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Abstract

With the emergence of engineered timber as a structural material and, as a result, tim-
ber structures increasing in size and height, the robustness of timber buildings becomes
of interest. Existing Eurocode recommendations and literature on robustness are written
mostly with steel and reinforced concrete structures in mind. Moreover, Eurocode recom-
mendations on robust structures can lead to unsafe design due to a lack of guidance on
dynamic amplification in accidental load cases and shortcomings in the tension tie recom-
mendations.

This thesis explores the technical feasibility of continuous and staggered timber floor
elements to provide a secondary load path in accidental column loss scenarios for timber
column and beam structures. The typology of the analyzed timber structure is a six-story
CC2b office structure, analyzed for spans ranging from 3 to 9 meters. Two timber floor el-
ement types are assessed: CLT plate elements and Lignatur box floor elements. First, the
required cross-sectional height of the floor elements is determined for the standard design
situation (SLS and ULS). Then, the required cross-sectional height in the accidental design
state is determined by assessing the demanded capacities in notional corner, edge, and
middle column removal scenarios. In the column removal scenarios, a Dynamic Load Factor
of 2.0 accounts for the amplification of loads at sudden column loss. The comparison be-
tween required cross-sectional heights in standard design situations and accidental scenar-
ios indicates the technical feasibility and possible additional material costs of a secondary
load path through timber floor elements. Other elements in the analyzed structure, such as
beams, columns, and connections, are checked for required dimensions and capacity in the
standard design situation and column loss scenarios as well to see if they need strengthen-
ing. The structural analysis, derivation of load distributions, dimensioning of elements, and
analysis of elements are all performed by manual calculation methods and validated using
several SCIA Engineer models.

The results show that robustness by secondary load paths through timber floor elements
is possible for timber column and beam structures. The corner column loss scenario is the
most demanding column loss scenario, being most often normative for the cross-sectional
height of the floor elements and restricting the floor span to a certain maximum. The CLT
floor elements can provide robustness for longer spans than the Lignatur floor elements and
at less significant element height increase. The secondary load path through CLT elements
does not require additional material for spans between 7.0 and 8.5 meters for the continu-
ous floor element layout. The staggered floor layout performs significantly worse than the
continuous layout, with smaller spans possible and a need for a larger cross-sectional height
increase. Several column and connection locations along the edge of the building parallel
to the floor span require additional strengthening or design for tensile loads in accidental
scenarios.
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Chapter 1

Introduction

The construction sector has an enormous environmental footprint. It is responsible for
about 50% of globally extracted raw materials and for almost 40% of energy and process-
related emissions [18]. While becoming aware of its impact, the construction industry's tra-
ditional materials are critically assessed. Cement production for concrete, for example, is
responsible for 5-6% of the global CO, emissions generated by mankind [19]. Countless
efforts are made to lower the environmental impact of traditional construction materials.

In the meantime, the environmental challenges have led to an increased interest in re-
placing the carbon-intensive traditional construction materials with low-carbon alternatives
[20]. Engineered timber products are an example of low-carbon construction materials.
They consist of multiple layers of wood glued together to create structural elements like
columns, beams, or plates. Using engineered timber products, CO, captured during wood
growth can be stored in structures.

The design possibilities for building with wood have significantly increased with the emer-
gence of engineered timber products. Timber buildings are becoming larger and taller in
size, with the Mjastdrnet shown in Figure 1.1 as a thriving example with a record height of
85.4 meters [1].

Figure 1.1: Tall timber building Mjestdrnet in Brumunddal, Norway [1].




CHAPTER 1. INTRODUCTION

With the rise of larger and taller timber structures, consequences increase when inci-
dents occur. Over the past centuries, vehicles have crashed into buildings, explosions have
occurred in and around buildings, and construction materials have behaved differently than
expected, sometimes with catastrophic consequences [21]. Incidents leading to (partial)
collapse have triggered research to prevent global consequences for a structure after lo-
cal damage occurs. The research, however, has mainly focused on traditional construction
materials and methods using steel and reinforced concrete.

The research conducted in this thesis will evaluate the current state of guidelines and
literature on robustness in general and on the robustness of timber structures specifically.
The literature research findings are used to analyze a possible robustness approach for a
timber column and beam structure via a secondary load path through continuous floor ele-
ments. The results of this analysis will show whether the proposed robustness method for
timber structures is technically possible and, if so, at what material costs it comes. The main
research question is reformulated after using input from the answers to the sub-questions
(e.g., on which robustness strategy is applied) and reads:

How can timber floor elements provide an alternative load path for full-timber column and
beam structures in accidental column loss scenarios?

The main research question will be answered using the following sub-questions:

« What type of full-timber structure is emerging that demands a robustness strategy in its de-
sign, considering consequences in case of failure and the number of structures constructed?

« What can be learned from designing robust structures with (precast) concrete and steel
structures for robustness in timber structures?

* What robustness strategies are applicable for full-timber structures?

+ What of the robustness strategies for full-timber structures can best provide robustness for
the determined full-timber structure typology?

* How and at what additional material cost can the chosen robustness strategy prevent pro-
gressive collapse in the determined full-timber structure typology?

Chapter 2 provides background information on timber as a structural material. Chap-
ter 3 introduces robustness in general, whereafter the existing guidelines and literature on
robustness in general and for steel, reinforced concrete, and timber structures are evalu-
ated. In Chapter 4, the methodology of the structural analysis performed in this thesis is
presented, after which the structural analysis itself is elaborated in Chapter 5. The results
and discussion of the alternative load path analysis are presented in Chapter 6. Followed by
the limitations of the research (Chapter 7), the conclusions (Chapter 8), and the recommen-
dations (Chapter 9).




Chapter 2

Timber as structural material

While the potential of (engineered) timber opens up new possibilities for timber construc-
tion, certain particularities in the structural behavior of timber have to be considered care-
fully to achieve safe design. For his Ph.D. thesis at ETH ZUrich, Voulpiotis sharply points out
the deal with the robustness of tall timber buildings: "The real concern about tall timber
buildings is not due to fire or structural weakness. It is due to the non-negligible possibility
for serious errors given timber’s complexity as a building material and the potential of un-
expected risks emerging when we scale up to new heights" [21]. Examples of such complex,
potentially risk-introducing properties and behavior of timber are described by Voulpiotis
[21] and summarized as follows:

Moisture sensitivity: Shrinking and swelling in environments with varying moisture
content can cause problems. In the worst case, a fungi attack dramatically reduces the
structural strength.

Orthotropy: Timber has strong longitudinal strength but weaker tangential and even
weaker radial strength, increasing the complexity of designing with timber and in-
creasing risks of failure by stress perpendicular to the grain.

Low stiffness: Since the stiffness of structural timber is relatively low compared to
reinforced concrete and steel (three and twenty times less stiff, respectively), the de-
flections, second-order effects, and comfort of buildings are more complex to satisfy.
Brittleness: The brittle failure modes of timber under tension, bending, and shear
make the need for careful design of ductility in steel connections essential to activate
new load paths in case of an incident. The typical stress-strain relation of timber is
given in Figure 2.1.

Creep: Deflections in timber structures increase slowly over time, even without load
increments. This effect has to be accounted for and is particularly complex in hybrid
structures where settlements differ per material.

stress ,

£ tension
t,0,m

Eou Eoy B strain

o

] -
[ TR g

] = f

[ c,0m

compression

Figure 2.1: Typical stress-strain diagram of timber [2]
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Chapter 3

Robustness in literature

3.1 Structural robustness

As described in Chapter 1, incidents with buildings and other structures have been inevitable.
A collapse with significant consequences that initiated the research into the resilience of
structures is the partial collapse of the Ronan Point tower in London in 1968, as depicted in
figure 3.1. After a gas explosion on the 18™ floor of the 22-storey Ronan Point tower, all 22
corner floors came down [21].

Figure 3.1: The partial collapse of Ronan Point [3]

While strategies exist to limit the risk of incidents occurring, preventing any damage
from all threats in and around buildings is virtually impossible. When an incident damages
a specific part of a building (local damage), it should not result in the failure of adjacent
sections, resulting in catastrophic consequences (global failure). The phenomenon of local
damage resulting in global failure is described as progressive collapse [22] and should always
be prevented.
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Ellingwood and Dusenberry have described the probability of progressive collapse [23][24]
in Equation (1).

P(C)=P(E)-P(D|E)-P(C|D) (M
Where:
P(C) = Probability of collapse
P(E) = Exposure (risk of unexpected events)
P(D|E) = Vulnerability (consequences of the event to structure on a local level)
P(C|D) = Robustness (consequences for the global structure after local failure)

P(E) and P(DI|E) can not be anticipated due to their unpredictable nature. The event is
unknown, and thereby the consequences for the structure are hard to control. It is, there-
fore, preferable for the designer of a structure to focus on the behavior of the structure after
the loss of certain elements (e.g., a wall or column), thus omitting the attempt to predict an
uncertain incident and the corresponding local damage. Robustness [P(C|D)] is the term in
Equation (1) that covers the vulnerability of the global structure to damage at local levels,
for example by activating an alternative load path (ALP) after the loss of a certain element.
By omitting the need to predict the type of unexpected event, robustness is an effective and
reliable measure to limit the risk of progressive collapse.

Various mechanisms can lead to the progressive collapse of structures. These mecha-
nisms have different causes and counter-mechanisms, which is why it is useful to distinguish
them separately. Starossek has described six types of progressive collapse types, which are
listed and explained below [25]:

1. Pancake collapse

+ After the failure of a load-bearing element, part of the structure falls, releasing
potential energy into kinetic energy. The impact of dropping elements on the
remaining structure causes more elements to fail and come down, resulting in
vertical, stack-of-pancake-like, progressive collapse, like the partial collapse of the
Ronan Point tower from Figure 3.1.

2. Zipper-type collapse

+ After the failure of a structural element or node, the forces are suddenly redis-
tributed to other elements in the structure. The sudden redistribution of loads
causes a dynamic amplification of the redistributed loads, causing overloading
and failure of elements similar and adjacent to the initially failed element. The
progressive failure of elements and, thereby, collapse progresses to other similar
elements or nodes in a direction transverse to the initial load direction. For exam-
ple, cable-stayed bridges where the failure of one cable leads to the failure of all
cables consecutively.

3. Domino-type collapse

* Like a series of domino blocks, the overturning of one element causes a horizontal
impact on an adjacent element (either direct or via intermediate elements like
beams or cables), overturning and hitting another element, causing a progressive
collapse in the overturning direction.

4. Section-type collapse

« If an element is cut or damaged partially, the stresses concentrate on the remain-
ing part of the cross-section of the element. The increase in stress in the remaining
part of the cross-section can lead to the rupture of more parts in the cross-section,
progressing into complete failure of the cross-section. While section-type collapse
has similarities to zipper-type collapse, it is distinguished as a separate collapse
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type since it is about the progression of failure within one element instead of a
failure within a system of elements.

5. Instability type collapse

* The failure of elements that stabilize load-carrying elements can lead to instability
of these load-carrying elements if they are loaded in compression. When desta-
bilized, small perturbations can lead to the collapse of load-carrying elements,
leading to the progression of more failures.

6. Mixed-type collapse

* While the previously described types of collapse are conveniently categorized,
real-life collapses have showcased a combination of the described collapse types,
where one of the collapse types might trigger another collapse type to occur si-
multaneously or subsequently.

On the other hand, strategies to prevent progressive collapse have been researched and
described. Fascetti et al. found that continuous and redundant frames can generally absorb
local damage. However, their ability to resist progressive collapse depends on many factors
that have yet to be identified in a methodical and reliable manner [6].

Other acquainted methods to redistribute loads in case of an incident are the arching ac-
tion of walls as (cantilevering) deep beams, suspension action with truss structures, Vieren-
deel action, catenary action, and membrane action in floors [5], as visualized in Figures 3.2
to 3.6.

0%

Figure 3.2: Staggered walls bridging the gap of a lost wall element on the ground floor level,
adapted from [4].
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Figure 3.3: Suspension action in a frame after a mid-column is removed, adapted from [5].

S
b

Figure 3.4: Vierendeel action redistributing loads through rigid connections after the loss of
a column, adapted from [5].

Load (P)

—w/ catenary effects
--w/o catenary effects

Displacement (A)

Figure 3.5: Load - displacement graph showing the behavior of catenary effects [6]

Figure 3.6: Membrane action in a floor after a middle column is lost
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3.2 Robustness in the Eurocodes

The robustness of structures is treated in Eurocode 1: Actions on structures - Part 1-7: General
actions - Accidental actions [7] and for the Netherlands in the corresponding Dutch Annex
[17]. These documents give guidelines on designing structures to withstand accidental loads
such as impact loads and explosions. In Eurocode 1-1-7, robustness is defined as "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" [7].

The guideline to design structures in accordance with the risk of accidental loads and to
ensure the robustness of a structure is defined as an acceptable boundary for what floor
area of a structure may collapse. In paragraph 3.3 of Eurocode 1-1-7: Accidental actions [7],
requirements are listed to prevent global instability or collapse caused by local failure. The
prevention of global instability by local damage is quantified as follows: the maximum al-
lowable floor area to collapse is the smallest value of either 100 m? or 15% of the gross
floor area of two adjacent floors, caused by the removal of a random supporting column,
support or wall, as visualized in Figure 3.7. Notable in the accepted damage described in
Eurocode 1-1-7 is that the consequent (impact) load by debris coming from damaged areas
is not regarded [26].

()
B = o ! )\L“—m\

L
— :
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O O
| Il
(a) Top view (b) Section view

Figure 3.7: By Eurocode 1-1-7 recommended maximum allowable floor area to collapse [7]

Another listed approach is to design the connections and other details in a structure with
sufficient robustness by applying tension ties in three dimensions, designing for sufficient
ductility, or similar approaches [7, 17]. Tension ties can be realized in multiple ways, for
example, through additional steel reinforcement in cast concrete or by adapting floor beams
to act as tension ties in case of damage.

Eurocode 1-1-7 also states that the consequence class of a structure determines what de-
sign principles should be regarded in terms of the robustness of a structure. Which struc-
tures belong to what consequence class is shown in Table 3.1. The methods recommended
by the Eurocodes to provide robustness in the design of buildings for each of the conse-
quence classes are described in Table 3.1.

For designing structures with critical elements (CC2b) mentioned in Table 3.2, an acci-
dental load A; must be applied in horizontal and vertical directions on the element and con-
nected parts, accounting for their ultimate strength. The recommended value of 34 [kN /m?]
can be a concentrated or a distributed force [7]. The value of 34 [kN/m?] is disputed. The
value originates from an estimated explosion blast pressure level based on observations
made at the Ronan Point collapse described in Chapter 3 [27]. E.g., blast loads from vehicle-
borne improvised explosive devices (VBIEDs) can exceed the value of 34 [kPa] by over two
orders of magnitude [28]. Furthermore, the use of over-designing key elements (critical
element method) should be a last resort since the failure of critical elements will result in

9
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Table 3.1: Classification of buildings types to Consequence Classes, adapted from [17].

Consequence Class

Description/example

Single-family homes with 1,2 or 3 building layers.

(low-risk group)

cc Agricultural buildings, greenhouses, and industrial buildings with
limited people inside.
Single-family homes with 4 or more building layers.
Dwellings, hotels, and offices with maximum 4 building layers.
CC2a Educational buildings with 1 building layer.

Public buildings with a floor area below 2000 m?.
Industrial buildings, parking garages or stores with 1 or 2 building
layers.

CC2b
(high-risk group)

Dwellings, hotels, and offices with 5 or more building layers.
Educational buildings with 2 or more building layers.

Public buildings with a floor area above 2000 m?.

Hospitals with 1, 2, or 3 building layers.

Industrial buildings, parking garages, or stores with 3 or more
building layers.

Cc3

Buildings above 70 meters tall.

