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Synopsis:

This report investigates a design failure
scenario in a RC structure, where a cho-
sen design failure scenario is modelled,
after which the loads are compared
with the Danish National Annex stan-
dard value of vertical replacement load.
The chosen design failure scenario is
determined from an example build-
ing known in the report as the DPCA-
building, which is a high-rise building
constructed with pre-cast RC elements.
To model the design failure scenario
in a numerical model, phenomenons
such as shear and bending failure is
firstly investigated, as well as rebar
pullout. The design failure scenario
is then simulated in a large numeri-
cal model, where the impact loads and
reaction forces are determined, such
that they can be compared with verti-
cal replacement load. The overall phen-
emones found in the complex model is
studied further in a parametric study
by investigating the design failure sce-
nario using a simple approach with
beam elements.
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Reading guide

The project consists of a main report and appendices. The main report focuses on high-
lighting the investigated topics and the results, while the appendices describes some of
the procedures in more detail. The appendices are not meant to be read independently
but should be read in conjunction with the relevant sections in the main report.

Through the report references to sources are made using the Harvard method. A refer-
ence in a sentence is written as the authors name followed by the year of publication.
Passive references are written similarly, after a sentence, but with square brackets. In the
bibliography the sources are listed in alphabetic order.

Figures and tables are numbered by the chapter they are included in followed by the
number of the respective figure or table. For instance the fifth figure in chapter seven
is numbered as Figure 7.5. Equations are numbered similarly as figures and tables, and
a reference to an equation is written as the number of the equation in parenthesis. For
instance the fourth equation in chapter two is referred to as Equation (2.4). At the end of
the main report the appendix is located, which are numbered according to the alphabet,
meaning that the first appendix is numbered as Appendix A.



Resumeé

Denne rapport undersgger et design brud scenarie i en armeret betonkonstruktion der
igennem rapporten er omtalt som DPCA-bygningen.

I den initierede del af rapporten undersgges ferst metoder til at opna robuste konstruk-
tioner i overensstemmelse med det Danske Nationale Anneks. Heri blev det fundet at
der benyttes en vertikal erstatningslast der skal imitere lasten der forekommer i et design
brud scenarie. For at undersgge hvor godt denne last stemmer overens med virkeligheden
er dette undersggt neermere ved brug af et design brud scenarie fra DPCA-bygningen.

Til at modellere design brud scenariet er det kommercielle finite element program Abaqus
anvendt. | Abaqus er fenomener sasom forskydningsbrud, bgjningsbrud og udtraek af
armering fagrst undersggt, for at sikre at de enkelte fenomener fungerer, s en model
af design brud scenariet kan konstrueres. | simuleringen af design brud scenariet er
stadlasten og reaktionskraefterne bestemt, som herefter er omregnet til en aekvivalent
statisk last og sammenlignet med den vertikale erstatningslast.

Veerdierne af den &kvivalente statiske last viste at den vertikale erstatningslast i nogle
tilfeelde ikke var tilstraekkelig, og brud kunne derfor forekomme. Resultaterne fra den
komplekse model er herefter forsggt gengivet ved brug af en mere simpel model kon-
strueret af bjeelkeelementer i programmet Abaqus. Den simple model gav resultater
der stemte overens med den komplekse model, og viste at der var situationer hvor den
vertikale last ikke var tilstreekkelig til at beskrive lasten i design brud scenariet.

Baseret pa undersggelser af nedstyrtningslasten er der desuden blevet observeret feenomener
som forekommer grundet den dynamiske stgdlast fra det faldende materiale. | gjeblikket
hvor det faldende materiale rammer det underliggende dek, er snitkraefterne i deekket
bestemt til at veere flere gange hgjere end den vertikale erstatningslast, men grundet den
korte varighed resulterer det kun i et stort omfang af revnedannelser som udbreder sig i
hele daekket, uden at resultere i et komplet kollaps.

Desuden ses der store ekvivalente statiske laster nar stgdlasten er placeret naer under-
stgtningerne, hvorfor der anbefales at anvende forskydningsarmering for at forhindre
brud i dette tilfeelde. Ud fra energibetragtninger kan det tilmed ses at for det undersggte
design brud scenarie vil det nedfaldende deek optage en stor del af energien igennem
elastisk og plastisk deformation og en mulighed er derfor at gge massen og stivheden af
det underliggende dak, sa det nedfaldne dek vil opna en sa stor skade at det vil bryde
under sammenstgdet, og derfor reducere stadlasten betragteligt.
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(Nomenclature

The following list encompass the symbols and abbreviations

that are emphasised and/or most commonly used throughout this report.
a Yield surface parameter

