the floor has a high degree of robustness and
could withstand this range of explosive action with only local damage, without any special
measures.
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Figure 4.17: Comparison of experimental and FEM results for permanent displacement history
along the longitudinal axis of the structure (Plane A) Test 1.
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Figure 4.18: Comparison of experimental and FEM results for permanent displacement history
along the longitudinal axis of the structure (Plane A) Test 2
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Figure 4.19: Comparison of experimental and FEM results for permanent displacement history
along the longitudinal axis of the structure (Plane A) Test 3.

The FEM nodal displacements of the LS-DYNA simulation exhibited approximately the same
trend as the experimental values. The maximum deflection is 15 mm after first blast, 17 mm
after second blast and 42 mm after the third blast. Figure 4.20 to 4.22 shown comparisons
between deflections measured by laserscan and the numerical simulations. The shapes and
values obtained by the simulation are reasonably close to those of the tests.
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Figure 4.20: Comparison of experimental and FEM results for permanent displacement history
along the transversal axis of the structure at Plane B. Test 1.
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Figure 4.21: Comparison of experimental and FEM results for permanent displacement history
along the transversal axis of the structure at Plane B. Test 2.
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Figure 4.22: Comparison of experimental and FEM results for permanent displacement history
along the transversal axis of the structure at Plane B. Test 3.

Experimental acceleration records are used to check the goodness of fit of the model. In
Figure 4.23 the records obtained by the model are plotted together with the experimental
ones at sensor position Al. It can be seen that although the shape of the signals is not the
identical, the maximum and minimum acceleration values are approximate. The experimental
acceleration ranges from -90 g to 84 g while in the model it ranges from -85 g to 71 g for T1
test. And in the T2 test, the experimental acceleration range is - 108 to 182 while the model
gives accelerations between -156 and 137 g.
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Figure 4.23: Accelerations obtained experimentally and by modelling sensor S1 tests T1 and
T2.
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In the first two scenarios, despite the non-negligible mass of the explosive used, damage to
the structure even ignoring the blast loads in the design, is quite small. Figure 4.24 shows
images of the damage after each of the tests. Damage is limited to the appearance of flexural
cracking in the bottom face of the slab after the first blast and horizontal cracking in the
supports near the connection to the slab after the second blast load.

Figure 4.24: Damage to concrete after each test.

When for the third test the 20 kg TNT equivalent load is placed only 50 cm away from the
slab surface, damage does occur, but it is local and consists of a perfectly circular punching
failure. Figure 4.25shows several images of the structure after Test number 3. When for the
third test the 20 kg TNT equivalent load is placed only 50 cm away from the slab surface,
damage does occur, but it is local and consists of a perfectly circular punching failure. Figure
4.25 shows several images of the structure after Test number 3.

ﬂ
/
Bottom face u

Figure 4.25: Experimental and FEM structure after T3 Test.

The crater generated in the slab is about 66 cm of diameter on top face. The bottom face
shows a spalling surface of approximately 82 cm in diameter. The results of the FEM model
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show a cracking pattern on top face of approximately 79 cm of diameter while the bottom
face presented a cross-shaped spalling with a maximum length of 95 cm. The FEM provides
a reasonable order of magnitude, usable in practice, without need for further adjustments.
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Chapter 5

Numerical Investigation

5.1 Introduction

In this section the analysis of membrane forces is made using different tools. First a simple
Strut and Tie analysis is made which provides an idea of the orientation of the membrane
forces. This is already a useful tool to assess capacity. Then some considerations based in
linear elastic analysis are made. These considerations are useful when critically reviewing the
results of nonlinear FEM, which can lead to significant differences depending on the type of
analysis made and even on the software used. Robustness analysis and minimum reinforcement
methods such as that proposed in EN 1991-7 Standard, rely for the resistance of a
structure after a column removal on the formation of an alternate load path in which the
slab deforms enough vertically to generate membrane forces whose vertical component can
balance the gravitational loads after the support’s collapse. As it cannot be guaranteed that
the horizontal force generated by tension membrane forces can be resisted by the surviving
columns, a self-equilibrating strut & tie scheme contained within the plane of the slabs must
be found to guarantee equilibrium. It will be shown that this is not always possible when
more than one support collapses. Following, possible strut & tie models corresponding to the
two structures which have been tested are examined.