Buildings with public functions or with spans over 50 meters that
result in danger for over 500 people in case of collapse.
Hospitals, nursing homes, and jails with 4 or more building layers.
Control towers of international airports.

Industrial buildings containing hazardous substances or pro-
cesses for which an environmental permit is required.

global, brittle failure with disastrous consequences [29].
In Eurocode 0: Basis of Structural Design, the standard equation for the combination of
loads is given by means of Equation (2), while the accidental load combination is given by

Equation (3) [30]:

Eqg= Z Y6,j Gij Y01 Qi1+ Z 70, Yo,i Qi (2)
j>1 j>1
Eqacc = Z Gij+Aq+(P110rY571)Quq + Z Vo, Qi (3)
j=1 j>1

Whether A; and v, ; Qi ; Or ¢, ; Qi ; should be used, depends on how the accidental load
caseis assessed. If an actual load describing a shock, fire, or emergency repair is considered,
avalue for A, is prescribed, and v, ; Qy ; is used. Alternatively, the condition of the structure
after the accidental load can be assessed. A, is then omitted, and the element at issue is
considered to be lost entirely. The Dutch Annex of Eurocode 0 also states that 1, Qy; is
only to be used when checking the combination of wind and fire. For the assessment of a
structure after the loss of a column, v, ; Q, ; should be used. As a result, the applied formula
for the accidental load combination of equation 3 is adapted into Equation (4) [31]:

Eqgee =Gt Y1 Q1 =G+0.3-Qy, (4)

In the assessment of the loads in the accidental situation, the wind load is not regarded
[31], and the load duration can be considered as very short [32].

10
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Table 3.2: Recommended analysis method for accidental design situations corresponding
to each Consequence Classes [7].

Consequence Class

Robustness design strategy recommended by Eurocode 1-1-7

If a structure is designed and constructed in line with the gover-

(low-risk group)

cc ning Eurocode standards, specific accidental load considerations
are not needed.
Depending on the specific circumstances of a structure, a simpli-
fied calculation using models with equivalent loads may be used,
CC2a or prescribed design and detailing rules may be used.

Effective horizontal tension ties (column structures) or effective
anchoring of floors and walls (bearing wall structures) should be
applied.

CC2b
(high-risk group)

In addition to the recommended strategies of consequence class
CC2a, vertical tension ties should be effectively combined with the
horizontal tension ties in all load-bearing columns or walls.

Or, as an alternative, the structure can be assessed by the imagi-
nary removal of all load-bearing columns (and beams carrying
such columns) or random parts of load-bearing walls. During this
imaginary removal, the stability of the global structure can not
be compromised, and the local damage may not exceed a deter-
mined value.

If the removal of a column, beam, or wall does lead to global in-
stability or more extensive damage than allowed, this element
should be designed as a critical element.

cc3

An investigation into the specific circumstances should be per-
formed to assess the required reliability level and depth of the
structural calculations. This assessment can lead to the need for
a risk analysis using sophisticated methods like dynamic calcu-
lations, non-linear models, and the interaction between the load
and the structures. Such a systematic risk analysis should be per-
formed concerning foreseen and unforeseen accidental loads.

For structures with columns in consequence class 2, the recommended design strategy
for a robust design according to Eurocode 1-1-7 Accidental Loads [7] features internal and cir-
cumferential tension ties, regardless of the construction material. Virtually all examples and
practical applications noted in Eurocode 1-1-7 refer specifically to concrete and hybrid steel-
concrete structures. The design requirements for tension ties are described in Equations (5)

and (6).
T; =0.8-(gx +¥qi)sL , with a minimum of 75 kN (5)
T, =0.4-(gx +q)sL , with a minimum of 75 kN (6)
Where:
T, = tensile design load for internal tension ties [kN]
T, = tensile design load for circumferential tension ties [kN]
g; = characteristic value of the dead load [kN /m?]
qr = characteristic value of the variable load [kN /m?]
vy = factor to combine the value of load effects in the accidental state  [-]
s = distance between tension ties [m]
L = length of the tension tie [m]

11
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It is unclear what the origin of Equations (5) and (6) is, what the minimum value of 75 kN
is based upon and, most importantly, how the tension ties should be implemented. Due to
the limited background and implementation instructions, Bhagwandas [33] found that for
a design case study of a concrete frame building, a progressive collapse would have taken
place if the tension ties were to be placed as prescribed by Eurocode 1-1-7 Annex A.

Another measure to increase the robustness of a structure that is mentioned in Eurocode

1-1-7: Accidental loads is the activation of Alternative Load Paths (ALPs) [7]. The concept be-
hind ALPs is that certain elements are designed to take the loads from other elements in
an accidental load situation, thus enabling a secondary load path when needed. However,
apart from mentioning ALPs as a possible measure once, no explanatory notes are given in
the relevant Eurocodes about what such a secondary load path should fulfill.
In contrast to the Eurocode guidelines for concrete structures, the specific Eurocode guide-
lines for the design of timber structures and the accompanying Dutch Annex do not mention
additional timber-specific measures to ensure the robustness of timber structures or to pre-
vent progressive collapse in case of an incident [34] [32].

3.3 Robustness of non-timber structures

The limited amount of research on the robustness of timber structures will be described in
Section 3.4. Since more research has been performed on the robustness of concrete and
steel structures, a literature study has been conducted to see what can be learned from the
robustness of structures erected from different materials than timber.

Robustness of concrete structures

In-situ-cast concrete structures have a high degree of continuity since the continuously cast
concrete connects all elements, and the continuous reinforcement bars run through multi-
ple elements [4]. In case of the loss of a certain structural element, this continuity improves
the structural collaboration between different elements, leading to an easier redistribution
of loads. However, it should be noted that the performance of cast-in-place concrete struc-
tures depends entirely on the reinforcement layout [27].

The structural continuity of cast-in-situ concrete is lost when precast concrete elements
are used. Splitting a structure into elements that can be precast in a factory and connecting
them on-site requires clever detailing of the connections between the elements to provide
(some) continuity. In the early stages of precast concrete construction, the lack of continuity
can beillustrated by the collapse of Ronan Point mentioned in Chapter 3, as the partially col-
lapsed tower was an early precast structure [4]. Nowadays, precast elements are often con-
nected through protruding rebars, which are slotted into a recess (gain) of another element,
after which the gain is filled with a mortar, fixating the protruding rebar from one element
in the gain of the other element. To improve the continuity of precast concrete structures,
a statically indeterminate structure can be designed to span over damaged building areas.
The static indeterminacy can be achieved by moving the connection between the prefab
beams from the column location to the zero-moment spot [35].

In the analysis of the measures depicted in Eurocode 1 against the progressive collapse of
precast concrete structures, Van Dijk [4] concluded some important shortcomings when it
comes to applying tension ties in the way they are described in the Eurocode. The approach
described in Eurocode 1 does not yield the desired alternative load path for corner columns
or walls, nor can the structural elements adjacent to the partial collapse provide enough
stability to take the horizontal loads caused by the catenary action of the tension ties. These
shortcomings are not accounted for in the Eurocodes, resulting in unsafe design when fol-
lowed literally. De Boer [36] also showed that tension ties, as described in the Eurocode,
do not work when a corner column is lost. De Boer suggests investigating the potential of

12



CHAPTER 3. ROBUSTNESS IN LITERATURE

diagonals or infill walls to guarantee progressive collapse prevention when a corner column
is lost.

Robustness of steel structures

For steel structures, the 75 [kN] tying resistance noted in Equations (5) and (6) can be achieved
relatively easily by using a minimum element web thickness of 8 [mm] and a minimum of
two M20 grade 8.8 steel bolts with a maximum of 140 [mm] spacing between the centers of
the steel bolts in connections that should take the tensile force coming from the tension ties
[27]. While this might suggest robustness is straightforward to incorporate into the design
of steel structures, the problems with the tying force method described earlier in Section
3.2 also hold for steel structures. Calculations by Byfield et al. [28] show that the tying force
method described in design codes only yields a lower bound estimate of the required tying
capacity to arrest the downward movement of parts of a structure in an accidental scenario,
as the dynamic amplification of the loads in such a scenario are neglected. In addition,
Byfield et al. state that industry-standard steel connections do not have the rotational ca-
pacities to allow catenary action to develop in steel-framed buildings [28]. However, when
properly designed, a flexural response of steel structures is observed first, after which, when
the flexural strength and the ductility are high enough, a stiffening phase by catenary action
in the steel beams can be achieved [10].

3.4 Robustness of timber structures

The findings in Section 3.3 Robustness of non-timber structures are not directly applicable
to timber structures due to differences in material properties and subsequent structural
application and detailing. C. Lyu et al. summarize the differences for mass timber structures
as follows [37]:

+ Lack of continuity between prefabricated timber elements.

* Brittle tensile, bending, and shear failure modes of timber.

+ Connections between beams and columns in timber frame buildings are not designed

to resist bending.

+ Lack of ductility in connections.

While the research on the robustness of timber structures specifically is limited, some
research has been done in recent years in attempts to take inventory of the challenges de-
scribed above for the robustness of timber structures and how to overcome the challenges.

Mpidi Bita has performed numerical and experimental research on disproportionate col-
lapse prevention of timber systems. A dynamic non-linear analysis of a twelve-story code-
compliant CLT building showed a 32% probability of collapse if the building was not designed
with conscious robustness regards. Bita also found that conventional connections between
mass-timber floor systems are most often inadequate in generating alternative load paths
due to low axial strength and ductility [38]. To overcome the lack of axial strength and duc-
tility, Bita proposed a novel connection design consisting of steel tubes recessed in adjacent
timber floor elements, connected by a steel rod. This novel connection design helps to form
catenary action, allowing for ductility of up to 15% of the floor span while providing enough
axial strength [38]. The novel connection design is visualized in Figure 3.8.

The drawback of such a connection type is the introduction of acoustic leaks between
adjacent and superimposed rooms and steel exposure in fire scenarios.

Continuous beams and slabs can help the floor system to cantilever over a removed edge
or corner column to prevent disproportionate collapse [39]. Compared to single-span, CLT
panels spanning two bays resulted in significantly higher ultimate loads when tested for
column removal scenarios in experimental and numerical analyses [37].

The low weight-to-strength ratio of timber can be advantageous in accidental load sce-
narios. Structural timber is about five times less dense than reinforced concrete and about
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(a) Connection element shown above CLT plate (b) Connection element lowered into the CLT plate

Figure 3.8: Novel steel connection designed and tested by Mpidi Bita [8]

fifteen times less dense than steel. A benefit in forming ALPs in timber could be that the
self-weight of structural elements, such as floors coming down, is lower than in reference
structures, thereby reducing (dynamic) self-weight inertia loading and debris mass [23].

Relevant case studies

J. Huber describes the robustness strategies of several timber buildings constructed around
the globe in his PhD thesis [23], as listed below (supplemented by two case studies of other
sources):

+ Stadthaus, London.
- CLT panel construction, 29 [m] tall.
- Designed for loss of one single wall of floor panel and to sustain an impact load
pressure of 7.5 [kPa] on a wall panel.
* UBC Brock Commons Building, Vancouver.
- CLT floors, GluLam elements construction, 53 [m] tall.
- Designed to lose one column and let the structure above hang from the remaining
structure.
* Mjgstarnet, Norway.
- GluLam column-beam-diagonals structure, 85.4 [m] tall.
- Columns designed as key elements, designed to afford losing one diagonal and
to resist the impact load of one concrete floor coming down to the story below.
* HoHo, Vienna.
- Concrete core, CLT walls, and GluLam beams and columns, 84 [m] tall.
- Horizontal and vertical ties cast in concrete in the connections and the ability to
afford the loss of one column.
* Treet Building, Bergen (Norway).
- GluLam trusses, concrete power stories, prefabricated stacked modules, 48 [m]
tall.
- Numerical analysis to check deformation capacity, segmentation per power story,
escape route checked for debris load impact [29].
+ International House Sydney, Sydney.
- CLT panels, GluLam beams, and columns, 30 [m] tall.
- Ground floor: concrete columns to provide protection to vehicle impacts, fire loads,
and termite attacks [37, 40].

Three main approaches to incorporate robustness in timber structures can be seen in
the reference structures listed above: alternative load path analysis by notional element re-
moval, the design of critical elements, and robustness measures taken in (reinforced) con-
crete parts of hybrid structures.
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3.5 Dynamic effects at column loss

In the case of sudden element loss, static load assumptions of the structure’s response
might not suffice. Inertia effects of the remaining structure can amplify the resulting redis-
tribution of load, which must be taken into account correctly. The conservative upper limit
of the amplification is found by assuming the removal of elements to be instantaneous [27].
In static analysis, this inertia effect is considered using a Dynamic Load Factor (DLF), which
converts the displacement of the static analysis to the displacement of a dynamic analysis
[27]. The DLF is thus defined as the ratio between dynamic and static displacement.

w n
DLF = - )

Wstat

Powell [9] describes that when a column is suddenly removed, the applied load is al-
ready present (containing potential energy). The energy in the structure’s response builds
up as the deformation of the structure occurs. The maximum deformation the structure
undergoes is found at the point where the kinetic energies equals zero. At this point, the
internally built-up deformation energy equals the (now reduced to zero) potential energy of
the load. Figure 3.9 visualizes the load and response energy magnitudes as a function of the
displacement for a single-degree-of-freedom system. The maximum deformation, thus the
point at which the potential energy of the load and the deformation energy in the structure
are equal, is found where the area below the graphs in Figure 3.9 (b) are equal.

Load and Linear structure

Gra\nty load = P Resistance
A
Nonlinear
Constant —e
grawty >
load,
Remove
this column >
Deflection
(a) Simple Frame (b) Deflection for Energy Balance

Figure 3.9: Energy response of a linear and a non-linear structure [9].

For illustrative purposes, Figure 3.10 shows the energy response for a linear structure
caused by a static load. Figure 3.11 shows the energy response to the same magnitude of
load P, but now suddenly applied (analogue to sudden column loss). For a linear elastic
structure, the point at which the resulting load R is twice as high as load P, the kinetic en-
ergy reaches zero, and the maximum deflection is reached, resulting in a DLF of 2.0. In other
words, the triangular area of the internally built-up deformation energy (marked red in Fig-
ure 3.11) reaches twice the magnitude of load to equal the blue area below the rectangular
suddenly applied load energy graph.
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Figure 3.10: Energy response of a linear structure by a static load, adapted from [9].

Load and Load and ;
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R
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Figure 3.11: Energy response of a linear structure by a suddenly applied load, adapted from
[9].

This means that if timber elements take the dynamically amplified loads at the loss of a
column, the loads in these elements have to be doubled for static analysis. If the dynamically
amplified loads are taken by other parts of a structure consisting of a material with non-
linear stress-strain behavior, the maximum deflection and load increment depend on the
(non-linear) load-deflection curve [9].

Loads are dynamically amplified only at the location above a lost structural element, as
visualized in Figure 3.12. The DLF acts on dead loads G, (coming from the floor elements,
beams, columns, and facade) and on the dominant reduced variable live load Qy ;.

DLF - (G + 0.3+ Q1)

g, o625 0 I i L
v v v v v _ J ! v
v v v + v v - J ! v
I I o ]

Figure 3.12: Loads amplified with a DLF at the location where a column is lost, adapted from
[10].

How (and if) the dynamic amplification of loads is regarded in the accidental load situ-
ation described in the Eurocodes for Accidental loads is unclear. In Equations (5) and (6) in
Section 3.2, which state the design loads for tension ties, it is not described whether dynamic
amplified loads are accounted for. DLFs are mentioned in Annexes of the Eurocode for, e.g.,
vessel impact loads on civil works, but not for accidental design scenarios in buildings.
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3.6 Literature conclusions

The main takeaways of the literature review that will be considered in the further research
conducted in this thesis are:

1. The Eurocode recommendations for the accidental design situation do not always re-
sult in a safe design for steel, RC, and timber structures (Section 3.2). A lack of (con-
sciously regarded) dynamic load amplifications can be a possible cause. Moreover,
tension ties are not activated in corner column loss scenarios (Section 3.3).