Sc ﬁ@' St ﬁ{" Effective compressive and tensile cohesion stress

Smax Maximum principal effective stress

p Hydrostatic pressure stress

q Mises equivalent effective stress
b Yield surface parameter

S Effective stress

e Eccentricity parameter

n Poisson ratio

y Dilation angle

r Density

S1,S2,S3 Principal stress

S, St Compression and tension stress

Sho Equibiaxial compressive yield strength

Sto Uniaxial tensile yield strength

#' #' Equivalent plastic strains

# 7K Inelastic and cracking strain

a Acceleration

d,d;,d;. Damage, tensile damage and compression damage
Eo Undamaged modulus of elasticity

f Yield surface

fekcube Characteristic compression strength on a cube



NOMENCLATURE

fok Characteristic compression strength on a cylinder
fak  Characteristic tensile strength of concrete

G Flow function

I Area moment of inertia

Kc Ratio of second stress invariants

Iy Anchorage length

M Moment force

Tensile force in rebar

T Time of Initial Impact
u Displacement

Vv Shear force

Y, Velocity

ALS Accidental limit state

B31 Linear Timoshenko Beam Element
C.M  Compression meridian

C3D8R Eight-node solid element with reduced integration
CDP Concrete Damage Plasticity

DFS Design failure scenario

DOF Degree of freedom

DPCA Danish Precast Concrete Association
DS Danish Standard

EN  European Standard

HCS Hollow core slab

LESF Local Equivalent Static Force

RCB Reinforced concrete beam

SC8R Quadrilateral Continuum Shell element
SLS  Serviceability limit state

T.M  Tensile meridian

ULS Ultimate limit state

VRL \Vertical Replacement Load

[ diameter

X



(1. Introduction

Robustness of structures are in Denmark ensured through the rules and guidelines stated
in the Eurocodes and the Danish National Annex, in which a set of requirements can
be found depending on the consequence class of a structure. One of these require-
ments speci es the use of design failure scenarios, where part of the building is as-
sumed to be removed due to some unknown event. When investigating the speci c
design failure scenario, robustness is assured when local failure does not exceed spec-
i ed limits of collapse, and the structure is proven capable of redistributing the loads.

In the design failure scenarios used to prove structural ro-
bustness, the dynamic aspects related to falling structural
elements is not directly considered, as well as the failed area
is assumed to disappear, without having an impact on the
remaining structure.

These dynamic aspects are in this project investigated by
rstly using a failure scenario which happened recently and
near the University, which is referred to as the Da Vinci col-
lapse. Furthermore, to investigate the dynamic effects of
falling materiel in high rise buildings an investigation of the
design failure scenarios in a typical multi-storey precast con-
crete structure is performed. This precast concrete structure
has been provided by the Danish Precast Concrete Associa-
tion, DPCA. The high rise building is throughout this report
referred to as the DPCA-building. The overall dimensions of
the DPCA-building are illustrated in Figure 1.1.

Analysis of chosen design failure scenarios are modelled in
the FEM program Abaqus. From the results found in Abaqus,
general guidelines are developed, including an estimation of
an equivalent accidental load for precast concrete structures
such as the DPCA-building.

Figure 1.1: Facade of
the DPCA-building, All
measures in [mml].



Chapter 1. Introduction

1.1 Problem de nition

What loads can be expected in identi ed design failure scenarios in precast concrete structures
from the dynamic effects of falling materiel, and how well do these loads correlate with the vertical
replacement loads in the Danish National Annex.



2.1

(2. Robustness and Eurocodes

The requirements of documenting a certain degree of robustness of a structure have only
recently been implemented in building standards such as the Eurocodes, which was rstly
initiated in the United Kingdom after experiencing a collapse in a multi-storey concrete
structure known as the Ronan Point. Along with the requirements of documenting
robustness, a de nition of a robust structure was developed, which has been revised
multiple times over the years, some of which are described below.

* "When the safety-critical parts of the structure are only slightly sensitive to unin-
tended in uences and defects, or when there is no major failure of the structure if a
limited part of the structure fails." [DS/INF-146, 2003]

» "The ability of a structure to withstand events like re, explosions, impact or the
consequence of human error, without being damaged to an extent disproportionate
to the original cause.” [DS/EN-1990, 2007]

» "A structure should be designed to have an adequate level of robustness so that,
during its design service life it will not be damaged by adverse and unforeseen
events, such as the failure or collapse of a structural member or part of a structure,
to an extent disproportionate to the original cause." [prEN1990:2019, 2019]

Although the de nition of a robust structure differs slightly, an overall agreement of
important topics is seen, such as the safety of critical parts of the structure, so that collapse
disproportionate to the initial failure is avoided.

Along with the description of a robust structure, building standards implemented the use

of design failure scenarios, DFS, in which part of a structure is removed, and the remaining
structure is to be proven capable of redistributing the loads without comprehensive
damages. The dynamic actions arising from the local failure can have severe consequences
on the remaining structure, with debris falling and gaining inertia, which has to be
absorbed by the structure below. One event where a small initial failure resulted in a
partwise collapse is the Ronan Point building.

Ronan Point

The Ronan Point structure was a 22 oors tall precast concrete, bearing wall construction
located in London. The progressive collapse of the corner initiated from a gas explosion
on the 18" oor, as illustrated in Figure 2.1. The gas explosion destroyed the peripheral
load bearing wall, which removed the support of the overlying oors.
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Figure 2.2: Simpli ed model of the Ronan Point
Figure 2.1: Progressive collapse of the initiating gas explosion.

corner of Ronan Point.