5.2 Two-story concrete slab with corner column removal

5.2.1 Strut and tie model

Figure 5.1 shows a possible strut and tie model to balance the gravitational forces after the
loss of the corner support in the two-story structure. At first, the structure will attempt to
resist the gravitational forces by flexure. On the top face of the slab, this will generate a
cracking pattern in the direction of the diagonal connecting the two supports adjacent to the
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Figure 5.1: Possible Strut and Tie model to resist the gravitational forces of the two-story
slab after removal of the corner support (drafted using Sketchup)

collapsed column. There will be cantilevering action as the slab tries to resist as embedded
along that diagonal. On the bottom face, cracks will form in the direction perpendicular to
this diagonal as the slab tries to resist through sagging bending with a span equal to the
diagonal length. This cracking pattern of the slab will determine the orientation of the struts
on each face of the slab. They will be parallel to the bending cracks that have previously
formed. Both the upper and lower reinforcements could be mobilized at the nodes. Using this
model, a very simple analysis can be performed to ascertain what the maximum capacity of
the slab without the corner column would be. Assuming that the slab is fully loaded up to its
ultimate load before column failure, this would lead to a distributed force of 21.3 kN/m? as
shown in Equation 5.1. In this equation the support reaction of the support to be demolished
is also shown.

L? 116
qu§ =m, — G, = 876.62 = 21.3k]\7/m2 (5.1)
L? 6.62
R, = quz = 21.37 = 232kN (5.2)

5.2.1.1 Linear Finite Element Analysis

Figure 5.2 shows the linear elastic moments due to a total load of 12 kN/m? equal to
twice the dead load of the structure. The distribution of negative bending moments along
the diagonal that joints the two supports adjacent the one collapsed, concentrates negative
bending at the edges near the support, which is not evident, while positive bending occurs in
the perpendicular direction. As mentioned above, the negative bending capacity of the slab
is 77 kNm/m while the positive bending of the central strip (where bending moments are
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highest after column collapse) is 116 kNm/m. It is clear that without membrane forces some
redistribution of forces is necessary to resist the forces.

Membrane forces can be simulated using linear elastic analysis by providing the structure with
a curved geometry, resembling the one expected to occur. One possible shape to simulate this
curvature is given in Equation 5.3. The deformed shape is assumed to follow a sine function
along the line connecting the two supports adjacent to the collapsed one (y’) and a second
degree law along the perpendicular axis (x').

-151.0 kNm/m

Figure 5.2: Linear elastic moments along diagonals (drafted using Sketchup)

. ™ L / 52—2(51 ’ 451 —52 ’
,2'2327”L<L—\/§ (E—y>> (Tl'2+Tx> (5.3)

Where:
L is the span of the slab (6.6m).
X,y are the coordinates along the main diagonals.
01 is the displacement at the center of the slab
09 is the displacement at the axis of the collapsed support

From linear elastic finite element analysis, it was found that d, =2.54 9;. It is interesting to
see how membrane action develops using linear elastic calculations when the slab is deformed
according to the above equations.

A pattern of principal membrane forces which are fully compatible with the strut & tie model
shown above develops, as can be seen in Figure 5.3. The principal membrane forces nl shown
on the left clearly show the tension forces in the perimetral ties while the principal membrane
forces nll correspond to the diagonal struts necessary to equilibrate the change of direction in
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the forces of the ties at the corners.

‘/')/',IF)}"'

137 2220 .
N L

Figure 5.3: Membrane forces generated in the slab with a load of 12 kN/m? and a maximum
displacement of 1000 mm. Top: model geometry. Bottom left: principal membrane forces nl.
Bottom right: principal membrane forces nll (results form a linear elastic SOFISTIK model)

By assuming different maximum deflections, the variation in the bending and axial forces in
the diagonals can be determined using linear elastic analysis. Figure 5.3 shows the bending
moments and axial forces along the two principal diagonals as a function of the maximum
vertical displacement of the structure. These results are obtained from linear elastic analysis
of the deformed structures. The figure shows the appearance of significant membrane forces
which, however, have only a small influence on the bending moment laws. This shows the
much more complex behavior of 2-D elements with respect to unidirectional elements with
external restraint. The maximum negative bending moment along the diagonal joining the
two supports adjacent to the collapsed one exceeds the sectional capacity. However the section
is ductile (it only has a reinforcement of ¢12@0.20 and with a little redistribution (in a width
close to only 2.00 meters) the section can resist the bending forces with the accompanying
tensile membrane forces. Although this figure is drafted for a force of 12 kN/m?, since the
model is linear, it can be used to predict the forces due to any other load. As will be shown
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later, finite element analysis predicts the collapse of the structure for a load of 15.25 kN /m?
which seems to be in contradiction of the strut and tie analysis of the previous paragraph as
well as with the results shown here. This does not seem to be because of the bending forces
since further re distributions would certainly be possible.
An interesting feature, which can be seen from Figure 5.4, the progressive development of
positive bending forces (rotating along the y’ axis) in the central part of the structure is due
to the arching curvature of the compressed center in which the compressive strut parallel to
the x axis generates an upwards component which helps balance gravitational forces.
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Figure 5.4: Variation of forces and bearing resistance as a function of the maximum deflection
and generation of membrane forces (linear elastic analysis of deformed structure)
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5.2.2 Linear finite Element Analysis