2. Ideally, using key elements as a robustness measure should be avoided, as it requires
an assumption of the magnitude of the accidental load. If the assumed load is ex-
ceeded, catastrophic consequences can occur (Section 3.2). A load-independent ro-
bustness approach is preferred, such as ALP analysis (Section 3.1).

3. Continuous and staggered floor elements can (potentially) provide a secondary load
path in accidental scenarios (Section 3.4).

4. If sudden accidental loads are absorbed in a linear-elastic (timber) structural element,
a DLF of 2.0 should be regarded to consider the dynamically amplified loads (Section
3.5).
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Chapter 4

Method

4.1 Analyzed timber structure typology

To assure robustness in full-timber structures, the continuity and staggering of timber floors
over more than one floor-bay for alternative load paths are investigated. The idea is that,
in case of a sudden column loss, floor elements spanning only one bay lose their structural
purpose completely. However, when a floor element spans over two floor bays, thus over
three grid lines with beams and columns, two supports always remain in case of sudden
column loss. The potential of continuous and staggered timber floor elements is mentioned
by Lyu et al. [37] and Bita et al. [39]. In the structural analysis conducted in this thesis, the
feasibility of secondary load paths using two-span timber floors in the accidental situation
is assessed.

A structure typology has to be decided to see whether continuous and staggered floors
can be a feasible robustness strategy. Based on the analysis of the Eurocode in relation
to robustness in Section 3.2, a timber structure typology belonging to consequence class
CC2b will be analyzed for progressive collapse prevention. In lower consequence classes,
the consequences are lower in case of an incident, and the prescribed guidelines are less
demanding (see Table 3.2). In the higher consequence class (CC3), a greater variety of struc-
ture typologies can be found. An example of a CC3 typology is a high-rise structure above 70
meters tall, for which the assessment of robustness methods is of high complexity. At the
University of ETH Zurich, K. Voulpiotis has extensively described the complexity of robust-
ness of tall timber structures in his PhD thesis, including possible solutions [21].

A full-timber frame building, constructed using columns and beams, can be a suitable
typology for multiple types of CC2b structures (hotels, apartment buildings, and offices
between five and fifteen stories tall [7]). To pragmatically assess the robustness of CC2b
structures via activation of a secondary load path in the floor elements, an office building
consisting of a six-story full-timber structure will be analyzed. An office building type is in-
teresting to investigate due to the demand for an open floor plan layout in office structures.
Therefore, the development of an alternative load path can not simply rely on, for instance,
the redundancy of walls separating houses in an apartment block.

To analyze the performance of timber floors in column removal scenarios, the structural
layout of a timber building is brought back to a simple form. As indicated in Figure 4.1, two
building layouts are regarded. The two-bay structure of Figure 4.1a features only two-span
floors running over two floor fields. The three-bay structure features single-span and two-
span floors in a so-called staggered layout, alternating single- and two-span floors behind
and next to each other. The staggered layout is assessed because buildings can have fea-
tures in their floorplan design that make itimpossible to use continuous floors only. If three
floor-bays are aligned, and no element lengths are available to span the entire structure,
the staggered structure, as shown in Figure 4.1b, can still be realized. While the single-span
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floors will not be able to form a second load path in case of an accident, there are always
continuous floor elements adjacent to the single-span floors that can redistribute the loads.
Figure 4.1b highlights a few single-span and double-span floors to visualize the staggered
pattern better.

(a) two-bay structure, continuous floors (b) three-bay structure, staggered floors

Figure 4.1: Simple representation of analyzed structural typologies

Although timber floor elements are connected in practice (e.g., to redistribute horizontal
wind loads), they will be regarded as separate elements adjacent to each other for perfor-
mance in accidental scenarios. It is not likely that the connecting plates (for wind load redis-
tribution) have sufficient capacity to keep the floor elements working together in accidental
scenarios.

The calculations are validated by comparing the results with SCIA models in the funda-
mental and accidental states for multiple spans. The results of this comparison can be found
in Appendix E.
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4.2 Notional column removal

The approach to analyze the robustness of the chosen typology will be by notional removal
of columns. The notional sudden removal of columns does include dynamic load amplifica-
tion effects while remaining a load-independent analysis strategy [26].

As found by Qian and Li [11], when a column of a multistory frame building is lost, all
floors above deform simultaneously and with similar damage at each floor level. This indi-
cates that all floors together redistribute the loads that were up until recently carried by the
lost column. Thus, if the type of structural elements, their dimensions, and the loads at each
floor level are similar, the performance of the complete structure in column loss scenarios
can be assessed by analyzing the performance of one story level, as long as the applicable
boundary conditions are correct.
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ARAKEEAIREE] : . . .
T[T 1A T 1 1 Luupe
BRBIEEERIRRE] Roof Floor

TTARETY RN [ CF
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AESEEEEEEE] Ent:r.med\'ote Floor g
* * * + * * * * * Constraints ft

e cchien | as; asstmed Jst corner join

= - - IHiYH*?*H in support
TTI1 % I

Bottom Floor

Figure 4.2: Representing a frame building as single story substructures [11]

Since the dynamically amplified load at the loss of a column is taken by full-timber linear
elastic floor elements, the DLF is regarded as 2.0 (see Section 3.5).

Since the objective is to see the performance of different types of floors and for several
floor spans, a framework is constructed to evaluate the structural elements’ performance
per design criterion for multiple floor spans and floor types. The criteria for which the timber
elements are designed and checked are described in Chapter 5, followed by an elaboration
of how the calculations result in an overview that indicates the extent of robustness. An
elaborated example of the calculations for one floor span and element size can be found in
Appendix B.
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Chapter 5

Structural analysis

This chapter presents and elaborates on the structural analysis conducted to assess the
feasibility of a secondary load path via two-span timber floor elements in column removal
scenarios. The floor elements types regarded in the analysis are described in Section 5.1.
The dimensioning of floor elements for standard design criteria is elaborated in Section
5.2. The capacity demands of the floor elements in the accidental scenarios are elaborated
in Section 5.3. The required element sizes obtained in Sections 5.2 and 5.3 indicate if the
floor elements can provide a secondary load path in accidental column loss scenarios and,
if so, at what additional material cost compared to the standard design criteria. The capacity
demands of adjacent structural elements (beams, connections, and columns) are compared
in the standard and accidental design states in Section 5.4. Figure 5.1 provides a graphical

overview of the analysis performed in each section.

Two timber floor element types analyzed:
- CLT plates (using y-method)
- Lignatur elements (using Built-up Elements theory)

Section5.1

Accidental design scenarios
Corner, edge and middle
column loss.

Standard design situation
ULS (Moments and shear)
SLS (Deflections and

vibrations) Checked for moment and
shear capacity
Section5.2 Section5.3

Results
Ofthe floor element
performance
Section6.1

Adjacent elements checks
Beams, columns, and
connections checkedfor
standard and accidental
design scenarios.
Section5.4

L For continuous and staggered floor element layouts

Results
Ofthe adjacent
element checks

Sectioné6.2

Figure 5.1: Overview of the calculations performed for the structural analysis.
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5.1 Floor elements used in analysis

The analyzed timber floor element types are box floor elements (based on elements pro-
duced by Lignatur [13]) and CLT plate elements (based on the products of manufacturer
Derix [41]), as visualized in Figures 5.2 and 5.3. The additional mass of service and comfort
layers for both floor types is considered based on the layers presented in Figures 5.2 and 5.3.
Appendix A gives a complete overview of the floor element configurations. Since engineered
wood products like CLT and Lignatur elements are manufactured using planks of wood that
are glued together in height and length to form structural elements, the dimensions of such
elements are well customizable. This allows for long elements to be constructed, which lend

themselves well to span multiple floor bays.

Figure 5.3: Reference Lignatur configuration for the box floor elements, adapted from [13]

1000mm
14mm timber flooring
3mm foam underlay

| |
ﬁ:ﬁmmm plaster board

" ~—22mm fibre board

i 20mm acoustic matting
%780mm washed gravel

CLT (thickness is element
dependent)

2x 5mm fire protection board

Figure 5.2: Reference configuration used for the CLT elements, adapted from [12]

1000mm

KNAUF GIFAfloor
(office flooring)

40mm mineral fibre
AR RRRCARRRY = RRRRRRRRRART = AR AR AR

(footfall insulation)

Lignatur cassette floor
(height element dependent)

Acoustic filling

2x 5mm fire protection board
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5.1.1

Material properties

The timber strength grading class C24 is used for the Lignatur box floor elements and CLT
plate elements [13, 12]. The material properties of C24 timber are given in Table 5.1.

Table 5.1: Material properties C24 timber [12] [15]

Characteristic strength values [MPa]
Bending strength f, , 24
Tensile strength along the grain f, o 14.5
Tensile strength perpendicular to the grain f, o « 0.4
Compressive strength along the grain f, 21
Compressive strength perpendicular to the grain f, g « 2.5
Shear strength f, 4.0
Rolling shear strength f, ., 1.1
Stiffness values [MPa]
Mean value of modulus of elasticity, along the grain E,, o nean 11000
Fifth percentile value of modulus of elasticity, along the grain E,, o 5 7400
Mean value of modulus of elasticity, perpendicular to the grain E,, oo mean 370
Mean value of the shear modulus G,,.,, 690
Density [kg/m?]
Fifth percentile volume of density p, 350
Mean density p,ean 420

5.1.2 Moment resistance box floor elements

The moment resistance of the Lignatur box floor elements is considered using the theory of
build-up elements, as described by Jorissen [14]. This method evaluates the strains, stresses,
and inter-layer relations of each part of a so-called built-up element, a structural element
consisting of smaller elements combined using adhesives or fasteners. The cassette floors
in this research are assessed as multiple I-shaped profiles combined into cassette-shaped
elements of one meter in width, as visualized in Figure 5.4. The (glued) connection between
the elements is assumed to be fully connected.

1000 mm

i

__[THHH

[T

7777

IR

[l

[T AT

24225

by

Figure 5.4: Box floor assessed as multiple build-up elements

The width of each of the fictive I-profile-shaped build-up elements is 242.25 [mm] [13].
For ease of calculation, the box floor elements are regarded as having a width of 1 [m]. Just
over four I-profile-shaped elements fit in a box element of 1 [m] width (1000/242.25 ~ 4.13).
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For a conservative value of the structural performance of the box floors, the structural per-
formance of the I-profile-shaped element is multiplied by 4.0 for the performance per meter
width.

Using the theory of build-up elements, the strains indicated in Figure 5.5 are calculated,
from which the normal stresses and shear stresses at the critical locations are calculated.
By analyzing the structural performance of the elements at the maximum allowable stress
levels in the governing element, maximum loads on the Lignatur box floor element are cal-
culated for each configuration. The stresses in the fictive I-profile-shaped elements are given
by Equations (8).

strain stress
€20 87!

T [ flange
o

]
'I 5

]

L [ flange

_EiZy
10 — EI
E{(Z,—h
0_11 — 1( @] 1) M
EI
Ey(Zo—h
O = 0( @] 1) M
- Ey(Zg —hy) ‘M
02 EI
Es(Zz—h
oy = Bk
EI
EyZp
Oqy = -M
20 EI
Where
oy = normalstressin elementi al location j, see Figure 5.5 [N/mm?]
Zo = distance from bottom of the cross-section to the neutral axis [mm]
Zy = distance from top of the cross-section to the neutral axis [mm]
h; = height of elementi [mm]
E; = young's Modulus corresponding to location i [N/mm?]
I = moment of inertia of the cross-section [mm*]
M = bending moment [Nmm]

Since E = E, = E; = E, = 11000 [MPa], E,, E; and E, are omitted in Equations (8). By com-
puting the applicable tensile or compression design strengths in Equations (8), the maxi-
mum bending capacity for each of the regarded Lignatur box elements is calculated. The
maximum moment capacities, combined with the load calculations of Section 5.1.6 for the
loads, Sections 5.2.1 and 5.3.1 for the load combinations and Section 5.3.2 for the moment
distributions, result in required element dimensions for the fundamental and accidental
load combinations for all regarded floor spans.
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5.1.3 Shear stresses in the box floor elements

The shear stresses in the Lignatur box floor elements are calculated using the build-up el-
ements method, as described by Jorissen [14]. Using the method of build-up elements, the
shear stresses in each part of the element and their interfaces can be assessed. In Figure
5.6, the relevant distances, terms, and locations for the calculation of the shear stresses are
illustrated.

b, l
4 SN
i [ E, top flange| = ;
a I Opq
N 2 |
Eo neutral axis Op2
1 median
=
A .
° o1
a s | E4 Oy
= | } | /I
5 bottom flange

G1o

b,

Figure 5.6: Distances and relevant location for shear stress checks [14]

To calculate the shear stresses at the critical intersections and locations 1-5 indicated in
Figure 5.6, Equations (9) are used [14].

_ E(2Zy —hy) byhy + Eo (Zy —hy)* by )

I 2EIb, Q
_ E,(2Z3 —hy) bohy
Oy0= :
2EIb,
oy = E,(2Zp—hy) byh, 9)
’ 2EIb,
_ E3(2Z5 —hy) (by — by)
Tva= 4E] Q
o 12 =) (i =by)
"8 4EI
Where:
o,; = shear stress atlocation i, see Figure 5.6 [N/mm?]
Zo = distance from bottom of the cross-section to the neutral axis [mm]
Zy = distance from top of the cross-section to the neutral axis [mm]
h; = height of element i [mm]
b; = width of element i [mm]
E; = young's Modulus corresponding to location i [N/mm?]
I = moment of inertia of the cross-section [mm*]
Q = maximum shear force [N]

Since E, = E; = E, = 11000 [MPa], E,, E; and E, are also omitted in Equations (9). The
shear stresses acting in the elements are checked with the shear strength of the used C24
timber, resulting in a Unity Check for the shear forces. If the design shear stresses at each
location i are lower than the design shear strength, the unity check is fulfilled, as indicated
in Equation (11).

27



CHAPTER 5. STRUCTURAL ANALYSIS

Uv,i,d

<1.0

v,d

The design shear strength f, ; is calculated using Equation (11):

f,
fv,d = kmod . _k
M
Where:

koo = 08 [ (medium term load duration, [34])
koa = 1.1 [ (very short load duration, [34])
fux = 40 [N/mm?] seetable5.1
Ym = 1.25 [] (standard partial factor, [32])
Ym = 1.0 [] (accidental combination partial factor, [32])

Design shear strength f, ; for the fundamental load combination:

fua=192 [N/mm?]

Design shear strength f, ; ... for the accidental load combination:

fv,d,acc =4.4 [N/mmz]

(10)

(11)

(13)

The unity check for the shear stresses in the box floor elements is performed for all spans
and configurations in both the fundamental and accidental load combinations. The calcu-
lations are checked using the examples given in the Timber Structures - Build-up elements

reader by Jorissen [14].

5.1.4 Moment resistance CLT floor elements

Cross-laminated timber is a two-dimensional engineered timber product consisting of mul-
tiple layers of timber boards glued together at perpendicular angles to another [15]. The
glued boards form plates with increased cross-grain dimensional stability [16] that can be

used as walls, roofs, and floors.

o

Figure 5.7: CLT element, built-up from glued timber boards [15]

28



CHAPTER 5. STRUCTURAL ANALYSIS

With each layer placed perpendicular to the adjacent layer, not all timber boards are
orientated parallel to the span direction. This means that part of the timber is loaded in its
weaker (transverse) direction. Since the stiffness in the transverse direction is much lower
than the stiffness in the longitudinal direction, the stiffness contribution by layers loaded
perpendicular to the grain is assumed to be zero. In Figure 5.8, the stiffness in each layer
and the corresponding regarded stresses are visualized.