The initial gas explosion, as illustrated on Figure 2.2 and resulting collapse of the structure
can be described in four overall steps:

1. The initial gas explosion in the apartment, as illustrated on Figure 2.3, resulted in a
blow-out of the peripheral load bearing wall.

2. The blow out of the load bearing wall results in sudden loss of support of the
overlying oors, illustrated on Figure 2.4

3. The built up inertia of the overlying oors impacts and breaks the underlying slab,
illustrated on Figure 2.5

4. Progressive collapse is developed, with the amount of debris and resulting inertia
continuously increasing, illustrated on Figure 2.6

Figure 2.4: Loss of support results in increas-
Figure 2.3: Initial failure of the peripheral wall. ing downward headed inertia of overlying
oors.
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Figure 2.5: The built up inertia impacts and  Figure 2.6: The slab breaks and debris con-
destroys underlying slab. tinue.

The partwise progressive collapse of Ronan Point is one of many examples, where an ini-
tial failure resulted in a disproportionate collapse. In general, buildings are not designed
to withstand loading conditions such as gas- and bomb explosions, vehicle collisions or
aircraft collisions which have been experienced before. Although the accidental load-
ing conditions in some cases will result in a local failure, precautions should be made,
to produce an overall more robust structure, which is strong, ductile and capable of
redistributing loads while not being too costly.

Following the Ronan Point collapse, regularity standards were formulated to prevent
such incidents. Thorough investigations of the Ronan Point collapse began, and the error
was found to be in the lack of continuity of reinforcement. The stringer reinforcement
between slabs consisted of a single rebar placed at the site, with subsequent in-situ casting,
as illustrated on Figure 2.7. The stringer reinforcement had no direct ties to the peripheral
reinforcement, as illustrated on Figure 2.8.

Figure 2.7: Sketch of the stringer reinforcement between slabs in the Ronan Point structure.

The design of the peripheral joints of Ronan Point consists of teethed hollow slab elements
as illustrated on Figure 2.7. The teethed edges rest on the wall abutment, which results in
greater surface area when pouring in-situ concrete. Even still, the improperly designed
peripheral joints in the Ronan Point structure was found to be the direct cause for the

5
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development of progressive collapse. If the building had been properly tied at the joints,
e.g. Figure 2.9, severe cracking would be present in the concrete, but progressive collapse
would be avoided.

Figure 2.8: Joint at the external walls of the Figure 2.9: Example of joint which secures
Ronan Point structure. [Pearson, 2005] continuity.

The actions implemented in the later developed Eurocodes consisted of minimum re-
inforcements as the example in Figure 2.9, with several more measures to avoid such
incidents.

Structural measures for increasing robustness

In section 2.1, the collapse of Ronan Point was found to be because of the lack of reinforce-
ments/ductility in the joints. Additional methods of increasing robustness exist, such as
increasing redundancy of the structure, or by dividing the structure into segments, which
are described in the following.

Redundancy and ductility

The method of increasing the ductility and redundancy in concrete structures through the
use of additional reinforcement is an often seen method of securing a robust structure.
A structural element such as the concrete beam illustrated on Figure 2.10 a) will exhibit
two very different types of failure depending on whether the section is reinforced or not.
If the concrete section is not properly reinforced, the beam will experience a brittle type
failure from tensile cracking or shear, where both the deformation and energy absorption
capabilities are low as illustrated by the brittle failure on Figure 2.10 b). By properly
reinforcing the beam to ensure a exural ductile failure, the beam exhibits an increase in
deformation capability's and therefore energy dissipation properties, as illustrated by the
ductile failure. [Bruce R. Ellingwood and Dusenberry, 2007]
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Figure 2.10: Brittle and ductile failure of a concrete beam.

As for increased ductile behaviour, properly placed reinforcement can increase the redun-
dancy, being the number of load paths for the accidental load to be redistributed. When
constructing systems of concrete slabs and walls, increased use of reinforcement can allow
redistribution of loads through a secondary span direction as illustrated on Figure 2.11,

although such actions will require interior partitions capable of carrying the load, and
therefore reducing oor exibility.

Figure 2.11: Secondary span direction through the use of transverse reinforcement.

If a secondary span direction is not an option, catenary action of the slab and wall structure
is possible as illustrated on Figure 2.12, redistributing the vertical loads through membrane
forces in the slabs to the adjacent walls.
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Figure 2.12: Catenary action of precast concrete slab/wall structure using the two illustrated joints.

Load redistribution is also possible by reinforcing walls and slabs to act as a beam, with
the wall and slabs acting as the web and anges as illustrated on Figure 2.13.

Figure 2.13: Wall spanning an opening using the slabs above and below the wall as anges.

2.2.2 Segmentation

In some cases of securing a robust structure, the method of redistributing loads as previ-
ously described is not suitable, and the method of dividing the structure into segments
can be used.