5.3 Two-span concrete slab with intermediate column
removal

5.3.1 Strut and tie model

For the two-span structure, a balanced strut and tie model can also be found for the equilibrium
of the structure when the first support collapses as shown in Figure 5.5. Note that when the
strut of the bottom face crosses the rupture line, an upwards force is generated (see Figure
5.6). However there is no possible strut and tie model that can balance the structure when
the second central support is removed that does not involve the bending and shear resistance
of the supports, which in this case is insufficient to avoid collapse. The reason for this is
in the shape of the rupture line (or the direction of the curvature). The compression force
cannot cross this line without producing a downwards thrust which undoes the effect of the
upwards vertical component of the tension reinforcement (see Figure 5.7 and Figure 5.8).
This explains why the structure failed when the second support was removed.

Figure 5.5: Possible Strut & Tie model to resist the gravitational forces of the two-span slab
after removal of the corner support (drafted using Sketchup)
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Figure 5.6: The strut crossing the rupture line generates an upwards thrust which helps to
resist gravitational loads (drafted using Sketchup)

Figure 5.7: Strut and tie model to balance the structure when two supports are removed. The
model involved the shear and bending resistance of the supports (drafted using Sketchup)

Figure 5.8: A strut crossing the rupture line would generate a downwards resultant undoing
the effect of the tension reinforcement (drafted using Sketchup)
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Chapter 6

Detailed analysis of the resistance
mechanisms for robustness of
structures

6.1 Introduction

As explained in the Introduction, the objective of this thesis is to determine the importance
of the membrane effect when a column is lost under real conditions. Most of the studies, both
experimental and analytical (see, for instance, Gouverneur, ) focus on uniaxial behavior,
where the membrane action is induced by a horizontal restraint. This does not correspond to
the actual functioning of structures in which the membrane forces form a self-equilibrating
system of actions where both tensile and compressive forces, which cancel each other as a
sum are generated. In the typical case of loss of a central support, the bending moments
across a section parallel to a side along the section of the lost column are resisted by means
of two mechanisms. In the central zone, where the deflections are higher, tensile membrane
forces are generated, and these forces, multiplied by the deflection, generate a balancing
bending moment. In this area the contribution to resistance of bending is small due to the
effect of the tensile forces. On the sides, close to the edge columns, compression membrane
forces are generated, and these provide negative bending moments that are smaller than those
generated in the central part because deflections are smaller. However, the main effect of
the compression force in this area is to increase the negative bending capacity of the slab
in the zone of the edge columns (column strip). So, the side areas function as expected in
negative bending with a capacity enhanced by the membrane effect of the compression forces
and the contribution of compression to flexural capacity, while in the center the unexpected
positive bending moment caused by the column collapse is resisted mainly by positive-moment
membrane action. The following is a study of the case of a central support with increasing
load, in which the relative importance of membrane action is determined as a function of the
applied load.
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6.2 Description of the structure

The structure considered is a two-span solid slab supported of isolated columns (25x25 cm?2)
with 6.6 m spans. The shear and bending stiffness of the columns is represented by springs.
Their stiffness is the linear stiffness divided by a factor of 2 to account for cracking. As can
be seen in Figure 6.1 and Figure 6.2, the central support is missing.

Figure 6.1: View of the model from above
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Figure 6.2: View of the model from below

Another feature of the model is that due to the simplifications adopted, the column support
is modeled as a point support. The behavior of the material around the support is assumed
to be linear elastic to avoid unrealistic local failure in the model. The stiffness considered
for these elastic elements is the gross stiffness divided by 3 to account for cracking. In the
figure, the linear elements appear in a slightly different color. Calculations were made for the
following load levels:

o Self-weight of the slab, equivalent to 6.25 kN /m?
e 1.25 times the self-weight (7.81 kN/m?)

o 1.5 times the self-weight (11.5 kN/m?) this step was used for comparison purposes with
a parallel model

e 2.00 times the self-weight (12.5 kN/m?)