! 0, ef / 90, ef

# 90°

ANCILLARY DIRECTION OF
LOAD-BEARING CAPACITY 90

E o
} %
— Om,90,d
MAIN DIRECTION OF LOAD-BEARING CAPACITY O I‘::(], mean

E g

=12

0, mean

Figure 5.8: Only layers in the span direction of the CLT element contribute structurally [15]

Since only the layers running in parallel with the span should be regarded for the struc-
tural performance of a CLT element, a net cross-section modulus W, is assessed for the ULS
checks, featuring only longitudinally orientated parts of the CLT plate. For enhanced bend-
ing moment resistance, multiple layers running in longitudinal orientation can be placed
adjacent to each other. To calculate the net moment resistance W, of CLT elements with
up to three longitudinally orientated layers, Equation (14) is used [12]. The equation of W,
features the total of the sum of the second moment of area of each layer and the sum of
the "Steiner" contribution of each layer, meaning the surface area of each layer multiplied
by the squared distance of each centroid to the section’s neutral axis.

Whee = (;} (I)+ ;(Aie?)) /2, (14)

Where:
W, = hetsection modulus of CLT element [mm?®]
I second moment of area of layer i [mm*]
A; sectional area of layer i [mm?]
e distance from centroid of layer i to neutral axis of the element [mm]
2, = distance from center of the element to the edge [mm]

The distance e; is visualized in Figure 5.9.
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Figure 5.9: Distances and terminology for the assessment of a CLT element [16]

Since the elastic modulus E; of layers transverse to the span direction is assumed to be
zero, only longitudinally orientated timber boards will contribute to the net section modulus
W, from equation (14).

In the net section modulus W, given in Equation (14), only the contribution of the lon-
gitudinally orientated timber boards is considered. For the deflection calculation, the trans-
verse layers’' shear deformation does need to be considered. The extra deformation by shear
of the transverse layers is accounted for by applying a reduction factor y; to each of the lon-
gitudinal layers, which is done using the y-method. The reduction factor y; reduces the
"Steiner" part of Equation (14) depending on the span and the properties and the configu-
ration of the transverse layers [12].

1 1
= 2.E-A dy, |:_:| (1 5)
(1+ %2 ez Lm
1
r=1,0[ | (16)
m
1 1
Y3 = [—] (17)
n2-E-Ag dy, m
(1+ Cre2 .b'Cng,zs)
Where:
Yi = gamma reduction factor for longitudinal layeri [+]
l.s = referencelength of the element [m]
Gr; = rolling shear modulus of layer i, j [kN /m?]
= width of the structural element [m]
d;; = thickness of longitudinal layer i [m]

The y-method yields direct calculation methods for 3-layer and 5-layer CLT but gets more
in-depth for CLT elements with 7 layers or more [12]. This more in-depth method is called
the extended y-method [15].

The extended y-method calculations are based on the method described by Wallner-
Novak, Koppelhuber, and Pock in their Cross-Laminated Timber Structural Design publication
[15]. The calculation becomes more extensive since flexibility in relation to the adjacent
layers is now combined with flexible coupling to longitudinal layers further away. For the
extended y-method, the overall center of gravity is calculated first:
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Where:
gz, = distance between upper edge and overall center of gravity [m]
E; = elastic modulus of layer i [kN /m?]
E. = reference value for the elastic modulus [kN /m?]
b = width of the structural element [m]
d; = thickness of longitudinal layer i [m]
o; = distance from centroid of longitudinal layer i to the upper edge [m]

The linear equation system to solve is as follows:

[VI-y=s
vii vip 0 O 0 £!
Vo1 Voa Va3 O 0 T2
0 V3o V33 V3g 0 N E
0 0 :
0 0 0 vm,m—l vm,m Y
m

For the left-hand side of Equation (20) holds:

C _ b ° GR,jk
k=
J dj,k
2
VI Ei * b * di
D=
ref
Vi1 =—Ci1i- @i

vii = (Ciori + G +D;) -

Viis1 = —Ciig1 - Qi

For the right-hand side of equation (20) holds:

S

— | s3

$i=—Cijp1- (a1 —a)+ Gy (@ —a; )

(20)

(22)

(23)

(24)

(26)

As an example, for a seven-layer CLT element (with four longitudinally orientated layers),

the linear equation system is given by Equation (27):

vip V12 O 0 1

Va1 V2o Va3 O Y2 |
0 vsp V33 Vig Y3
0 0 vz vay Ya

After inserting equations (21) - (26) in to equation (27):

(Cio+Dy) ay —C15-ay 0
—Ci2-aq (CI,Z +Cys+ Dz) ) —Cy3-a;3
0 —Cy3-ay (Cys+Cs4+Ds3) ay
0 0 ~C34- a3

—C34-0a4
(C3,4 + D4) "ay

4
Y2
Y3
Ya
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—Ciz- (ay—ay)
—Cy3-(ag—ay) +Cy - (ay—ay)
—Cy4-(a4—a3) + Cy3- (13— ay)

Ciq-(ay—az

(28)

The y-values can be obtained by rewriting the linear equation system of Equation (19)
into Equation (29):
r=[vIts (29)

After obtaining the y-values, the effective moment of inertia I; can be calculated using:

E. b-d® & E;
T o} S SR ST (30)

4
i=1 EC 12 i=1

5.1.5 Rolling shear CLT

The y-method accounts for the shearing of transverse layers for the deflection of CLT el-
ements. Separate calculations are required to check whether these transverse layers can
actually take the applied shear forces. Since these shear forces are applied perpendicularly
to the timber grain, failure is caused by a break tangential to the annual rings, as visualized
in Figure 5.10. The strength related to this behavior is called rolling strength (fz ), and the
strength value is typically about one-third of the shear strength parallel to the grain [15].

Rolling
shear Tk
strength

Figure 5.10: Rolling shear in the timber boards [15]

For the CLT element to withstand the applied rolling shear, the structure should meet the
following requirement:

Tv,R,d < fv,R,d (31 )

Where:

T,ra = rolling shear design stress [N/mm?]
rolling shear design strength  [N/mm?]

f v,R,d

The rolling shear design stress 7, 4 is calculated using Equation (32) [15]:

VO,d : SO,R,net

32
IO,net -b ( )

TV,R,d =
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Where:
Vo.d = design shear force [N]
Sornee = hetstatic moment [mm?3]
1o net = net moment of inertia [mm*]

= width of the element (= 1000mm) [mm]

The net static moment Sy ., is calculated using Equation (33) [12]:

my,
Sommet = P b t;-q (33)
i=1
Where:
b = width of the element (= 1000mm) [mm]
t; = thickness of longitudinal layer i [mm]
a; = distance from centroid of layer i to neutral axis of the element [mm]

On the resistance side of Equation (31), the rolling shear design strength f,  ; is obtained
using Equation (34).

fv,R,k
fv,R,d = kmod : (34)
Tm
Where:
k..« = modification factor for load duration and moisture content [-]
furk = characteristic rolling shear strength [N/mm?]
yu = material factor [-]

The material factor y,, is 1.25 for glued laminated timber in the standard load combi-
nations and is lowered to 1.00 in the accidental combination [34, 30]. The values for k,,,4
depend on the load duration: 0.6 for permanent, 0.8 for the combination of permanent and
live load, 0.9 for short and 1.1 for very short load duration [34]. The increase of k,,,; and
reduction of y,, for the very short (dynamic) load peak resulting from the loss of a column
result in a momentarily increased rolling shear strength by a factor 2.3 compared to the
permanent load situation.

5.1.6 Loads on the structure

The loads regarded in the calculations are:

* Permanent action
- Dead weight of the structural floor elements.
- Dead weight of material in the service layers on the floor elements for (acoustic)

comfort, fire safety, and usability.

- Dead weight of the facade.

* Variable action
- Imposed loads on the structure by usage type.

The variable action is regarded as g, = 3.0 [kN/m?], which corresponds to the variable
load governing in office buildings (2.5 [kN/m?]) and an added 0.5 [kN/m?] for removable
partition walls according to the Dutch Annex of Eurocode 1: Actions on Structures [42]. Since
the value of the load for the variable action in offices is also governing for school buildings,
and it is slightly higher than for dwellings [42], using the office variable action value gives a
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relatively non-specific indication for the robustness of timber buildings that should hold for
various functions.

To take into account the weight of the facade, a load of 1.0 kN /m? is assumed per meter
of story height [39] and the story height is set to 3 [m]. What area of the facade is taken
by which floor element in case of the loss of a corner column is elaborated in Section 5.3.2.
As described in Section 3.5, the regarded Dynamic Load Factor is 2.0 in the column loss
scenarios in this research.

As the accidental load at the loss of a structural element is amplified dynamically only
briefly, the load will be regarded with a very short load duration [32]. The load duration
determines the strength value of the used structural material. The situation immediately
after the dynamically amplified response of the structure will be regarded as a short load
duration, listed in the Eurocode for Design of Timber Structures as load duration up to one
week [34].

5.2 Standard design situation

The standard design situation will provide the required structural element height for the
floor elements in the normal (non-accidental) load situation. The required dimensions of
the floor elements in the standard situation are of interest to compare to the demands in
the accidental scenarios calculated in Section 5.3. The required structural height of the floor
elements in the standard design situation and the accidental scenarios will be compared in
Chapter 6 Results.

5.2.1 Standard load combination

The load combinations described in Eurocode 0 yield the applicable loads acting on the as-
sessed structure [30]. For the validation of the strength of the elements in the structure, the
loads are calculated using the least favorable of equations (6.10a) and (6.10b) from Eurocode
0[301:

22 76,Gkj + PP +701%01Qu1 + 25 70,:%0,iQui
= =1

Ej=172 ' (35)
22 8i76,Gri + PP + 70101+ 2. 70.i%0, Qi
j=1 i>1
Where:
Ye; = Ppartial factor for the permanentload j [-]
Gy; = characteristic value of the permanent load j [kN /m?]
Yp = partial factor of the prestress load [-]
P = characteristic value of the prestress load [kN]
Yo1 = partial factor for the variable load [-]
Yo1 = factor to combine the value of the variable load [-]
Qw1 = characteristic value of the dominant variable load [kN /m?]
Yo: = Ppartial factor for the variable load [-]
Qw; = characteristic value of variable load i [kN /m?]
&; = reduction factor [-]

Since no prestress is applied in the assessed structure, and only one variable load is present
on the floor elements, Equations (35) reduce to:

The least favorable of:
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E, = {YG,ij,j +70,1%0,1Q%k1 (36)

&i76,iGij + 10,1k

The permanent load G, ; depends on the dimensions of the floor elements. To incorporate
this into the calculations, the weight of the floor elements is described as a function of their
height. All layers that do not depend on the structural height (for instance, acoustic or con-
venience layers) remain the same for each floor height. The mass of the layers dependent on
the dimensions of the elements, such as the ribs in the box floors and the total timber slab
thickness for CLT, is described as a function of the structural height to consider accurately
by Equation (37). In Figures 5.3 and 5.2, the dimensions of the layers that depend on the
height of the structural elements are indicated as element dependent. The height-dependent
value for the permanent load of the floor elements is given by Equation 37.

Gyj = Gijnhd + st Gigjha (37)
Where:
Gy = characteristic value of the permanent load j [kN /m2]
Gxjna = Permanentload not depending on structural height [kN /m?]
By = varying height for elements governing the structural performance [m]
Gyjna = permanentload depending on structural height [kN /m?/m]

For an overview of the assessed CLT and box floor elements regarded in the calculations,
see Appendix A.

5.2.2 Deflection

To calculate the deflections of the floor elements, formulae for the deflection of continuous
beams are used. For convenience of the calculations, the floor elements are regarded as
strips with a width of 1 meter. Since the assessed elements are continuous, spanning over
three supporting beams, the permanent load is always applied on both floor fields. The
variable load has to be regarded for both floor fields, as well as being applied on only one
of the floor fields. The difference between applying the variable load on both or on only one
floor field can be seen in Figure 5.11.

qq 4
- 9q VAR —9d

_______________________ yaN ________(________ iy AN -~~.\_h___h_qi______,_-—
u,

a

(a) Both loads on both floor areas (b) Live load on a single floor area

Figure 5.11: The two load configurations to assess the deflection of continuous floor ele-
ments.

The maximum deflection for a distributed load over two adjacent floor fields is described
by Equation (38) [43].

1

Ya = 185 EI (38)

The maximum deflection for a distributed load on a single floor field for a continuous
beam over three supports is given by Equation (39) [44].
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ql*
tp = 0.00911 - (39)

As timber structures experience creep behavior, increasing deflections over time even
without increasing the load level, the so-called "final" deflection u;;, of timber elements is
larger than the instantaneous deflection. To account for this effect, k4, factors are applied,
which increase the instantaneous deflection for the relevant permanent and variable loads
[34]:

Ufin = Ufin G + ufin,Ql + Z ufin,Qi (40)

The final deflection by the permanent load G:

ufin,G = uinst,G (1 + kdef) (41 )

The final deflection by the governing variable load Q;:

Ufin,0,1 = Uinst,0,1 (1 +¥o1 kdef) (42)

Since the deflection in Figure 5.11a is caused by two loads both acting on both floor areas,
the final deflection can be found by applying Equation (38) for both the permanent load (gg)
and the variable load (gy).

1 gdl 1 qql*

Ton g (Ut kaed) + 7oz o (1+ waikaer) (43)

ufin,l

The deflection of the structure in Figure 5.11b is caused by the permanent load acting
on both floor areas, while the variable load only acts on one floor area. The final deflection
is then governed by applying Equation (38) for the permanent load (g4), and adding the
deflection by the variable load (g4) using Equation (39).

1 gdl4

85 I (1 + kgep) + 0. 00911 (1 + o1 Kdef) (44)

Ufin o =

Since 0.00911 > rgs (0.00911 > 0.00541), ug, , is always larger than ug, ;, meaning that ug, ,
is the normative deflection. Thus, for the governing load case, the variable load is applied
only on one of the two floors.

The maximum allowed deflection of the floor according to the Dutch Annex of Eurocode 0

is [31]:

l

Umax < % (45)

Combining Equations (44) and (45) results into the normative equation for the maximum
deflection of the floor elements:

1 gdl4
185 EI

L

500 (46)

S (1 4 kyer) +0. 00911 (1 + @y 1kaer) <

The total deflection of the floor is the combined deflection of the floor elements them-
selves and the deflection of the beams that support the floor elements, which should be
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checked for the same deflection requirement u,,,, over the distance between two diagonal
columns. The diagonal deflection requirement of combined deflection of the floor elements
and the beams is given by Equation (47).

V2.1

500 (47)

Upeam T Ufloor <

To check the deflection calculations, the calculated cross-sectional heights are compared

to the recommended values in handbooks. The Lignatur box elements are checked using the

Lignatur Workbook [13]. The CLT elements are checked using the supplier manual of DERIX

[41]. As can be seen in Table 5.2, the demanded cross-section for the deflection requirement

of Lignatur elements is slightly higher for the handbook than for the calculations. In the

handbook, a deflection limit of L /600 is used, while the calculations are based on a deflection

limit of L/500 is used. In Table 5.3, the calculations are also based upon L/600 deflection
limit. Table 5.3 shows a good agreement between the calculated and handbook values.

Table 5.2: Comparing the calculated required element height for deflections with the rec-
ommended value from a Lignatur handbook

Floorspan | 3.0 [ 3.5 | 40 [ 45|50 [ 55|60 |65 [ 70| 758085/ 9.0
Calculations [ 120 | 120 [ 120 [ 120 [ 140 | 160 | 180 | 180 [ 200 | 220 | 240 | 280 | 280
Handbook | 120 | 120 | 120 | 140 | 160 | 180 | 220 | 240 | 240 | 240 | 280 | -! -1

Table 5.3: Comparing the calculated required element height for deflections with the rec-
ommended value from a Lignatur handbook, both for a L/600 deflection limit.