In the method of segmentation, the local failure of a structure is isolated between dis-
continuities in the structure, such as hinged joints with high ductility and low stiffness.
The segment is created such that the extent of collapse is limited to that speci ¢ area in
which the local failure began, similar to the use of re compartments to con ne a re to
the compartment of origin.

The use of segmentation is widespread in the design of larger structures, such as airport
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terminals, bridges etc. The principal of segmentation and its advantages can be described
by the Confederation bridge illustrated on Figure 2.14, which is constructed with pre-
stressed box girders, each with a 250m span. In the design of the bridge, segmentation was
found advantageous over the alternative load path method, because of the large expenses
required to acquire the necessary strength and ductility to redistribute the loads through
e.g catenary action. In the early design of the Confederation bridge, the design failure
scenarios were determined to be the failure of one of the bridge piers. Modelling of the
pier failure concluded that the collapse could progress into the next span, resulting in a
domino effect with failure of the whole bridge. The solution was to construct the bridge in
segments, with joints as illustrated on Figure 2.15 to eliminate continuity and isolate the
incipient collapse.

Figure 2.14: Confederation bridge (Canada)

[Uwe Starossek, 2009] ) ) o ) )
Figure 2.15: Hinge joint of girder element in Con-

federation bridge [Uwe Starossek, 2009]

A case of structural failure in segments was the airport terminal in Paris illustrated on

Figure 2.16. The terminal consisted of rings which unintentionally was constructed as
segments, with the discontinuity present as expansion joints. The failure initiated in the
roof structure, which propagated to both sides until reaching the expansion joints.

Figure 2.16: Segmentation of airport terminal (Paris) [Uwe Starossek, 2009]

An assessment of the structure after the collapse concluded that if continuity in the joints
had been present, it was likely that the collapse would propagate further.
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It is thus important in the design that if the method of alternative load path is chosen, the

strength required to redistribute the loads must be well documented. If this is not the case,
the continuity present from the alternative load path method will in some cases promote

rather than prevent failure progression [Uwe Starossek, 2009].

Eurocode guidelines

The following section encompasses a state of the art description of the current robustness
rules in the EU and Denmark. The rst European Standard, EN, were implemented in
1984 and the idea was to contribute to a functioning internal market and a uniform level
of safety of construction across the EU. Since the EU consist of many countries there is
some parameters that are left up to the individual country to decide. This is why an EN
Eurocode part consist of rules and recommended values for certain parameters, which
each country can either accept or change in a national standard with annexes. The national
annex thus allow for nationally determined parameters if left open to change in accordance
with the corresponding EN Eurocode part.

The Eurocodes discussed are the latest available versions, unless stated otherwise. The
following Eurocodes will be discussed in this section:

* EN 1990:2002 - Basis of structural design

« EN 1990:2019 - Basis of structural design [Draft 2019-09]

« EN 1991-1-7:2007 - Actions on structures, (Accidental actions)
« EN 1992:2008 - Design of concrete structures

The Danish National Annexes developed in addition to the three Eurocodes are hereafter
reviewed to investigate and discuss the national chosen methods for securing a robust
structure.

* DS/EN 1990:2019 DK NA - Apply to EN1990:2002
* DS/EN 1991-1-7:2013 DK NA
* DS/EN 1992-1:2017 DK NA

EN1990 and EN1991-1-7

As described previously, the general guidelines for reaching a robust structure are found in
the European Standard EN1990:2019 and EN1991-1-7. The distinction between robustness
in compliance with EN1990 and design for identi ed actions in accordance with EN1991,
where structural performance can increase robustness, is shown on Figure 2.17.

10
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Figure 2.17: Strategies for designing for identi ed accidental actions and for general enhanced
robustness. [prEN1990:2019, 2019]

As seen on Figure 2.17 when designing for accidental actions according to EN1991, a
contribution to the robustness is possible through explicit design of the structure. The
explicit design of the structure is described as designing the structure to resist known
accidental actions, de ned as:

» "An identi ed accidental action is one against which a structure is explicitly de-
signed on having been identi ed as possible to occur during its design service life"
[PrEN1990:2019, 2019]

The identi ed accidental actions comprises of e.g. impact loads on a bridge from ships.
The design against the accidental action will then comprise of structural measures such
as increased strength, or protective measures to control or minimise the risk of the event.
The explicit design method will therefore only partwise increase a structures robustness,
and is advantageous if such an incident is the only one relevant.

As opposed to the strategies stated in EN1991, EN1990:2019 mentions three design strate-
gies which instead of increasing the robustness to resist the speci ¢ action, they provide
general enhanced robustness of the structure.

The three methods are described as follows:

1. Creating alternative load paths by increased ductility, deformation capacity and
redundancy.

2. Increasing the resistance in selected structural members, known as key elements.

3. Separating the structure into segments, such that the structure is able to collapse
independently of the remaining structure.

The design for enhanced robustness described in EN1990:2019 is only relevant in some
cases, and the extent of the required investigation is dependent on the authorities choice
and consequence class, CC. The consequence class are divided into three, as described in
Table 2.1 [prEN1990:2019, 2019].