These load levels are used because they seem realistic for actual applications.

Regarding the definition of reinforcement, a base mesh of 12 mm in diameter is placed every
20 cm on both sides of the slab (top and bottom) and in both directions (X and Y). In
addition, a 16 mm every 20 cm reinforcement with a length of 1/3 of the span is placed at the
top of the slab in the column strips on the central and edge supports. Finally an additional
reinforcement of 12 in diameter every 20 cm is placed at the bottom face of the slab in the
positive bending zones of the column strips. This reinforcement corresponds to a conventional
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design of the structure for typical loads (self-weight, 1.5 kN/m? of superimposed dead load
and 3 kN/m? of live load). The ultimate bending moment without axial force for negative
bending is 170 kNm, as can be seen in Figure 6.3
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Figure 6.3: Capacity in bending of column strip section in negative bending

The ultimate bending moment without axial force for positive bending is 80 kNm, as can be
seen in Figure 6.4.
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Figure 6.4: Capacity in bending of column strip section in positive bending

Figure 6.5 shows the bending moment-axial force interaction diagram, which is useful to
understand how the bending capacity increases with compression and decreases with tension.
All these diagrams are drafted using the mean resistance values of the materials to simulate
an actual case.

The finite element model used for the analysis in this section is SOFISTIK. The change in

software is prompted by ease of use. The model is a shell model which allows to automatically
retrieve membrane forces and moments.
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Figure 6.5: Moment-axial force interaction diagram

6.3 Model results

6.3.1 Central Column

6.3.1.1 Deflections

Deflections are sensitive to modelling, so these results should not be taken as accurate estimates
of deflections occurring in real structures, but they do provide an order of magnitude. Figure
6.6 shows a view of the deformed shape of the slab after the collapse of the central column
and the degree of utilization of the structure. It is apparent that the most utilized zones of
the structure are those surrounding the edge columns.
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Figure 6.6: Deformed shape of the slab after collapse of the central support

Figure 6.7 shows the deflection as a function of the applied load. In the range studied the
behaviour is mainly linear (except for cracking of concrete). This is explained below by
the action of membrane forces, which allows the sum of bending forces to remain basically
constant, so that the increase in external bending is taken by the membrane effect, without

the need for yielding of reinforcement and redistribution of bending forces.
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Deflections as a function of the applied load
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Figure 6.7: Deflections as a function of the applied load

This is explained below by the action of membrane forces, which allows the sum of bending
forces to remain basically constant, so that the increase in external bending is taken by the
membrane effect, without the need for yielding of reinforcement and redistribution of bending
forces.

6.3.2 Forces and resistance mechanism

Figure 6.8 shows the law of membrane forces along a section by one of the slab mid-planes,
passing though th location of the collapsed column (which would be at the centre of the
figure). The positive and negative areas cancel each other out, with the difference of the
small shear force carried by the perimetral supports, as should be the case due to equilibrium
conditions. Clearly, the membrane forces increase as the load increases.
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Membrane forces along a section parallel to an edge through the location of the
collapsed central column
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Figure 6.8: Membrane forces along section by mid-slab

In Figure 6.9 the bending moments along a cut parallel to an edge through the section of
the collapsed central column are plotted for the different load levels. As the load increases,
the positive bending moment in the central zone decreases, because the flexural moments are
resisted by the development of membrane forces, while the opposite happened at the edges
along the column strips because the development of compression forces in this zone increases
the bending capacity. In any case, the negative bending moments are below the capacity in
pure bending even for the highest level of load considered.
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Bending moment along a section parallel to an edge through the location of the
collapsed central column
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Figure 6.9: Bending moments along section by mid-slab

Figure 6.10 shows the membrane moments along the same section. The importance of
membrane action is very clearly shown in this figure. For a load of 12.50 kN/m2, the positive
bending moment at the centre of the slab is only 8.4 kNm/m, while the membrane moment is
45.5 kN/m, so that 84% of the bending resistance comes from membrane action.
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Membrane moment along a section parallel to an edge through the location of the
collapsed central column
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Figure 6.10: Membrane moments along section by mid-slab

The figure also shows that membrane forces are more significant in the central zone. To have
a more general number regarding the importance of membrane effect, Figure 6.11 shows the
algebraic sum of total moments along the section, as well as the sum of bending moments
and the sum of the membrane moments.
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Figure 6.11: How moments are resisted (algebraic sum of positive and negative moments)