Floorspan | 30 [ 35 |40 (45|50 (55|60 |65 |70(|75|80]|85]|90
Calculations | 120 | 120 | 120 | 140 | 140 | 160 | 180 | 200 | 220 | 240 | 280 | 280 | 320
Handbook | 120 | 120 | 120 | 140 | 160 | 180 | 220 | 240 | 240 | 240 | 280 | -! -1

1 = tablein handbook does not extent to this span.

Table 5.4: Comparing the calculated required element height for deflections with the rec-
ommended value from a CLT handbook.

Floorspan | 3.0 | 35 | 40 | 45 | 50| 55 | 60 | 65 | 70| 75| 80 | 85| 9.0
Calculations | 80 | 120 | 120 | 120 | 150 | 150 | 180 | 180 | 220 | 220 | 220 | 250 | 280a
Handbook | 80 | 120% | 120% | 120% | 120 | 150% | 180% | 1802 | 180 | -! -1 -1 -1

2 = table in handbook states element height not selected for calculations, therefore

the first higher element size that is used in the calculations is stated in the table.

The required cross-sectional heights stated in the CLT supplier manual of DERIX [41] are
comparable to but often lower than the calculated required cross-section. The difference can
be explained by the deviating deflection limits assessed in the manual (w;,;, < L/350,w;;, <
L/150 and wy,, ¢;,, < L/250) and the calculations (w;;, < L/500).

5.2.3 Vibrations

Zhang and Kilpatrick [45] developed an analytical approach to assess the first modal fre-
quency of the two-span floors and check the corresponding requirements for structural vi-
brations, yielding Equation (48) [45] to be solved for the first modal frequency of the two-
span floors.
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_(BLL) | (ED),

K= m (48)
Where:
fi = first modal frequency of the two-span floor [Hz]
B.L = frequency parameter for the first mode (depending on BC's) [-]
L = floor span [m]
(EI), = -equivalent bending stiffness per meter width [Nm?/m]
m = total self weight floor per square meter [kg/m?]

Eurocode 5 for the design of timber structures prescribes a minimum first frequency (for
dwelling floors) of 8 Hz (Equation (49)), after which two extra checks have to be performed
regarding the instantaneous deflection by a static load (Equation (50)) and the vertical veloc-
ity by a unit impulse, as seen in Equation (51) [34]. The design requirements for vibrations
in the floor elements are:

f1=8[Hz] (49)
w
7 <a[mm/kN] (50)
Where:
w = maximum instantaneous deflection by the vertical pointload F  [mm]
F = vertical point load of value 1 [12] [kN]
a = value of 1 stated by Dutch Annex [32] [mm/kN]
v < bYi¢D [m/Ns?] (51
Where:
v = vertical velocity response [m/Ns?]
b = value of 120 (Dutch Annex of Eurocode 5, timber structures [32]) [-]
fi = first modal frequency of two-span floor [Hz]
¢ = relative damping factor of value 0.01 [34] [

Similar to the deflection calculation of Section 5.2.2, the vibration calculation results are
compared to handbook values in Tables 5.5 and 5.6. While the CLT calculation results and
manual recommendations correspond well for all spans, the Lignatur results correspond
well for middle spans but deviate more towards the shorter and longer spans.

Table 5.5: Comparing the calculated required element height for vibrations with the recom-
mended value from a Lignatur handbook

Floorspan | 3.0 [ 35 | 40 (45|50 (55|60 |65|70|75|80]|85]|09.0
Calculations [ 120 | 120 [ 120 | 140 | 160 | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440
Handbook | -! 1 -1 1180|200 | 200 | 220 | 240 | 280 | 320 | 360 | 360 | 360

! = tablein handbook does not extent to this span.

38



CHAPTER 5. STRUCTURAL ANALYSIS

Table 5.6: Comparing the calculated required element height for vibrations with the recom-
mended value from a CLT handbook

Floorspan { 3.0 | 35 | 40 | 45 | 50 [ 55 [ 6.0 | 6.5 7.0 7.5 80 | 85 ]9.0
Calculations | 80 | 120 | 120 | 150 | 180 | 180 | 220 | 250 | 280b | 280b | 360b | 400 | -3
Handbook | 80 | 120% | 120% | 120 | 150% | 180% | 220% | 2502 2 2 2 2 2

2 Table in handbook states element height not selected for calculations, therefore the
first higher element size that is used in the calculations is stated in Table 5.6.
3 No cross-section available that can satisfy the requirement.

5.2.4 Fire design

The predictable rate at which timber burns (0.63 [mm] per minute for spruce) introduces the
fire design concept for timber structures where the charcoal layer on the outside of mass-
timber elements insulates and protects the inner timber [46]. Since this fire concept can
result in timber elements with larger dimensions (e.g. a bigger bottom plate for Lignatur el-
ements), the additional strength can increase the performance in column loss scenarios as
well. However, for the fire design, only the timber thickness of the bottom plates is increased
for Lignatur elements. When a corner column is lost, the bending moment in the floor el-
ements in the corner of a building flips from positive to negative. This leads to (normative)
tensile stresses on the top side of the floor element, where no increase in thickness for the
fire situation is applied. Hence, the increased dimensions for fire design are not beneficial
in the most important locations, which is why fire design is committed as a design criterion
in this calculation framework. For CLT elements, added thickness for fire safety could be
beneficial in an accidental situation. However, the performance of CLT in fire scenarios is
a novel research field on its own (due to risks of delamination of layers, depending on the
glue used). Therefore, the fire design of CLT is left out of the calculation framework as well.
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5.3 Accidental (column loss) design scenarios

This section presents how the loads in the accidental scenario are determined. The obtained
loads determine which cross-section of the Lignatur or CLT elements is required for each
regarded span and scenario combination, based upon the element strength calculations
described in Section 5.1.2 for the Lignatur box floor elements and in Section 5.1.4 for CLT. In
Section 6.1, the required cross-sections in the accidental scenarios are compared to the de-
mands in the standard situation of Section 5.2. The comparison shows whether a secondary
load path through the floor elements is possible, and at what additional cross-sectional de-
mands.

5.3.1 Accidental load combination

To assess the accidental situation when, in the case for this research, a column is lost, the
load combination prescribed in Eurocode 0 alters to Equation (52) [30]:

Eq= Z Guj+Ag+ (11 0 y1) Qur + sz,iQk,i (52)
j=1 i>1
Where:
Gy; = characteristic value of the permanent load j [kN /m?]
Ay = design value of the accidental load j [kN /m?]
Yy, = factor for the frequent value of the dominant variable load [-]
Yy, = factor for the quasi-permanent value of the dominant variable load  [-]
Qw1 = characteristic value of the dominant variable load [kN /m?]
Y,; = factor for quasi-permanent value of non-dominant variable loads [-]
Qw; = characteristic value of the non-dominant variable load i [kN /m?]

Only one (thus dominant) variable load is applied on the assessed structure, and only one
permanent load is present on the floor elements. The factor for the dominant variable load
for office buildings is prescribed by the National Dutch Annex of Eurocode 0 as v, = 0.3 [31].
And since the situation after the incidental occurrence is assessed (meaning A; = 0 [30],
Equation (52) reduces to:

Ed,acc = Gk +0.3- Qk (53)

5.3.2 Derivation of loads in column loss scenarios

The loads introduced on the floors can be regarded as distributed and point loads. In
each load combination and column-loss scenario, different load contributions are added
together, and the resistance of the floor elements to the resulting forces is checked. An
overview of the used structural schemes with corresponding shear and bending moment
diagrams can be found in Appendix F. By means of superposition, the resulting bending
moments corresponding to each combination of loads and column-loss scenario are found.
The width of the floor elements is assumed to be 1 meter for ease of calculation and com-
parison. As mentioned in Section 4.2, the performance of the timber floors in the accidental
situation can be assessed by regarding only one story level. How the (outer two) floor ele-
ments are considered for a corner column loss situation is visualized in Figures 5.12-5.14.
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Figure 5.12: Redistribution of the accidental loads in a corner column removal scenario

Where, resulting from the schemes Appendix F, the shear force vV and bending moment M
in the two outermost floor elements indicated in the exploded views are given by:

Left side Right side

M, = _13_6 “Gacc *1? [kNm] My =—qq. - 1> [kNm]
Vi =1 ace | [kN] Vs=—32-quc-l [kN]
Vo = 16 " ace * | [kN] Ve=2-quc-l  [kN]
Vs=—1 dacc*l  [kN] Vy==3 Qocc*l  [kN]
Vi =15 qace * | [kN]

Figure 5.13: Redistribution of the front facade load in a corner column removal scenario
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\
Ffacslde %LF C[ bac

Figure 5.14: Redistribution of the side facade load in a corner column removal scenario

Where F;, ;4. represents the facade load of half the floor span I:

— 1
Ffac,side - 2° L dfac [kN]

As one can observe by comparing the moment distributions in each of the floor elements
in Figures 5.12 - 5.14, the floor element closest to the location of the lost column is subject
to the highest loads. Now that the corner column is lost, the loads take a different path,
resulting in the beam at the end of the floor elements connecting the ends of the floor ele-
ments. In the normal situation, the floor beams are resting on the front beam. The schemes
indicating the structural behavior of the floor elements and the front beam in the accidental
(corner column loss) scenario are given in Figure 5.15.

J L I |14 L ]
1 l 4 il

1 ¢ F

| v ¢Twﬁfq[

% % B3 é gL L Iu'mdx

SNEANN \\ \\ N TYQF\ Tgﬁi\ \K\\\ ASSONN \\W Téf\ f%?\ %

k, ks ks ks ke k, ki ks kg

4‘ /\V 4V 4V 4 4‘ 4V 4V /\V 4V 4V f /\V 4V 4V
L L L L L L L L L L L L L L
12 6 6 6 6 6 12 12 6 6 6 6 6 12

(a) Front beam after a column is lost (b) Front beam after a column is lost, deflected

Figure 5.15: Structural schematization of the front beam after column removal

Of interest are the loads dissipated to the connection and column on the left R,, and to

the heaviest loaded floor element on the right, at the location of k¢ R,, as indicated in Figure
5.16.
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q F

E:
| ;

4

Figure 5.16: Locations of reaction forces of interest R,, and R,, for number of floor elements
n==6.

In Figure 5.15, the spring supports represent each floor element, in this case, six ele-
ments adjacent to each other, corresponding to a six-meter span. As the beam element is
significantly stiff compared to the floor elements (that also span 6 meters), the beam ele-
ment is regarded as infinitely stiff. As the spring stiffness k; equals (EI);,., for all values of i,
k, = k;, = k;. As the front beam is regarded as infinitely stiff and thus remains straight under
loading, the ratios of deflections u; at each of the spring support locations i as functions of
U @re known as well. Applying the known value of stiffness k; and the relative displace-
ment u; with Hooke's law F = k- u yields the contribution of each spring i to the total carried
loads g and F. Computing the contribution of the spring closest to the location of the lost
column for multiple spans (and thus for multiple amounts of springs) yields a relation be-
tween the number of springs and the structural contribution of this outer spring support.
This relation describes which portion of the load is carried by the floor element closest to
the location of the lost column. The relations are given by Equations (54) and (55) for point
load F and distributed load g, respectively. Point load F represents the load of the facade at
the side of the building for half the floor span L.

6
Ryp= il -F (54)
3
R, ,=——.qglL 55
n,qL om+1 q ( )
Where:
R,r = portion of pointload F taken by spring support n [kN]
R, = portion of distributed load q taken by spring supportn  [kN]

By applying the relations described in Equations (54) and (55) together with the loads
described in Section 5.3.1 and the standard beam equations listed in Appendix F, the resis-
tance of the governing floor element is checked for the loading situation in the column loss
scenarios.

In a similar approach, the vertically dissipated load R, by the hinge on the left in Figure
5.15 is acquired. The vertically dissipated load at the location of the hinge gives the forces
loads q and F dissipate to the connection and the column, which is used for the check of
the adjacent elements in Section 5.4. For Ry, and R4y, elegant relations (like for R, » and
R, 4 in Equations (54) and (55)) are not found. Instead, a relation for Ryy4;, and R,y is found
by analyzing the graphical representations of the values for Ry, and Ry for the assessed
spans, indicated in Figure 5.17. The number of spring supports on the horizontal axis of the
graphs are analogous to the span in meters since floor elements of one-meter width are as-
sessed, and the springs represent the floor elements. The graphs for Ry, and Ry in Figure
5.17 both show an asymptote, to which the values for all assessed spans are relatively close.
For the front facade load F, an asymptotic value of 0.5 is obtained from Figure 5.17a. Since
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F causes an upward reaction force at the opposing side of the beam (and is thus advanta-
geous), the value of 0.5 is conservative. For the front facade load, the asymptotic value of
0.25 is obtained from Figure 5.17b. Consequently, the vertically dissipated loads at the con-
nection are obtained using Equations (56) and (57) for the side facade load F and the front

facade load q, respectively.
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Figure 5.17: Vertical load dissipated to the remaining column per number of spring supports

RAV,F =0.5-F

RAV,qL = 0.25 . qL

[kN]

[kN]

(56)

(57)

The acquired relations and loads are compared to the results of SCIA models. The rela-
tions found for Ry ¢, Ray g1, Ry pe @Nd R, are validated by the simple beam on springs model
presented in Figure 5.18, with the hand- and SCIA-calculated values compared in Table 5.7.

= 907N
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(a) Reaction forces by the side facade pointload

370 kN—=HD)
523 kN—=%])
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0.77 kN
229 kN=%{)
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530 kN—=4])
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828 IN———=4)

(b) Reaction forces by the front facade load

Figure 5.18: SCIA results of a beam on spring supports that represent floor elements.

Table 5.7: Comparison of reaction forces of facade loads obtained using derived Equations
(54)-(57) and the simple SCIA model (Figure 5.18) for a span of 6 meters.

Method | Ryyr [KN] | Raygs [KN1 | Ry kN1 | R, [kN]
Hand 9.0 9.0 8.3 8.3
SCIA 9.1 8.8 8.4 8.3
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By means of an example, the resulting accidental floor and facade loads from the hand
calculations and SCIA models for the connection at the front in the corner column loss sce-
nario are presented in Tables 5.8 and 5.9. Figure 5.19 shows the SCIA model support reaction
caused by the accidental floor load q,,.

<ber

z
&
&
=
N

Figure 5.19: SCIA model showing support reaction force Ryy4 .. remaining column by the
accidental floor load

Table 5.8: Comparison of found loads by hand calculations and the SCIA model for the beam-
column connection at the front in a corner column loss scenario, for a span of 6 meters.

Table 5.9: Comparison of found loads by hand calculations and the SCIA model for the beam-
column connection at the front in a corner column loss scenario, for a span of 9 meters.

Method | Raygacc [KNT | Rayqr [KN1 | Ryyr [kN] | Combined [kN]
Hand 28.1 9.0 -9.0 28.1
SCIA 27.5 10.9 7.7 28.9
2.8%

Method | Ruygqcc [KNT | Raygr [KN] | Rayr [kN] | Combined [kN]
Hand 63.2 13.5 -13.5 63.2
SCIA 62.5 15 -11.6 65.9

42 %

In the hand calculations, the assumption is made that the beams below the floor ele-
ments remain straight. To validate the assumption, two versions of a SCIA model are com-
pared. In the first model (Figure 5.20a), the beams are deflecting elements. In the second
model (Figure 5.20b), the deflection of the middle and back beams is prevented by vertical
supports.
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(a) Beams below floor elements can deflect. (b) Deflection of beams is prevented.

Figure 5.20: Two SCIA models to see influence of deflection of the middle and back beams.