11
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Table 2.1: The three different consequence classes and their de nition. [prEN1990:2019, 2019]

Consequence class\ Consequence of failure

e Low risk of loss of human life
CC1 (Low) « Small or negligible economic, social or
environmental consequences

* Medium risk of loss of human life
CC2 (Medium) + Substantial economic, social or
environmental consequences

High risk of loss of human life or -
CC3 (High) * Large economic, social or
environmental consequences

Danish National Annex

The rules described in the Danish National Annex associated to the Eurocodes previously
described is investigated in this section.

National annex: DS/EN 1990:2019 DK NA

The guidelines described in the national annex for enhanced robustness is dependent
on the consequence class described previously from the European Standards. Structures
placed in CC1 does not require any design methods to provide enhanced robustness. If
the structure is placed in CC2, it is a requirement to make an assessment of the robustness,
along with the use of prescriptive design rules for increased structural integrity and
ductility, as described in section 2.4.2 governing the Danish National Annex approach
[DK-NA, 2017].

Structures with high consequence of failure, CC3, requires in addition to the rules stated
for CC2, documentation of suf cient robustness through the use of Annex E1 and E2.

12
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Figure 2.18: An overview of the robustness requirements in the Danish National Annex.

The guidelines described in the national annex for enhanced robustness divides the
requirements into two different areas, depending on the number of storeys above terrain

in the structure that occupies people, as illustrated on Figure 2.18. The Danish National
Annex E1 states both the general robustness rules in topics E1(1)-(5)+(10), such as the
de nition of a robust structure etc. as well as the methods used to document robustness
described in (6)-(9), which is investigated further. Structures with 15 or less storeys above
terrain follow the rules stated in Annex E1, and structures with more than 15 storeys
above terrain that occupies people are classi ed as high rise buildings, which partly follow
Annex E1, and in addition follow rules stated in E2 [1990DK-NA:2019, 2019].

Annex E1 - Robustness - (6)-(9)

The documentation required in CC3 for structures with 15 or less storeys above terrain, is
comprised of calculations to prove that overall stability of the structure is not at risk, if a
local failure should occur. To document the robustness in CC3, at least one of the three
following methods must be ful lled.

1. Secure that essential structural components, known as "Key elements", has little
sensitivity against unintended in uences.

13
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2. Proving that progressive collapse is unlikely in the case of local failure

3. Securing that key elements has suf cient security against collapse, such that the
structure reaches robustness equivalent to a corresponding structure which has been
proven through criterion #2.

To secure suf cient robustness using method #1, rstly requires that all members identi ed
as key elements are found, after which a process of assessing which unintended in uences
are of high relevance towards the failure of the structure, followed by documentation that
proves that the sensitivity is low towards that unintended in uence. The identi cation

of unintended in uences is open to interpretation, since this may include anything and
nothing, which often will lead to disagreements in the case of third party veri cation. The
above also makes it clear why method #1 is mentioned as not being recommended.

Method #2 is an often used method, and is documented by the use of alternative load path
method, described in section 2.4.3

If choosing to use method #3, the structural system chosen in the design is limited, such
that it resembles structural systems which previously has been proven through method
#2. Bene ts of the approach consist of low costs and low risk of error, although limiting
the extent of which the structural system can be changed.

Additional to the technical documentation through one or more of the above mentioned
methods, the engineer responsible must thoroughly review the design for possible weak
points, identifying key elements and critical load scenarios.

Comparing the three criterion's with the methods described in EN section 2.3.1, it is clear
that they differ in formulation, however two of the topics have the same idea, rst of
which being the importance of key elements, and secondly being the robustness against
progressive collapse, referred to as the method of creating alternative load paths. The
method of creating segments described in method #3 in EN does however not appear
in the Danish National Annex E1, and is instead replaced with the method of using
previously robustness documented structural systems through method #2, to secure a
robust structure. The replacement of method #3 can be explained by how the Danish
National Annex divides the robustness measures depending on the number of storeys
above terrain, such that segmentation only is seen as a useful method in larger structures,
and therefore implemented in annex E2.

14



2.4 Danish National Annex Aalborg University

Annex E2 - Robustness for High rise buildings

In the case of structures with more than 15 storeys above terrain which is used to occupy
people, rules additional to the ones stated in annex E1 (1)-(5) + (10) as described on Figure
2.18 apply, which are described in annex E2.

The procedure of securing the robustness of high-rise buildings is divided into the overall
requirements, followed by two approaches as illustrated on Figure 2.18. The two methods
are both based on identi ed design failure scenarios, and the differences emerge at whether
or not the accidental action is identi ed.

The overall requirements state that the assessment of the robustness of high rise buildings
is done through the use of relevant design failure scenarios. In each of the design failure
scenarios, the expected number of fatalities must not surpass 500, meaning that if necessary
the structure is required to be divided into segments, with each segment occupying less
than or equal to 500 people. The expected number of fatalities pr. square meter varies
depending on live load category, with values shown in Table 2.2

Live load category \ Pers. pr. m?
A, B, C1,D1 1 pers. pr 15 n?
C2,C3,C4,C5,D2| 1 pers. pr4m?