The figure shows the increased importance of the membrane effect as the applied load increases.
Perhaps a better idea of this concept is provided by the absolute sum of positive and negative
moments. This is represented in Figure 6.12. The absolute sum of the moments resisted by
flexure remains more or less constant and the increase in moment due to increased load is
taken by the membrane effect.
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How moments are resisted (sum of absolute values)
1200
— 1000
1=
=2
=,
€ 2 800
g &
S &
e <
2E 600
o
S 2
2%
23 400
T u—
C O
RR=
]
3 3 200
=
°
&
S 0
6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00
q [kN/m?]
= Absolute sum of flexural moments ===Absolute sum of membrane moments ===Absolute sum of total moments

Figure 6.12: How moments are resisted (about sum of positive and negative moments)

6.3.3 Corner column

6.3.3.1 Model

For the corner column the same model described in section 6.2 is used, in which the central
support is restored, and the corner support is removed. Figure 6.13 shows the top view, while
Figure 6.14 shows the bottom view of the model, developed using SOFISTIK software.
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Figure 6.14: Model for the collapse of the corner column (bottom view)
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6.3.3.2 Deflections

As stated above, deflections are sensitive to modelling and the values given in this section
must be interpreted as orders of magnitude. Figure 6.15 shows the shape of the deformed
structure, as well as the utilization ratios. It is apparent that the zones with the most stress
are the areas around the two columns adjacent to the collapsed corner column and the zone
around the central support.

Figure 6.15: Deformed shape and utilization ratios for the case of a collapsed corner column

Figure 6.16 shows the shape of the deflected shape along the diagonal of the structure passing
through the section of the collapsed column for the different loads considered.
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Deflection along a cut of the slab from the collapsed column to the corner
column
Collapse of corner column
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Figure 6.16: Deflections along the diagonal joining the collapsed support and the opposite
corner support

6.3.3.3 Forces and resistance mechanisms

In this section the cut along a diagonal is studied. In order to obtain the forces along the cut
(axial forces perpendicular to the cut and bending moments having the cut as rotation point),
forces and moments in the xx, yy and xy directions need to be added vectorially. Figure 6.17
shows the sign conventions used by SOFISTIK.

y W y .

j}y\ nx

n
fxy J\Jy mxxlvx mxy Y nx nxy

Figure 6.17: Sign conventions usesd by SOFISTIK

Therefore, the formulations used to obtain the axial forces and moments along the diagonal
are as follows (1 is the dimension of the finite element):
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_ (nx +ny)
N= (—\/? +nxy\/§) W2

M= (WL\/;RW) + mxy\/i) W2

Figure 6.18 shows the law of the axial forces perpendicular to the diagonal passing through
the collapsed column. The large forces are close to the central column where the deflection
is null, so these forces will not be able to supply significant membrane action. The figure
also shows that the membrane forces are significant mainly in the span corresponding to the
collapsed column and much smaller in the back span. Generally, membrane forces tend to
increase with the increase of the load.

Figure 6.19 shows the law of the bending moments along the same diagonal. The bending
moment law is quite different from that observed in the experiment carried out with single span
two-storey building tested at UPM (see Section 4.2.1), where, transversely to the diagonal the
bending is basically positive bending. Here, the negative being is dominant in the transversal
direction because of the negative bending over the central support, which grows with the load.
Positive bending is apparent, however, in the back span.

Some membrane action does develop, basically in the span of the collapsed column as shown
in Figure 6.19. However, note that the absolute value of the moments generated through
membrane action is quite low in this case (less than 10 kNm/m). So the picture in terms of
how the forces are resisted depending on which column fails and depending on how many
columns the structure has, can be very different.
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Axial forces along a cut of the slab from the collapsed column to the
opposite corner column. Collapse of corner column
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Figure 6.18: Axial forces perpendicular to the diagonal of the structure passing through the
collapsed corner support
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Bending moments along a cut of the slab from the collapsed column to the
opposite corner column
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Figure 6.19: Bending moments along the diagonal of the structure passing through the
collapsed corner support

Figure 6.20 shows how the bending moments resist for the case of collapse of a corner column.
In this case, while there is an increase in the membrane effect with load, this effect represents
less than 20% of the total moment for the highest load, while for the collapse of the central
column this was 70% for the same load. This clearly shows that the membrane action is
not responsible for the resistance of slabs to corner column failures. Table 6.1 shows a more
detailed comparison based on the sum of the absolute values of the moments along the section.