(a) Beams below floor elements can deflect. (b) Deflection of beams is prevented.

Figure 5.21: Bending moment diagrams for the SCIA models of Figure 5.21.

The bending moment distributions in the floor elements of the structures shown in Fig-
ures 5.27a and 5.21b are very similar. The maximum bending moment in the most loaded
floor elementis -257.8 [kNm] for the structure with deflecting beams (Figure 5.21a)and -247.1
[kNm] (-4.3 %) for the structure with a prevented deflection of the beams (Figure 5.21b). Both
structures are loaded with the corner column loss combination scenario described in Section
5.3.2. The deflections of the middle and back beams are small compared to the deflection
of the front beam (that has lost its end support due to the lost column). The significant dif-
ference in deflections explains why the deflections of the middle and back beams have a
relatively small influence on the redistribution of forces compared to the deflection of the
front beam (and thus the floor elements). The Location along the beam [x/L] on the horizontal
axis represents the location along each beam from left to right. The data points in the graph
represent the locations of the middle of each of the 1 [m] wide floor elements. A complete
overview of the comparison between SCIA results and manual calculations can be found in
Appendix E.

50 Location along the beam (x/L) [-]
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. 0 Middle beam
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Figure 5.22: Deflections in SCIA model of the beams supporting the floor elements plotted
for the corner column loss scenario.
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5.4 Checks of adjacent structural elements

In addition to checking and calculating dimensions for the floor elements, the structural el-
ements adjacent to the floor elements are assessed to see if they can withstand the loads
in accidental scenarios or if they need to be strengthened. The loads on each adjacent ele-
ment are assessed using the approach elaborated in Section 5.3.2. For each of the column
removal scenarios, the distribution of forces is assessed per loading type (¢, and facade
loads), interpolating between the schematizations on each side of the floor field to obtain
the distributed force on the beam and the vertically transferred loads for the connections
and columns. The equations are set up to work for any span L, meaning all regarded spans
can be assessed for all scenarios and load combinations after setting up the equations. For
each column loss scenario and accidental loading type, the resulting structure loads on the
adjacent elements are acquired in accordance with the upcoming sections. Ofcourse, stan-
dard loads like dead weight of elements and accidental live loads on parts of the structure
that are not directly linked to a lost column location are regarded as well.

Corner column loss scenario: accidental live load

back,acc (?C)
q mid,acc (x)

anmt acc ()C) m@

><

ul g

4

Figure 5.23: Schematization of how the accidental live loads are regarded in the corner col-
umn removal scenario
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Where, resulting from the schemes Appendix F, the dissipated loads by the two outermost
floor elements indicated in the exploded views are given by:

Left side Right side

R, = % “Quee -1 [kN] R,=0 [lost column location]
Ry =73 Gaec-l  [kN] Rs =7 qeec-l  [kN]

Ry =5 qace | [kN] Re=—3Qoec'l [kN]

Equations (58)-(66) describe the distributed load on each of the beams supporting the
floor elements are obtained by interpolating between the values obtained for the two out-
ermost floor elements.

x—1
qfront,acc(x)_Rl '(1_ L—].) (58)
x—1
Gmid.ace () =Ry + T - (R4 —R2) (59)
x—1
qback,acc(x) = R3 + I—1 : (R6 _RB) (60)
Where:
x = location along the beam [m]
L = span ofthe beam [m]

The distributed loads of Equations (58)-(66) are used to calculate the bending moments
in the beams and to calculate what forces are dissipated to the connections and columns in
the corner column loss scenario, for the accidental live load. The same goes for the equa-
tions described in the upcoming sections for the corresponding load type and column loss
scenario.
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Corner column loss scenario: front facade load

Ryq
7AN
o R3I Ay qback,fac,q (x)
I qmid.’,fac,q (x)
R, Pa
I eront,fac,q (x) SNy
Ry ,//%
s I
X 748 Rg

Figure 5.24: Schematization of how the front facade load is regarded in the corner column
removal scenario

Where, resulting from the schemes Appendix F, the dissipated loads by the two outermost
floor elements indicated in the exploded views are given by:

Left side Right side

Ry =Rpyq;, =0.25-qpe -1 [kN] R,=0 [lost column location]
R, =0 -] Rg=2- Rn,qL [kN]

R;=0 [-] Re=—R,q,  [kN]

The equations describing the distributed load on each of the beams supporting the floor
elements are obtained by interpolating between the values obtained for the two outermost
floor elements:

X

Qmid,fac,qL (x)=2- Rn,qL : Z (61)
X
qend,fac,qL(x) = _Rn,qL : Z (62)

Applying the relation found for R, ,; described by Equation (55) yields:

3 X

qmid,fac,qL(x) =2 m “dfqc” L Z (63)
3 X

qback,fac,qL(X) = _Zn 1 “fac” L Z (64)
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Corner column loss scenario: side facade load

D>
SBIE ;.
Ffac,side I

AN e Apack facF(x)
I qmld.’facF (x)

I qfrontfacF(x)
Ry

Figure 5.25: Schematization of how the side facade load is regarded in the corner column
removal scenario

Where, resulting from the schemes Appendix F, the dissipated loads by the two outermost
floor elements indicated in the exploded views are given by:

Left side Right side

Ry =Ryyr =—0.5"Ffoc5ige  [kN] R,=0 [lost column location]
R,=0 -] Rs=2-R,p [kN]

R3=0 -] R¢=—R,r [kN]

The equations describing the distributed load on each of the beams supporting the floor
elements are obtained by interpolating between the values obtained for the two outermost
floor elements:

X
qmid,fac,F(x) =2 'Rn,F : Z (65)
X
qback,fac,F(x) = _Rn,F : Z (66)
Applying the relation found for R, » described by Eq. (54) yields:

I x
) —9. . .z 67
qmld,fac,F(x) 2 on+1 qfac 2 L ( )

6 I x
qback,fac,F(x) = E . Z (68)
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Edge column loss scenario: accidental live load

qback,acc (x)

R3I Qmid,acc (x) )

b
i Ry :

eront,acc (x) -

Figure 5.26: Schematization of how the accidental live loads are regarded in the edge column
removal scenario

Where:
Left side Right side
Ry =3 qacl [kN] Ry=quec-l [kN]
Ry=3 quec-l [kN] Rs=0 [lost column location]
Ry =3 qaecl  [kN] Re=quec-1 [kN]

Resulting in the following (equal) equations for the g-loads on the beams:

x—1
Gfrontace(¥) =Ry + T— - (R —Ry) (69)
() =R, — X1 .(®,) (70)
qmld,acc — N2 I—1 2
x—1
Qpack,acc(X) =Rz + -1 (R —R3) (71)
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Edge column loss scenario: side facade load

g
I 7 X QDack,fac,F (x)
R3 Qmid,faC,F (x) VAN

]

I o eron[,fac,F (x) -
Ry =

Figure 5.27: Schematization of how the side facade load is regarded in the edge column
removal scenario.

Where:
Left side Right side
R, =0 [kN] R,r [kN]
Ryyr=—3%-F [kN] Rs=0 [lost column location]
Ry=0 [kN] Rur [kN]

Resulting in the following equations for the g-loads on the beams:

1 6 x
qfront,fac,F(X):E'm'Z'qfac'L (72)

qmid,fac,F(x):__'qfac'L'(l_Z) (73)

qback,fac,F(-x')z2 om+1 L qfac'L
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Middle column loss scenario: accidental live load

The middle column loss scenario can be regarded as two edge column loss scenarios facing
each other. It is, therefore, highly similar to the edge column loss scenario but without the

facade loads.

A

RJ

Figure 5.28: Schematization of how the accidental live loads are regarded in the

column removal scenario

Where:
Left and right sides Middle
Ry =% Qo [kN] Ry =(gec -1 [kN]
Ry=%  quec 1 [kN] R;=0 [lost column location]
Ry =3 qaec [kN] Re=daec 1 [kN]

Resulting in the following equations for the g-loads on the beams:

qfront,acc(x) = Rl +
Qmid,acc (X) =R,

Gback,acc (x)= Ry +

x —
L—-1

X

X —

- “(R4=Ry)

1

— (Ry)

I —

1

L —

1

;1 “(R¢—R3)

middle

(75)

(76)
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5.4.1 Check of the beams

The beams supporting the floor elements are checked in both the fundamental and the
accidental states. In the fundamental state, the ULS and SLS criteria are assessed. In the
accidental state, the beam is checked for the changing load paths in the column loss scenar-
ios. Since the goal is to see if and, if so, to what extent the beams should be strengthened,
the required beam height h,., is calculated for the fundamental and accidental load situa-
tions. The beam width is kept constant at 250 [mm]. Shear force checks of the beams are
performed as well but not presented as they are easily satisfied.

The design bending moment in the fundamental combination is calculated using Equa-
tion (78).

1
Md=§‘q¢1‘lz (78)

Where:

floor element self-weight, live load, and facade load (where applicable) [kN/m]
beam length [m]

The bending stress o, ; by the design bending moment is calculated using Equation (79).

My
Oyd =7 (79)
Where:
w = $-b-h? [mm]

Using the value for b = 250 [mm] and the design bending strength f, ; for C24 timber,
the required beam height h,, ¢,,4 for the fundamental ULS can be obtained using Equation
(80), by rewriting Equation (79) for h.

6-M,
req,fund = b f P
Ys

| 6-Mmy
h =\ —2 81
req,fund 250-15.4 &1

The beams are dimensioned for both individual deflection and combined deflection of the
floor beams and the floor elements, and for the situation where both floor fields are loaded
by the live loaded and where only one floor field is loaded by the live load.

The individual beam deflection is checked using Equation (82).

h

5 gdl4 5 le4 l
2 8 gy > (4 k)< — 82
34 g1 O kel T 352 (1+ k) < 555 (82)

Where:

I = +-b-h® [mm*]
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Rewriting I and consequently Equation (82) for h results in the required beam height for the
deflection requirement h, . 5.

For the required beam heights in the accidental situations, the governing bending mo-
ments are assessed in the momentarily dynamically amplified situation and the static sit-
uation after the dynamic response, with the corresponding C24 timber bending strength

values.
h _ 6- Md,acc,dyn 83
req,acc,dyn — M ( )
A 6- Md acc
hreq,acc,static = m (84)

5.4.2 Check of the connections

To assess the connections between the beams and the columns, the vertically transferred
load is calculated at each connection location for all spans in the fundamental and accidental
column loss scenarios. By comparing the vertically transferred loads, an indication is created
that shows the possible need to strengthen the connections in structures designed for sec-
ondary load paths through floor elements. By no means, the simplification of schematizing
connection calculations as simple vertical loads should be regarded as fulfilling connection
analysis.

Since the load duration factor and material factor differ for the fundamental, dynamic,
and post-dynamic load scenarios, the loads can temporarily exceed the fundamental design
strength. To account for this, load values in the accidental situations will be presented both
as actual values and as the values divided by the factor that the material strength properties
(momentarily) increase. The accidental loads are assessed both for the very short dynamic
response and the short static situation afterward, of which the normative load is used to
compare with the fundamental connection load.

Fd,acc = max [Fd,acc,dyn’Fd,acc] (85)
Where:
Fyqccayn = dynamic accidental load assessed as very short load duration [kN]
Fy acc = post-dynamic static accidental load assessed as short load duration [kN]

5.4.3 Checking the columns

The columns are dimensioned for both the fundamental and accidental load situations to
check whether they need additional strengthening to withstand the loads in the accidental
column loss scenarios. The structural analysis of the columns loaded by combined compres-
sion and bending is based upon the approach given in Eurocode 5: Design of timber structures

[34] and is explained below.
A fc 0,k
Arely = —y\ = (86)
YT Eo o5

2 _ & fc,O,k
’ 7'[

(87)
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Where:
Ay = relative slenderness for bending around y-axis -1
Ay = relative slenderness for bending around z-axis [-]
feox = characteristic compressive strength of the timber used [MPa]
Eyos = 5-percentile value of the Young's Modulus [MPa]

If both Equations (86) and (87) values < 0.3, Equations (88) and (89) can be used to check
the columns. Otherwise, Equations (90) and (91) should be used.

2
Oc0,d Om,y,d O mz,d
( )+ B bk, —25 <1 (88)
fc,O,d fm,y,d fm,z,d
(o2 2 (e} d (o2
0,d Y, 2,d
( ) +k, —X% 4 20 < (89)
fc,O,d fm,y,d fm,z,d
Oc,0,d Om,y.d O mzd
< Y bk, —2% <1 (90)

kc,y : fc,O,d fm,y,d " fm,z,d B

O¢0,d O-m,y,d Om,z,d <
kc,z 'fc,O,d " km fm,y,d fm,z,d =1 (91)
Where:
0.04 = designvalue of the compressive stress [MPa]
feod = design value of the compressive strength [MPd]
Omya = designvalue of the bending stress (around y-axis) [MPa]
fmya = designvalue of the bending strength (around y-axis) [MPd]
Omza = designvalue of the bending stress (around z-axis) [MPd]
fmza = designvalue of the bending strength (around z-axis) [MPd]
k,, = factor that considers redistribution of stress and heterogeneity timber [-]
ke, = instability factor (around y-axis) -]
ke = instability factor (around z-axis) -]

The combination of the vertical load and the moments introduced by connection ec-
centricity and imperfectly centered vertical load application causes an additional moment,
which is included by the factor described in Equation (92) [47].

n
— [] (92)
Where:

Fcr
n=— [-] (93)

m?El
F., = —— [kN] (94)

eff

The equations used to obtain the eccentricities for the connections e, e,, element im-
perfections e,, and imperfectly centered vertical load application e; are given by Equations
(95)-(98) respectively.
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b)'
e, =150+ — (95)
b,
e, =150+ - (96)
Where:
150 = assumed distance between column-beam connection to the column [mm]
b, = width of column in y-direction [mm]
b, = width of column in z-direction [mm]

Imperfections in the columns are incorporated using e,. Imperfectly centered vertical
load application is considered by e;.

eo [34] (97)

" 500

1
i =—-L 48 98
€ 400 ef f [ ] (98)
An elaborated calculation example of a column in the standard and accidental situations

can be found in Appendix C.1.

5.4.4 Connection between floor element and beams

In the standard loading scenario, the floor elements dissipate their loads to the beams that
support them, after which the beams distribute the loads to columns at each of the beam'’s
ends. This load path changes significantly in the accidental loading scenarios. In the acci-
dental scenario, a beam that was connected to a now-lost column acts as an element that
keeps the floor elements working together. Loads are only dissipated to one side of the
beam, as the column on the other side is lost. The beams that experience this change in
load configuration in the corner and edge column loss scenarios are indicated in Figure
5.29.
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(a) Corner column loss scenario (b) Edge column loss scenario

Figure 5.29: Locations of beams indicated that were connected to a now-lost column for two
column loss scenarios.
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The changing loading scheme introduces tensile forces in the connections between the
floor elements and the beams. These connections should thus be designed to withstand
tensile forces in accidental scenarios. The magnitudes of the tensile forces are taken from
the SCIA models that describe the structural behavior of the analyzed structure in the acci-
dental scenarios. By means of example, the middle beam is visualized in Figures 5.30 and
5.31 with shear and bending moment diagrams in the standard and edge column loss sce-
narios.

g

:
2

(a) Shear diagram with v,,,. = 153 kN (b) Moment diagram with M,,,, =212 kNm

Figure 5.30: SCIA model - middle beam isolated in the standard load scenario (L = 6 m).

H

m N

(a) Shear diagram with V., = 102 kN (b) Moment diagram with M,,,, =113 kNm

Figure 5.31: SCIA model - middle beam isolated in the edge column loss scenario (L = 6 m).