Table 2.2: Expected number of fatalities dependent on the live load category.

To design the horizontal segmentation of the high rise building, the national annex E2
suggests the use of a vertical replacement load, VRL, to imitate the impact loads from the
failure of overlying oors. The loads are divided in three sizes depending on the number

of overlying oors in the created segment, as illustrated on Figure 2.19. As the gure
suggests, the idea does satisfy the requirement of segmentation, as long as the replacement
loads are suf ciently accurate to describe the real world behaviour of multiple storey
failure in high rise buildings.
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Figure 2.19: Vertical Replacement Loads, VRL, used to design high rise buildings into segments
according to annex E2.

Further assessment of the high rise building is done through the use of identi ed design
failure scenarios, which is determined based on whether the actions on the structure is
identi ed or unidenti ed. The identi ed accidental actions consist of hazards such as
abnormal loads, impact loads or deformation related as described in Table 2.3, along with
unidenti ed accidental actions, such as faulty practice.

Table 2.3: Structure relevant hazards and their possible consequences [Bruce R. Ellingwood and
Dusenberry, 2007].

Hazard scenario \ Type of loads

Abnormal loads \ Pressure loads from explosions or wind pressure

Vehicular collisions, falling debris and
swinging objects under construction or demolition

_ Strength and stiffness reduction from temperature changes,
Deformation related | o ngation subsidence

|
|
Impact loads
|

Faulty practice \ Errors in concept, design and execution
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The procedure for identi ed design failure scenarios with identi ed accidental actions,
consist of documentation of the possibility of developing progressive collapse, as well
as documentation of the most appropriate structural measures to prevent progressive
collapse, such as increased ductility, segmentation and reducing risk of errors through
third party veri cation.

More speci cally, the procedure for identi ed accidental actions is illustrated on Figure
2.20. As seen on the gure, the documentation consists of two steps, being the persistent
and transient design situations described in (7), and the identi ed design failure scenarios
described in (8).

Figure 2.20: Flowchart for which Eurocode design approach to apply regarding identi ed acciden-
tal actions.

The choice of approach within the persistent and transient design situation step is up to
the engineer responsible. The rst approach, (7.A1) ensures robustness by increasing the
size of the key elements known to be affected in the design failure scenario. The increase in
size is achieved through increasing the safety factor by 1.2 in the persistent and transient
design situation. The approach is illustrated on Figure 2.21 (7.A1).

The second approach secures robustness by documenting suf cient strength in the acciden-
tal limit state, where the design failure scenario is simulated by removal of elements such
as joints, slabs etc, and the remaining structure is documented to remain stable and not
promote progressive collapse, further described in section 2.4.3 The approach is illustrated
on Figure 2.21 (7.A2).

The identi ed design failure scenarios which are related to accidental failure scenarios is
documented by either using the key element approach (8.B1) illustrated on Figure 2.21
(8.B1), where patrtial coef cients is increased with a factor 1.2 on strength parameters,
and loads relevant for the identi ed accidental action is found in the Danish National
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Annex for identi ed accidental actions [NA:2013, 2013]. The second approach, (8.B2),
introduces limited damage as illustrated on Figure 2.21 (8.B2), after which the structure

is documented to not promote progressive collapse as described in section 2.4.3, both
methods are documented in the accidental limit state.

Figure 2.21: The four possible approaches of documenting the robustness in structures against
identi ed accidental actions.
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For identied design failure scenarios with unidentied accidental ac-
tions, the approach is different than described previously, and the proce-
dure now consists of two possible approaches, as illustrated on Figure 2.22
In the rst approach, (9.C1), the critical

members must rstly be identi ed, after

which they are designed to resist a acciden-

tal replacement load applied in ALS. The

accidental replacement loads is chosen to

be the most unfavourable of either a sur-

face load or point load as illustrated on

Figure 2.23.

In the second approach, (9.C2), illustrated

on Figure 2.23, the critical members are re-

moved, and suf cient robustness of the re-

maining structure is proven in ALS.

Figure 2.22: Description of the robustness de-
mands regarding unidenti ed accidental actions.

Figure 2.23: lllustration of method of securing robustness against unidenti ed accidental actions
(9.C1) and (9.C2).

Minimum reinforcements (DS/EN1992 DK NA)

In addition to the requirements stated in annex E1 and annex E2 described previously,
rules of minimum reinforcement present in concrete structures exist [DK-NA, 2017]. The
rules of minimum reinforcement states that the robustness of concrete structures must
be further increased by placing rebar in joints, beams and walls, to increase structure
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continuity and ductility. One example of the bene ts is illustrated on Figure 2.24, which in
the design only requires reinforcement as illustrated to the left. In the case of a change in
the support conditions, the moment section forces change, as illustrated to the right on
Figure 2.24. The demands of minimum reinforcement as stated in the Danish National
Annex assists these incidents, which to some extent ensures redistribution of loads instead
of structural failure.