Table 6.1 Distribution of moments between bending and membrane mechanisms for failure of a central support

and a corner support
Central support Corner support
) Bending | Membrane action | Total bending % Bending Memprane Total bending %
g [kN/m?] N N N membrane N action N membrane
[kNm] [kNm] [kNm] action [N} [kNm] [kNm] action

6.25 321 150 471 31.8% | 284.2 17.8 302.0 5.9%
781 338 269 607 44.3% | 3225 25.6 348.1 7.4%
9.38 351 413 764 54.1% | 354.1 434 397.4 10.9%
115 334 661 995 66.4% | 413.1 76.6 489.7 15.6%
125 336 746 1083 68.9% | 440.0 93.9 534.0 17.6%
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Bending along a cut of the slab from the collapsed column to the corner column
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Figure 6.20: Membrane moment along the diagonal of the structure passing trough the
collapsed corner support
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How the momentis resisted as a function of g when a column collapses
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Figure 6.21: How moments are resisted (absolute sum of positive and negative moments
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Chapter 7

General Conclusions and Further
Research

From the different studies carried out within the framework of this thesis, the following
conclusions can be drawn:

o Finite elements are a good tool to investigate the problem of robustness and can actually
provide good approximations to experimental results. However, not all finite element
models are equally good, and discrepancies can be found between models, especially
with respect to deflections.

o Both finite elements and experimental results show that dynamic effects derived from
sudden column collapse are not very significant as the measured oscillations of deflections
around the equilibrium deflection are small. The problem can therefore be studied by
using static calculations.

o It is not straightforward to extrapolate results from a given case to other similar cases.
The importance of membrane forces is sensitive to both the type of support that
collapses, as well as to the structural typologies. In the cases studied in Section 1,
membrane action can go from absorbing close to 70% of all bending to less than 20%.
This observation is also backed up by studies regarding the strut-and-tie models studied
in Section 5.2.1.

o The study carried out shows that for structures such as those studied in this thesis (i.e.
solid slabs) column collapse can be resisted without significant damage and without
any need to specifically design for it for loads of twice the self-weight of the slab which
is a good upper bound for most practical cases. This questions the provisions of EN
1991-1-7 Gulvanessian,

The following topics are left for future studies:
o Study of the edge support

e Study of other structural typologies such are one-way slabs, beam and slab floors,
composite floors.
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 Different support conditions, with less and more spans on a theoretical basis as developed
in Section 1.

o Effect of the span length.
e Structures with uneven spans

e Structures with several floors
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This paper presents the results of & full-scale robustness test carried ot on a two storey building with twe square
reinforced concrete slabs (25 cm deep) with a span of 6.6 m, in which a cormer column was suddenly removed.
Despite the extreme action, and the fact that the slab was not designed for it, only relatively minor damage was
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1. Introduction

The modern concept of Robusmess as currently understood in the
field of structural engineering is a concept that was coined afier the
Ronan Point failure in 1968 [23] where a relatively small gas explosion
in & buiding designed with prefabricated elements resulted in the failure
of the whole corner of the bu.ilding_ Eurocode 1 in Part 1.7 [10] defines
the concept of Robusiness as follows:

“the ability of a structure to withstand events like fire, explosions,
impact, or the consequences of human error, without being damaged to
an extent disproportionate to the original cause.”

Deesign for robusines is dealt with in several design standards and
guides. ASCE/SEI [2] establishes two direct strategies (Alternative Path
Method and Specific Local Resistance Method) and one indirect strategy
(Indirect Method) to avoid progressive collapse. GSA [14] develops the
Alternate Path Method and includes specific requirements for reinforced
concrete, structural steel, wood, masonry and cold-formed steel struc-
tures. NIST [24] provides further guidance on how to apply both direct
and indirect methods as defined in ASCE/SEI-7-16. Finally, DoD [11]
claszifies structures according to their Risk Category and establishes
minimum requirements for each category, going from tie requirements
to the alternate path method to Enhanced Local Resistance for the most

* Corresponding authos.

hitps: /S doi 10.1016/).engstruct. 2021. 11241

sitingent structure category class. This publication also deals with
different materials and establishes conditions for connections as well as
acceptance criteria.