The maximum (tensile) force F, ,,, that should be transferred between the timber floor
elements and the beams occurs in the corner column loss scenario in the connection be-
tween the outermost floor element and the beam. From a 9x9 meters floor span SCIA model,
F, max is found in the most extreme scenario, given by Equation (99).

Fimax =61.7 [kN] (99)

CLT floor elements can be connected to beams using long screws that go through the
plate elements into the beams, as visualized in Figure 5.32a for the corner column loss sce-
nario and Figure 5.32b for the edge (and middle) column scenario. With capacities above 10
[kN][49], the tensile forces can be taken by ~ 6 screws in a floor element of 1 [m] wide in the
most demanding situation described by Equation (99).
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(a) Connection CLT floor elements to end beam. (b) Connection CLT floor elements to middle beam.

Figure 5.32: Screws connecting the CLT floor elements to beams supporting them.

Connecting the Lignatur box floor elements to the beams is more challenging. The ap-
proach using screws for the CLT elements does not work with the geometry of the Lignatur
elements. To properly connect the Lignatur elements to the beams, the ribs of the box floor
elements have to be fastened to the beams using anchors or metal profiles. A proposal of
what such a connection could look like can be seen in Figure 5.33. Using anchors, capacities
similar to the screws in CLT can be achieved. Capacities above 10 [kN] can be achieved [50],
resulting in ~ 6 anchors per meter floor width in the most demanding (9 [m]) span corner
column loss scenario.

(a) Connection Lignatur elements to end beam. (b) Connection Lignatur elements to middle beam.

Figure 5.33: Screws and anchors connecting the Lignatur floor element ribs to beams sup-
porting them.
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Chapter 6

Results and discussion

6.1 Alternative load path analysis: floor elements

The results of the analysis of the floor elements in the standard and accidental design sce-
narios are presented in Sections 6.1.1-6.1.3. Per floor element type and span, the required
cross-sectional element height is presented for each assessed design criteria. Figures 6.1-
6.7 indicate the extent to which a secondary load path through floor elements is technically
possible and, if possible, at what (additional) material cost. The discussion of the results is
presented with each result graph.

Appendix D provides the full tables that present the required element height per design
criterion, column loss scenario, floor element type, and floor element layout.

6.1.1 CLT floor elements
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E L
E 500 |
E [ .
K=l o Corner column loss scenario
© 400 .
< | o & A Edge column loss scenario
o - -
QE, 300 | - a Middle cquTnn.Ioss scenario
@ L ° = | o Standard criteria
© o o A
5 200 - o o a4 =&
£ i ° a
& 100 | &
(7]
4

0 . . !

2 3 4 5 6 7 8 9 10
Floor span [m]

Figure 6.1: Required CLT element height per design scenario for continuous floor elements.

The results presented in Figure 6.1 indicate the performance of continuous CLT floor ele-
ments in column loss scenarios:
* Robustness through CLT floor elements can be achieved for all assessed floor spans.
* Robustness requirements govern the element size up to a span of 6.5 meters. For
longer spans, vibration requirements are equally or more demanding.
+ Up to 6.5 meters, robustness through floor elements requires a one- or two-step larger
floor element cross-section.
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* For most spans, the element height does not need to be increased to take the acciden-
tal loads in the edge and middle column loss scenarios.

_ 600
£ L
E 500 |
E [ .
=) o Corner column loss scenario
© 400 | ° A i
< | o 6 & & a 4 Edge column loss scenario
c . -
qE) 300 | s Middle column_loss scenario
o L ° X Standard criteria
o ¢ A A
- 200 | P
g - a
& 100 |
()
m -

0 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L

2 3 4 5 6 7 8 9 10

Floor span [m]

Figure 6.2: Required CLT element height per design scenario for staggered floor elements.

The results presented in Figure 6.2 indicate the performance of staggered CLT floor ele-

ments in column loss scenarios:

* A secondary load path through CLT floor elements in a corner column loss scenario
can be achieved for spans up to 7 meters and up to 8.5 meters for edge and middle
column loss scenarios.

* Robustness through CLT floor elements for staggered layout does require a significant
increase in the CLT plate thickness.

6.1.2 Lignatur box floor elements
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Figure 6.3: Required Lignatur element height per design scenario for continuous floor ele-
ments.

The results presented in Figure 6.3 indicate the performance of continuous Lignatur floor
elements in column loss scenarios:
* Robustness through floor elements can be achieved for spans up to 6.5 meters for the
corner column removal scenario, up to 8 meters in the edge column removal scenario,
and up to 9 meters in the middle column removal scenario.
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* The robustness through floor elements comes at a significant material cost, with the
structural floor height required in the corner column loss scenario being about double
the height needed for other design criteria. For example, double the structural height
at a span of six meters results in an element height increase from 220 [mm] to 440 [mm].

600
E L
é‘ 500 < A o
_'Ea | L o Corner column loss scenario
o 400 | ° A .
< | o A o a Edge column loss scenario
s o o Middle column loss scenario
“E’ 300 P A O o
S | L Standard criteria
o 200 | a o °
o | o
& 100 |
(]
& L
0 L L L L L L L L L L L
2 3 4 5 6 7 8 9 10

Floor span [m]

Figure 6.4: Required Lignatur element height per design scenario for staggered floor ele-
ments.

The results presented in Figure 6.4 indicate the performance of staggered Lignatur floor
elements in column loss scenarios:

* Robustness through floor elements can be achieved for spans up to only 4.5 meters
for the corner column removal scenario, up to 6 meters in the edge column removal
scenario, and up to 6.5 meters in the middle column removal scenario.

+ The robustness through floor elements comes at a great additional material cost.

6.1.3 Lignatur box floor elements with double plate thicknesses

To improve the performance of the Lignatur elements in the accidental scenarios, the same
calculation procedure described in Chapter 5 is performed for Lignatur elements with dou-
ble the standard top and bottom plate thickness. Both plate thicknesses are raised from the
standard 37 [mm] to 62 [mm]. The performance in the accidental scenarios is presented in
Figures 6.6 and 6.7.

1000mm 1000mm

31

— ~ |

= :
(a) standard 31 [mm] top and bottom plate (b) doubled 62 [mm] top and bottom plate

31
62

Figure 6.5: Standard and adapted Lignatur box floor elements.
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600
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Required element height [mm)]
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Figure 6.6: Required Lignatur element height per design scenario for continuous floor ele-

ments (double plate thickness).

The results presented in Figure 6.6 indicate the performance of continuous Lignatur floor

10

o Corner column loss scenario

a Edge column loss scenario
Middle column loss scenario
Standard criteria

elements with double top and bottom plate thicknesses in column loss scenarios:

+ Anincreased performance compared to the elements with standard plate thicknesses

can be seen, with secondary load paths possible for larger spans.

+ The differences in required structural height for each design criterion are smaller than
for the elements with a standard plate thickness.
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Figure 6.7: Required Lignatur element height per design scenario for staggered floor ele-

ments (double plate thickness).

The results presented in Figure 6.7 indicate the performance of staggered Lignatur floor

o Corner column loss scenario

a Edge column loss scenario
Middle column loss scenario
Standard criteria

elements with double top and bottom plate thicknesses in column loss scenarios:

* Anincreased performance compared to the elements with standard plate thicknesses

can be seen, with secondary load paths possible for larger spans.

*+ The differences in required structural height for each design criterion are smaller than
for the elements with a standard plate thickness.
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6.2 Adjacent element checks

6.2.1 Beams

Tables 6.1 - 6.3 present the results of the assessment of the beams supporting the floor ele-
ments. The beams are dimensioned for the standard and accidental situations, as described
in Section 5.4.1. The normative beam height and, thus, criterion are indicated by bold num-
bers in the tables. If the ULS or SLS in the standard situation is normative, no additional
capacity is required for the accidental scenarios. The location of the elements is visualized
in Figure 6.8.

™~

Figure 6.8: Locations of assessed adjacent elements

Table 6.1: Results check adjacent elements: front beam

Design criteria, req. structural height [mm]:
Standard situation: Accidental situation, loss of:
Span [m] | ULS SLS Corner column | Edge column | Middle column
3 187 210 - 143 143
3.5 218 250 - 176 176
4 249 300 - 211 211
4.5 281 360 - 248 248
5 312 410 - 287 287
5.5 343 470 - 327 327
6 374 540 - 369 369
6.5 405 590 - 413 413
7 436 730 - 458 458
7.5 468 870 - 505 505
8 499 820 - 553 553
8.5 530 880 - 603 603
9 561 980 - 654 654

The SLS (deflection) requirement is always normative for the front beam. The required
cross-sectional height in the corner column loss scenario is left out of the table since the
loading pattern and demand in this scenario are significantly reduced. The beam only con-
nects the floor elements, resulting in low bending moments.
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Table 6.2: Results check adjacent elements: middle beam

Design criteria, req. structural height [mm]:
Standard situation: Accidental situation, loss of:
Span [m] | ULS SLS Corner column | Edge column | Middle column
3 305 290 205 - -
3.5 356 360 252 - -
4 406 430 302 - -
4.5 457 510 355 - -
5 508 590 410 - -
5.5 559 670 467 - -
6 610 760 527 - -
6.5 660 850 588 - -
7 711 930 652 - -
7.5 762 1090 718 - -
8 813 1140 786 - -
8.5 864 1240 856 - -
9 914 1340 928 - -

The SLS (deflection) requirement is also normative for (virtually) all spans for the middle
beam.

Table 6.3: Results check adjacent elements: end beam

Design criteria, req. structural height [mm]:
Standard situation: Accidental situation, loss of:
Span [m] | ULS SLS Corner column | Edge column | Middle column
3 187 210 96 143 143
3.5 218 250 114 176 176
4 249 300 132 211 211
4.5 281 360 151 248 248
5 312 410 170 287 287
5.5 343 470 189 327 327
6 374 540 208 369 369
6.5 405 590 228 413 413
7 436 730 248 458 458
7.5 468 870 269 505 505
8 499 820 289 553 553
8.5 530 880 310 603 603
9 561 980 331 654 654

The SLS (deflection) requirement is also always normative for the end beam, meaning
that none of the beam locations have to be strengthened.
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6.2.2 Connections between beams and columns

Tables 6.4 - 6.9 present the results of the assessment of the connections between the beams
and columns. The required capacity for vertical load dissipation is calculated for the stan-
dard and accidental situations, as described in Section 5.4.2. The normative capacity and,
thus, criterion are indicated by bold numbers in the tables. If the ULS in the standard sit-
uation is normative, no additional capacity is required for the accidental scenarios. The
demanded capacity is normalized for (momentarily) increased material properties and is
presented between brackets, as described in Section 5.4.2.

Table 6.4: Results check adjacent elements: Front connection 1

Required connection capacity [kNI:
Standard situation: Accidental situation, loss of:
Span [m] ULS Corner column | Edge column | Middle column
3 18 - 34 (20) 20(12)
3.5 23 - 45 (26) 27 (16)
4 29 - 56 (33) 34 (20)
4.5 36 - 69 (40) 43 (25)
5 43 - 83 (48) 52 (30)
5.5 51 - 98 (57) 63 (36)
6 60 - 115 (67) 74 (43)
6.5 69 - 132 (77) 86 (50)
7 79 - 151 (88) 99 (58)
7.5 90 - 171 (100) 113 (66)
8 101 - 193 (112) 128 (74)
8.5 113 - 215 (125) 144 (84)
9 125 - 239 (139) 160 (93)

The Edge column loss scenario increases the capacity demand for Connection Front 1 by

~ 11%.
Table 6.5: Results check adjacent elements: Front connection 2
Required connection capacity [kN]:
Standard situation: Accidental situation, loss of:
Span [m] ULS Corner column | Edge column | Middle column
3 18 7 25(14) 21(12)
35 23 10 32(19) 28 (16)
4 29 12 40 (24) 35(20)
4.5 36 16 50 (29) 44 (25)
5 43 20 60 (35) 53(31)
5.5 51 24 71 (41) 63 (37)
6 60 28 83 (48) 75 (43)
6.5 69 33 96 (56) 87 (50)
7 79 38 109 (64) 100 (58)
7.5 90 44 124 (72) 114 (66)
8 101 50 140 (81) 128 (75)
8.5 113 56 156 (91) 144 (84)
9 125 63 174 (101) 161 (94)

The momentarily increased material properties in the accidental scenario mean that Con-
nection Front 2 does not have to be strengthened.
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Table 6.6: Results check adjacent elements: Middle connection 1

Required connection capacity [kN]:
Standard situation: Accidental situation, loss of:
Span [m] UuLS Corner column | Edge column | Middle column
3 40 81 (47) - 14 (8)
3.5 54 107 (62) - 21(12)
4 70 135 (79) - 30(17)
4.5 89 167 (97) - 39 (23)
5 110 202 (117) - 50 (29)
5.5 133 240 (139) - 62 (36)
6 159 280 (163) - 76 (44)
6.5 186 324 (189) - 90 (53)
7 216 371 (216) - 106 (62)
7.5 248 421 (245) - 124 (72)
8 282 474 (276) - 142 (83)
8.5 318 530 (309) - 162 (94)
9 357 589 (343) - 184 (107)

The corner column loss scenario increases the capacity demand for Connection Middle
1 for spans up to 7 meters. For spans above 7.5 meters, the standard loading combination
is normative, meaning no strengthening of the connection is required.

Table 6.7: Results check adjacent elements: Middle connection 2

Required connection capacity [kN]:
Standard situation: Accidental situation, loss of:
Span [m] ULS Corner column | Edge column | Middle column
3 40 47 (28) 14 (8) -
3.5 54 62 (36) 21(12) -
4 70 78 (46) 30(17) -
4.5 89 96 (56) 39 (23) -
5 110 116 (68) 50 (29) -
5.5 133 138 (80) 62 (36) -
6 159 161 (94) 76 (44) -
6.5 186 187 (109) 90 (53) -
7 216 214 (124) 106 (62) -
7.5 248 242 (147) 124 (72) -
8 282 273 (159) 142 (83) -
8.5 318 305 (178) 162 (94) -
9 357 339(197) 184 (107) -

Although the loads in the accidental scenarios exceed those in the standard combina-
tions for spans up to 6.5 meters, the momentarily increased material properties in the acci-
dental scenario mean that Connection Front 2 does not have to be strengthened for any of
the spans.
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Table 6.8: Results check adjacent elements: End connection 1

Required connection capacity [kN]:

Standard situation: Accidental situation, loss of:
Span [m] UuLS Corner column | Edge column | Middle column
3 18 -6 (-4) 34 (20) 20(12)
35 23 -7 (-5) 45 (26) 27 (16)
4 29 -8 (-5) 56 (33) 34 (20)
4.5 36 -8 (-6) 69 (40) 43 (25)
5 43 -9 (-6) 83 (48) 52 (30)
5.5 51 9 (-7) 98 (57) 63 (36)
6 60 -10(-7) 115 (67) 74 (43)
6.5 69 -10(-7) 132 (77) 86 (50)
7 79 -10(-7) 151 (88) 99 (58)
7.5 90 -10(-7) 171 (100) 113 (66)
8 101 -10(-7) 193 (112) 128 (74)
8.5 113 -10(-7) 215 (125) 144 (84)
9 125 -10(-7) 239 (139) 160 (93)

The edge column loss scenario increases the capacity demand for Connection Back 1 by
~ 11%. In the corner column loss scenario, the load direction switches, meaning an upwards
force is acting from the beam on the connection with the column.