Figure 2.24: Consequences of not including accidental design situations in the placement of
reinforcement.

The minimum demands to reinforcement are in the Danish National Annex stated as a
requirement when considering concrete structures, because of the lack of tensile strength
and low ductility properties. The minimum reinforcement act as ties, to increase the
overall redundancy of the structure, increasing the number of load paths for a possible
load redistribution. The amount of reinforcement necessary is based on the consequence
class, where a higher consequence class requires more reinforcement.

The ties required are divided into four types, being:

« Peripheral ties

* Internal ties

» Horizontal ties to columns and walls
 \ertical ties

The peripheral ties are secured by placing reinforcement in the joints with exterior walls.
The vertical ties secure vertical tensile capacity, giving walls the potential of spanning
a local failure. The peripheral and vertical ties can be combined with horizontal ties as
illustrated on Figure 2.25, which together secures a strong connection between horizontal
movement of the slab, and vertical movement of the exterior walls. Furthermore, internal
ties are required, which are spread evenly in the oor and tied to the peripheral ties with
the use of horizontal tie.
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Figure 2.25: Example of combining Internal, Vertical and Peripheral ties.

The reinforcement requirements can in some cases counteract other measures taken to se-
cure robustness. Especially when following the mandatory requirements of segmentation

in high rise buildings, the segmentation approach assures robustness by containing the
collapse to designated areas without affecting the remaining structure. If large amounts

of reinforcement is used to increase the continuity, the failed structure may have a neg-
ative impact on the segmentation strategy, such that the failed structure tries to "pull
down" some of the surrounding structure, resulting in a strategy that promotes rather
than prevents progressive collapse, a phenomenon which is also described in section 2.2.2.

Loss of member method

In the previous sections describing the European Standard and Danish National Annex
approach of securing robustness of structures, the method of documenting suf cient
resistance against progressive collapse in the design failure scenario, meaning after the
removal of the member in question, is mentioned as a viable method independent of
structure type, size or whether the accidental action is identi ed or not. The reason for
this can be explained by how the robustness is documented directly in the case of failure,
and not only by increasing material safety factors, to improve factors such as redundancy
and ductility.

The loss of member method assumes that some part of the structure is removed in the
design failure scenario, where the extent of removal is dependent on whether the design
failure scenario is with identi ed or unidenti ed accidental actions;

« If the accidental action is identi ed as de ned in section 2.3.1, only the affected
structure is removed

 If the accidental action is unidenti ed, area representative to the speci c design
failure scenario is used
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The Danish National Annex [1990DK-NA:2019, 2019] mentions scenarios such as

* A slab and a column
e Aslab and an arbitrary 3 m wall piece

or equivalent failure areas, if the engineer responsible considers that there is a risk if the
structural part fails. After removal of the member or area, the structural stability is proven
to be suf cient to not promote progressive collapse in an accidental limit state.

The limits of acceptance for the localised failure is described as being maximum two on
top of each other oors. On each of the two oors, the maximum collapsing area must be
lower than 15% of the oor area, however the area must not exceed 240 m? pr. oor, and
no more than 360 m? total.

One example of the loss of member approach is illustrated on Figure 2.26 where a wall is
removed, resulting in a failed area. The failed area is acceptable if it is below the limit of
collapse area previously described.

Figure 2.26: Example of failed area resulting from the failure of a peripheral wall.

In the example illustrated on Figure 2.26, only one of the failure scenarios is investigated,
meaning that the robustness requirements are only documented in one of the failure
cases. Documenting the robustness can therefore be a comprehensive and time-consuming
process, where each of the identi ed design failure scenarios are investigated, e.g. failure
in joints, columns, walls etc. where the section forces is documented to be redistributed
to the surrounding load bearing system, without promoting progressive collapse of the
structure.

Including the dynamic aspects

In the loss of member method, one important assumption is made, being that

« The failed area, comprising of slabs, walls etc. is assumed to disappear when failed,
having no in uence on the remaining structure.

The assumption is illustrated with the local failure described in Figure 2.26, where the
failed area in reality is expected to act like illustrated to the left on Figure 2.27, as opposed
to the assumption of disappearing area illustrated to the right.
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Figure 2.27: Left, collapsing area resulting from local failure. Right, assumption of disappearing
area.

Assuming that the failed area is removed in the design failure scenario, the dynamic
aspects of the failure is removed from the analysis, and the resulting loads is not taken
into account. The failure is in reality expected to include phenomenons described in the
Ronan Point failure in Section 2.1, involving the built up inertia of moving members and
high impact forces.

Although not included in the loss of members method, the loads from falling structural
members are previously used and was mentioned as replacement loads in the method
of securing segmentation in high rise buildings described in the Danish National Annex,
[PrEN1990:2019, 2019]. The replacement loads are dependent on the number of storeys
which are assumed to fail, as illustrated on Figure 2.19. The replacement load size orig-
inates from the previous used Danish norm for loads on constructions, [DS410, 1999],
in which the loads was assigned by the ministry of internal affairs, without any further
documentation.