These methods are developed and applied to specific cases in several
other publications. Among them Krauthammer [17], fosuses on the
importance of connections both in steel and concrete structures. Kun-
nath et al. [18] provide an overview of design methods and experi-
mental results forused mainly on the Alternate Path Method.
Marjanishvili [20] elaborates on different analysis procedures to assess
the risk of progressive collapse going from the simplest {linear-elastic
static analysis) to the most complex (nonlinear dynamic analysis). Bao
et al. [4] use macromodel techniques where joints are represented by a
series of non-linear springs to simulate the behaviour of building
struciures subjected to sudden column removal. They successfully
compare their resulis to refined FEM calculations for buildings designed
accounting and not accounting for seismic actions. Lee et al. [19] pre-
sent a simplified analysis of column removal in 20 steel frames based on
assuming a trilinear Force-Rotation diagram and using energy-based
principles. Brunesi et al. [5] analyse examples of 2D and 3D RC frame
structures, under different column removal scenarios, using a fibre-
based software implemented into Opensees and SeismoStruct and vali-
date the calculations using LS-Dyna. Comparison to current code pro-
vizions reveal that code provisions are over-conservative. Eren et al
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ARTICLE INFO ABSTRACT

Keywords: Three full scale tests have been carried out on the same structure to determine the effect produced by several
Full-scale test blast loadings detonated at different times. The structure is a two-span 7.00 = 14.00 m? RC frame subjected to
R fomme explosives load from 10 to 20 kg TNT equivalent at distances varying from 0.5 m to 1.5 m. The tests were
xo:::s monitored using pressures gauges, accelerometers, high-speed camera and a 3D topography scanner for mea-
LS-DYNA surement of permanent deflections. The test results show the robustness of the slab, with only minor cracking

damage in the first two loading scenarios and only local damage in the third scenario, where the equivalent load
of 20 kg TNT is placed only 50 cm from the slab surface. The third test produced maximum deflections of about 4
cm and a local punching failure measuring 66 cm in diameter on the upper face and 82 cm in diameter on the
lower face. The simulation of the building was carried out with the LS-DYNA software with a Lagrangian
formulation for the walls, using the Load Blast Enhanced (based on CONWEP) module. Permanent defections and
damage has been evaluated and has been compared with numerical modelling.

1. Introduction

The tests which are documented and analyzed in this paper were
carried out within the framework of research project ITSAFE, a project
partially funded by the Spanish Government and the European Union
(reference number [PT-2012-0845-370000) and uniting a Consortium
integrated by DRAGADOS, FHECOR and the Technical University of
Madrid (UPM), whose purpose was to develop a methodology to assess
the blast vulnerability of existing large transportation facilities and
make recommendations for design of future infrastructures, considering
this very important safety issue. The project is focused specifically on the
risk of moderate weight explosive devices (up to 20 kg of TNT equiva-
lent) which can be introduced into transportation facilities where access
control is not viable. It is aimed at helping safety officials, in charge of
large infrastructure buildings, manage situations involving explosive
load threats especially where the need for user mobility limits the ca-
pacity to carry out security checks. For this, an estimate of the effect of a
given load scenario on a given structure, is of great help in making de-
cisions involving, for instance, what part of a large building should be
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evacuated. The lack of full-size tests places the weight of establishing
protocols for given potential situations on finite element simulations
[1-2], which are excellent at modelling known results but can be very
poor at predicting the behaviour beforehand. It was considered worth it
to obtain the experimental data in order to better understand how a
structure would be damaged.

From the initial vulnerability studies carried out within the frame-
work of the project, it was concluded that, for floors, the structural ty-
pology best adapted for blast load resistance is a solid reinforced or
prestressed concrete slab. In order to test the robustness of existing
buildings, involving this floor typology, a realistic structure to be tested
under blast load was designed using traditional design methods as is
fully described in this paper. Robustness is defined in EN 1991-1-7 [4] as
“the ability of a structure to withstand events like fire, explosions,
impact or frequency of an occurrence of a defined hazard, without being
damaged to an extent disproportionate to the original clause™. Following
this definition, the loads are placed so as to maximize damage in the
slab. Within the framework of the ITSAFE project, damage, or failure of
supports was studied in parallel robustness tests which are documented
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Abstract: Within the research project ITSAFE, two full-scale structures were built, one consisting
of a single-storey, two-span, 7.00 x 14.00 m? RC frame with a solid slab and another consisting of
a two-storey, 7.00 3 7.00 m? RC frame with solid slabs. In the two-span frame, one of the central
supports was first demolished using a pneumatic hammer, resulting in rather limited damage (a
14-15 em deflection at the removed support location). However, torsional cracks appeared at the
interface between a column and slab in one of the outer supports. When the second central support
was removed, the structure collapsed with the failure of the support-slab connection. The same type
of cracking was observed in the two-storey structure, where the column removal was dynamic, and a
22 e deflection was measured. These experimental results queston current practice in which, for
internal supports, alternative load path mobilizing membrane forces in the slab are said to prevent
their collapse, or in the cases of edge and corner columns, rupture line analysis is used and suggests
that special reinforcement at the column-support connection is also needed to prevent the premature
failure of the structure.