The assumption of disappearing failed area proposes further analysis of the consequences
thereof, in which a concrete structure is investigated for design failure scenarios and
resulting loads from collapsing area.
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(3. DPCA-building

In this chapter a typical precast concrete element structure will be investigated where
some of the proposed actions used to document the robustness principles in annex E1 and
annex E2 are used and explained. The chapter is based on the Danish National Annex
[1990DK-NA:2019, 2019], and proposed actions developed by Jesper Frgbert Jensen to
comply with the robustness requirements.

Building properties

The structure used in the analysis is a typical precast multi-storey concrete building
as illustrated on Figure 3.1. The structural properties and measures was delivered by
Jesper Frgbert Jensen, and describes a building projected for the Danish Precast Concrete
Association as an example of a multi-storey concrete structure, and is throughout the
report referred to as the DPCA-building [Jensen, 2020]. The building consists of a site-cast
basement, followed by 14 oors in which precast elements are used. Even though the
DPCA-building is 1 storey short of being classi ed as a high rise building it is investigated

in accordance with the design principles for a high rise building. These design principles
are described in Danish National Annex [1990DK-NA:2019, 2019] and a description of
the most important parts are detailed in section 2.4. The overall structural measures are
illustrated on Figure 3.1, with the oor plan illustrated on Figure 3.2.
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Figure 3.1: Facade of the DPCA-building. Measures in [mm].

Figure 3.2: Floor plan of the DPCA-building. Measures in [mm].

3.2 Robustness design principles of the DPCA-building

To document suf cient robustness of the DPCA-building in accordance with Danish
National Annex E1 and E2, the following requirements must be met;

¢ Since the DPCA-building is considered a high rise structure, Annex E2 requires the
structure to be divided into segments, such that the expected number of fatalities do
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not exceed the limits described in section 2.4.

 In addition to the segmentation requirement, the DPCA-building must be docu-
mented to have suf cient robustness against identi ed design failure scenarios,
arising through both unidenti ed and identi ed accidental actions.

» The DPCA-building is a concrete structure and therefore requires minimum rein-
forcements as described in EN1992-1-1 DK NA.

3.3 Segmentation and unidenti ed accidental actions

To document the above stated requirements using the approach of design failure scenarios
with unidenti ed accidental actions, and at the same time considering the rules for
segmentation, a proposed method is to rst design parts of the structure with the key
element approach. This way an overall robust frame of the building is reached, after
which only the remaining walls, slabs etc. are investigated with the use of design failure
scenarios. [Jensen, 2020]

To illustrate the issues which can arise when designing the structural system for enhanced
robustness using a combination of a robust frame and failure scenarios, rstly an example
of a not so robust structure is discussed, after which the actions proposed by Jesper Frgbert
Jensen are implemented and discussed.

An example of enhancing robustness by creating an overall robust frame with key elements,
and members which are allowed to collapse can be seen on Figure 3.3. On the Figure the
peripheral walls and parts of the core structure are shown to be designed in the accidental
limit state to withstand the replacement accidental loads described on Figure 2.23.

Figure 3.3: lllustration of key elements in the oor plan design.

The remaining structure must now be designed such that the identi ed design failure
scenarios do not result in damage greater than the stated limits. Since the design failure
scenario is a result of an unidenti ed accidental action, limits comes from segmentation
requirements of the structure, meaning that there are no restrictions to the number of
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oors or size of the area affected directly, only restrictions governing the expected humber
of fatalities.

In compliance with the requirements for segmentation, the horizontal segmentation of
the DPCA-building is determined based on the placement of the key elements, which
form the boundaries of the segment area, as illustrated on Figure 3.4. Within each of
the boundaries of the segmented area which in this case is the oors, the design failure
scenario with unidenti ed accidental actions may be the complete collapse of one storey.
The collapse may as an example be as a result of poor design and improper placement of
reinforcements, after which the joint along the periphery of a segment fails, resulting in a
collapse as illustrated on Figure 3.5.

Figure 3.5: Example of failure in one of the
Figure 3.4: Horizontal segmentation of the  gegmented areas.

oor plan.

In the design of the vertical segmentation, the marked area on Figure 3.5 is assumed
to break in some unidenti ed accidental event, after which the failed area is collapsed,
hitting the oors beneath as illustrated on Figure 3.6 A). The number of oors beneath
which are affected by the failure is here chosen by the design engineer, such that the total
number of expected fatalities remain withing the limits. If it is assumed that 4 storeys are
affected by the collapse, the 5th oor must be designed to withstand the loads from the
falling debris, which results in a surface load of 41 kN/m 2, as illustrated on 3.6 B) and C).
If the limits of expected fatalities is reached within the segmented area after e.g. 4 storeys,
the subsequent oor must be designed to withstand the replacement accidental load in
the accidental limit state. Since the remaining oors are assumed to collapse, they are only
designed in the Transient/persistent design situation as illustrated on Figure 3.6
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