Keywords: robustness; column removal; support-slab connection; torsion; edge support; corner
support; strut-and-tie models; rupture line analysis

1. Introduction

Robustness is an increasing concern in today’s society, with the demand to avoid
structural damage unproportional to the cause becoming a standard requirement when
designing structures. EN 1991-1-7 [1] and ASCE/SEI 7-16 [2] propose different strategies
for designing with robustness and achieving this goal. One of the main strategies is to
provide structures with an alternate load path, normally based on mobilizing membrane
forces within the floors, to avoid structural collapse as a consequence of column collapse.
Such alternate load path analyses can lead to very high theoretical load capacities.

From the experience obtained from the results of two full-scale tests performed within
the research project ITSAFE and further analyses based on these examples, it has become
clear, howewver, that while the provision of alternate load paths for internal columns and
rupture line analyses for corner and edge columns are viable solutions, they must be
complemented with special detailing of the column—slab connection. Otherwise, premature
failure could be observed.

Even though there have been a number of robusiness tests carried out on reduced-
scale models [3—6], there are very few real-scale tests involving sudden column removal.

Buildines 2024, 14. 558, httos:/ /doi.ore /10,3390 / buildines 14020558
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ABSTRACT

The behavior of a full-scale reinforced concrete structure was studied against successive explosive charges.
Three tests have been carried out on the same structure to determine the effect produced by several blast
loadings detonated at different times. The structure is a two-span 7.00x14.00 m* RC frame subjected to
explosives load from 10 to 20 kg TNT equivalent. Pressures and accelerations were recorded at various
locations on the slab to characterize the explosion and the response of the structure. The pressures recorded
range from 50 to 475 kPa and the accelerations from -189 to 182 g. During the tests, high-speed videos
were recorded, allowing the evolution of the fireball and the shock wave to be observed during each test.
The permanent deflections produced in the slab of the structure were recorded using a 3D scanner and a
laser distance meter at a series of pre-marked points forming a relatively dense mesh. The third test, carried
out with 20 kg of explosive on the upper floor, produced maximum deflections of about 4 em and a local
punching failure measuring 66 cm in diameter on the upper face and 82 cm in diameter on the lower face.
Damage has been evaluated and has been compared with a FEM model using LSDYNA.

Keywords: Full-scale test, RC frame, Damage, Blast loads
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ABSTRACT

Within research project ITSAFE, partially funded by the Spanish Government (Project Code: IPT-2012-
0845-370000), two full-scale structures were built, one consisting of a single story two-span 7.00x14.00
m? RC frame with a solid slab and another one consisting of a two-story 7.00x7.00 m? frame also of RC
with solid slabs. In the two-span frame, one of the central supports was first demolished using a pneumatic
hammer resulting in rather limited damage (a 14-15 cm deflection at the removed support location).
However torsional cracks appeared at the interface between column and slab at one of the outer supports.
When the second central support was removed the structure collapsed due to failure of the support-slab
connection. The same type of cracking was observed in the two-story structure, where the column removal
was dynamic, and a 22 c¢cm deflection was measured. These experimental results put question current
practice where an alternative load-path mobilizing membrane forces in the slab is said to prevent collapse
and suggests that special reinforcement at the column-support connection is also needed to prevent
premature failure of the structure.

Keywords: Robustness, Column-removal, Support-slab connection, Torsion

1 Introduction

Robustness is an increasing concern in today’s society with the demand to avoid structural damage
unproportional to the cause becoming a standard requirement when designing structures. EN 1991-1-7 [1]
and ASCE/SEI 7-16 [2] propose different strategies to design for robustness and achieve this goal. One of
the main strategies is to provide the structures with an alternate load path, normally based on mobilizing
membrane forces within the floors to avoid structural collapse as a consequence of column collapse. Such
alternate load path analyses can lead to very high theoretical load capacities.

From the experience obtained from the results of two full-scale tests performed within research project
ITSAFE, and further analyses based on these examples, it has become clear, however, that while the
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