Table 6.9: Results check adjacent elements: End connection 2

Required connection capacity [kN]:

Standard situation: Accidental situation, loss of:
Span [m] ULS Corner column | Edge column | Middle column
3 18 0(0) 25(18) 21(12)
3.5 23 0(0) 32 (23) 28 (16)
4 29 1(1) 40 (29) 35(20)
4.5 36 2(1) 50 (35) 44 (25)
5 43 3(2) 60 (43) 53(31)
5.5 51 4(3) 71 (50) 63 (37)
6 60 6 (4) 83 (59) 75 (43)
6.5 69 7(5) 96 (68) 87 (50)
7 79 9(7) 109 (78) 100 (58)
7.5 20 11(8) 124 (88) 114 (66)
8 101 14 (10) 140 (99) 128 (75)
8.5 113 16 (11) 156 (111) 144 (84)
9 125 19 (13) 174 (124) 161 (94)

Although the loads in the accidental scenarios exceed the loads in the standard combina-
tions, the momentarily increased material properties in the accidental scenario make that

Connection Back 2 does not have to be strengthened.
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6.2.3 Columns

The columns at two locations require attention for design in the accidental scenarios, com-
pared to the demand for fundamental load combinations. The second column (Middle 1 in
Figure 6.8) needs to be strengthened to be able to take the additional loads in the corner
column loss scenario. The required dimensions of the second column for the fundamental
and the (normative) corner column loss scenario are presented in Table 6.10. The required
cross-sections for the accidental loads in the corner column loss scenario are ~ 20% larger
than the fundamental combination. The third column (Back 1 in Figure 6.8) needs to be
designed for tensile forces occurring in the same corner column loss scenario. The tensile
loads the third column needs to be able to take in the accidental corner column loss scenario
is presented in Table 6.11.

Table 6.10: Required dimensions (b x h) column Middle-1 in fundamental and corner column
loss scenario [mm?].

Span [m] | Fundamental combination | Corner columns loss scenario
3 220 x 220 240 x 240
3.5 240 x 240 270 x 270
4 270 x 270 290 x 290
4.5 290 x 290 320 x 320
5 310 x 310 340 x 340
5.5 330 x 330 370 x 370
6 360 x 360 390 x 390
6.5 380 x 380 420 x 420
7 400 x 400 440 x 440
7.5 420 x 420 460 x 460
8 450 x 450 490 x 490
8.5 470 x 470 510 x 510
9 490 x 490 540 x 540

Table 6.11: Tensile loads in column Back-1 in the corner column loss scenario.

Span [m] | Tensile load [kN]
3 47.7
3.5 62.4
4 78.3
4.5 95.2
5 113.3
5.5 132.5
6 152.8
6.5 174.2
7 196.7
7.5 220.2
8 2449
8.5 270.6
9 297.3
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Chapter 7

Limitations

Dynamic Load Factor

The DLF is assumed to be 2.0 for the entirety of the accidental floor load and facade load at
the bay(s) connected to a lost column because the linear-elastic timber elements take the
dynamically amplified accidental loads. In practice, a more favorable dissipation of the loads
might occur closer to the remaining columns or due to energy dissipation in the deformation
of the facade system, which is not regarded in this thesis.

Notional column removal
Only one column is removed at the time in the ALP analysis. The risk remains that more
columns fail simultaneously in an accidental scenario, for which the structures in this re-
search are not checked.
In the column loss scenarios, the assumption is made that the lost column disappears
without, e.g., damaging the structural node above or dragging down connected elements.
This research does not assess the stability of the structures in either the fundamental
or accidental scenarios. Of course, the stability in both fundamental and accidental states
should be carefully evaluated to design an actual structure.

Connections

The performance and capacity of the connections between the columns and the beams are
immensely simplified for ease of calculating all assessed spans and structural variations.
More in-depth analysis is required to design specific structures in standard and accidental
scenarios.

CLT plate elements

The CLT plate elements analyzed in this thesis have an assumed width of 1.0 meters and
thus behave as beam elements. In practice, wider CLT plate elements with widths up to 3.5
meters are common, significantly influencing the structural behavior as they behave more
plate-like.
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Chapter 8

Conclusions

Extending timber floor elements over more than one floor span can provide an alternative
load path in CC2b timber column and beam structures in corner, edge, and middle column
removal scenarios. The extent to which timber floor elements can provide robustness in
column removal scenarios depends on the type of timber floors used, the floor span, the
location of the lost column, and the pattern in which the timber floor elements are placed:

CLT floor elements

With CLT floor elements, secondary load paths in accidental scenarios are possible for vir-
tually all scenarios and spans. Only for a staggered floor layout, a maximum floor span
of 7 meters in the corner column loss scenario and 8.5 meters in the edge column loss sce-
nario is restrictive. In the continuous floor element layout, robustness through the CLT floor
elements requires minor to no increase in cross-sectional height, meaning robustness is al-
ready built-in or simple to achieve. In the staggered layout, robustness through CLT floor
elements does require an increase in the height of the elements.

Lignatur box floor elements

Providing a secondary load path in column loss scenarios using the Lignatur box floor ele-
ments in accidental column loss scenarios is technically possible for some spans and acci-
dental loading scenarios but comes at significant additional material cost. For continuous
element layouts, the element height needs to be doubled to take the accidental loads in the
corner column loss scenario; in the staggered floor layout, an even more significantincrease
in element size is needed. The attempt to increase the performance of Lignatur box floor
elements by doubling the top and bottom plate thicknesses showed smaller differences in
the required element size for the standard and accidental design scenarios.

Staggered floor layout

For both the CLT and Lignatur floor elements, the staggered floor element layout led to a
significant increase in element capacity demands for the accidental loads. The staggered
layout is, therefore, less feasible than the continuous floor layout, and the focus should
be on maintaining a continuous floor element layout in structures to effectively activate
a secondary load path through the floor elements in accidental load scenarios at limited
additional material costs.

Capacity adjacent elements
For the beams that support the floor elements, the cross-sectional demands for the deflec-
tion requirements are always normative, meaning the beams do not have to be strength-
ened to sustain the loads in the accidental scenarios.
The connections on the corners and edges of the structure, parallel to the floor span
direction, do have to be strengthened to take the increased loads in the accidental scenarios.
The second column location, parallel to the floor span, requires strengthening to sustain
the loads in the corner column loss scenario. The third column location, parallel to the floor
span, should be designed to take the tensile loads in the corner column loss scenario.
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Chapter 9

Recommendations

The following recommendations for further research are formulated based on the findings
in this thesis:

+ Dynamic Load Factor: Look into the assessment of the DLF for 3D MDOF structures
in sudden column loss scenarios. While the DLF of 2.0 does make sense when instan-
taneously applied loads are taken by a linear-elastic timber structure, the load itself
can undergo a lower dynamic amplification (e.g., energy absorbed in a deforming fa-
cade system or floor loads located in the proximity of remaining columns resulting in
limited amplification).

* More detailed structural analysis of the timber structure: The research described
in this thesis is a study on whether a second load path via timber floor elements would
be feasible, and thereby remains general in some aspects and the level of detail (e.g.,
in how connections are regarded). It would be interesting to apply the continuous floor
elements in a more detailed structural design with a higher level of connections, fire
design, and stability analysis.

* Lignatur elements connection to beam: The connection between the Lignatur ele-
ments and the beams, which should take significant tensile loads, should be further
developed before actual application.

* Eurocode recommendations: Investigate the (need for) dynamic amplifications in the
Eurocode recommendations on robustness.
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Appendix A

Floor element configurations

A.1 Lignatur box floor elements

The Lignatur box floor elements used in this research are all highly similar to the Lignatur
element illustrated in Figure 5.3. Only the ribs change in height per element size, resulting
in the element height and corresponding bending stiffness presented in Table A.1.

For the calculation of the characteristic permanent load Gy, j described by (37), the following
values are used for the Lignatur elements:

Gk,j,nhd = 1.25
hStr
Gk,j,hd = 0.87

[kN /m?]

element height minus top and bottom plate thicknesses [m]
[kN /m?/m]

Table A.1: Lignatur box floor elements used in analysis

element height [mm] | perm. load Gy ; [kN/m?] | EI per meter width [Nmm?]
120 1.55 1.38-10%2
140 1.56 2.07 - 102
160 1.57 2.91-10"
180 1.59 3.91-10%
200 1.60 5.07-10'2
220 1.61 6.40 - 10'2
240 1.63 7.91-10'2
280 1.65 1.15-10%3
320 1.68 1.58-10%3
360 1.70 2.09-10%
400 1.73 2.69-10%
440 1.76 3.38-10%
480 1.78 4.17-10"
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A.2 CLT floor element layups

For the calculation of the characteristic permanent load G, j [kN/m?] described by (37), the
following values are used for the CLT elements:

Gk,',nhd = 1.1 [kN/mZ]
P = element height [m]
Gijna = 4 [kN /m?/m]

Table A.2: Properties of the CLT elements used in the analysis

height [mm] | Layers Configuration Gyj | Elue INMm®] | S ner [mm3] | Wy, [mm®]
60 3 20-20-20 1.34 1.91-10™ 400000 5.78-10°
80 3 30-20-30 1.42 4.62-10™ 750000 1.05-10°
120 3 40-40-40 1.58 1.53-10'2 1600000 2.31-10°
150 5 30-30-30-30-30 1.7 2.45-10"2 1800000 2.97-10°
180 5 40-30-40-30-40 1.82 4.49-102 2800000 4.53-10°
220 7 40-20-40-20-40-20-40 1.98 7.88-10'2 4800000 6.51-10°
250 7 40-30-40-30-40-30-40 2.1 1.05- 105 5600000 7.60 - 10°
280a 7 40-40-40-40-40-40-40 2.22 1.34-108 6400000 8.68 - 10°
280b 7 40-40-40-40-40-40-40 2.22 1.86- 107 8000000 1.21-10
320 9 40-30-40-30-40-30-40-30-40 2.38 2.19-10T 8400000 1.24-10
360a 9 40-40-40-40-40-40-40-40-40 2.54 | 2.85-10T° 9600000 1.44-10
360b 9 40-40-40-40-40-40-40-40-40 2.54 | 3.70-10T° 12800000 1.87-10
400 11 40-40-30-40-30-40-30-40-30-40-40 | 2.7 5.05-10™ 15600000 2.29-10

Table A.3: Effective flexural rigidity (EI),; [-10'"' Nmm?] CLT elements, dependent on span L.

Span L [m]

height [mm] 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
60 1.83 1.85 1.86 1.87 1.88 1.89 1.89 1.89 1.89 1.89 1.89 1.90 1.90
80 4.36 4.42 4.46 4.50 4.52 4.53 4.55 4.56 4.57 | 4.57 4.58 4.58 4.59
120 13.3 13.7 14.0 14.2 14.4 14.5 14.6 14.7 14.8 14.8 14.9 14.9 15.0
150 20.3 21.2 | 219 | 224 | 22.8 | 23.1 23.3 | 235 23.6 | 23.7 | 23.8 | 23.9 | 23.9
180 35.2 | 37.3 | 38.8 | 40.0 | 40.8 | 41.5 | 42.0 | 424 | 42.7 | 43.0 | 43.2 | 43.4 | 43.5
220 62.0 66.2 69.2 71.5 73.2 74.5 75.5 76.4 77.0 77.6 78.1 78.4 78.8
250 74.6 81.5 86.8 90.8 93.9 96.4 98.3 99.9 101 102 103 104 105
280a 87.4 97.4 105 111 116 120 123 126 128 130 131 133 134
280b 109 122 133 141 148 153 157 161 164 167 169 171 172
320 126 142 155 165 173 180 185 188 192 195 197 201 202
360a 144 165 183 198 210 220 228 236 242 246 249 253 255
360b 172 200 224 244 259 273 285 295 303 311 317 323 327
400 224 264 295 323 350 367 383 396 409 420 429 436 442
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82



APPENDIX A. FLOOR ELEMENT CONFIGURATIONS

120

180

250

280

40 , 40

40

40 ,30, 40 ,30, 40

40 ,30, 40 ,30, 40 ,30, 40

40 , 40 , 40 , 40 , 40

40

40

-~

. p —
v
~
N

v

(@) CLT 120mm

(a) CLT 180mm

~

. B p N —
N

v

(a) CLT 250mm

(a) CLT 280mm (280b)

220

280

320

30,30,30,30,30

40 20, 40 20, 40 ,20, 40

40 , 40 , 40 , 40 , 40

40

40

40 .30, 40 ,30, 40 ,30, 40 ,30, 40

(b) CLT 150mm

I
4

(b) CLT 220mm

~

~
L e
7

(b) CLT 280mm (a)

(b) CLT 320mm

8

w



APPENDIX A. FLOOR ELEMENT CONFIGURATIONS

360
40 40 , 40 , 40

40

40 , 40 , 40

40

(a) CLT 360mm (360a)

400
40 ,30, 40 ,30, 40 ,30, 40 ,30, 40 , 40

40

(a) CLT 400mm

360

40 , 40 _ 40 _ 40 , 40 , 40 , 40

40

40

/
I
o~
v

(b) CLT 360mm (360b)

84



Appendix B

Example calculation of a floor
element

In this appendix, the structural capacity demand of the floor elements for each of the design
criteria will be elaborated step-by-step to provide an example of the calculation approach
used to obtain the results presented in Chapter 6. While the principles on which the calcu-
lations and structural analysis are based on are presented in Chapter 5, these principles will
be presented with actual numbers and calculation steps in this appendix.

For the example calculation, a six-meter span is chosen. CLT elements placed in a continuous
layout will be designed for the fundamental (ULS and SLS) and accidental design combina-
tions.

B.1 Moment resistance elements

W, for CLT ULS stress checks

The net section modulus W,,, is used to assess the CLT floor elements in the ULS situations, as
described in section 5.1.4. For the 220 mm CLT plate, visualized in Figure B.1, the calculation
is as follows:

Wnet = (Zl (Ii) + Zl (Aieiz)) /Zs

Where:
I, = 11—2 - b; -hf’ [mm*]
Al = bi . hi [mmZ]
e = e [mm]
2, = h/2 [mm]
Resulting in:

1
Whet = (4 15 1000 40%) + (1000 - 40) - 2 - (30* + 90%)/110

Woee = 6.74-10°  [mm®] (100)
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220
40 ,20, 40 .20, 40 ,20, 40

Figure B.1: 220mm CLT with the relevant dimensions for the section modulus calculation
indicated

To find the maximum bending moment each floor element can take, the value for w,,, is
multiplied by the design bending strength f, 4, resulting for the 220 [mm] CLT floor in:

Mmax = Wnet : fy,d

24
My = 6.74-10°-0.8 - o5

M, =103.5 [kNm] (101)

I,; for CLT SLS deflection checks

For the effective Moment of Inertia 1,; used for the deflection calculations, the gamma-method
is used for CLT plates, as described in Section 5.1.4. The I, calculation for the five-layer 180
[mm] CLT element that is required to meet the deflection demand for the six-meter span is
as follows:

3. b

a3 S8
— 2
Ief_Z 12l +Zl.yi'b'di'ai
i=

i=1

With the reduction factor y; for each of the three longitudinal CLT layers i:

L 0.93 !
Y1 = n2-E-A dy =y -
Rl . m
(1+ eref21 b'GR,IZ)
1
Yo = 1:0 [_]
m
= L =0.93 [ L ]
T3 = (1 + n2-EA; dys3 ) o m
érefz b‘GR,23

Where (for a 180 mm CLT plate):
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E = 11000 [N/mm?]

A, = 1000-40 [mm]

L = 6000 [mm]

G = 50 [N/mm?]
= 1000 [mm]

d;; = 30 [mm]

Resulting in an effective Moment of Inertia I,; of:

_ . 1000-40°

of = 5 *+2:0:93-1000-40-70”

I;=3.81-10° [mm®]

B.2 Loads and load combinations

Loads
Height independent self-weight of the floor G, ; (mostly service layers):

Gn; = 1.1[kN/m?]

Height dependent self-weight of the floor G, ; (CLT plate thickness):

Gpa = 4-herr [kN/mz/m]
For the 220 mm CLT plate, the total self-weight G, of the lay-up is:
G, =1.1+4-0.22[kN/m?/m]

G, = 1.98 [kN /m?]

Fundamental load combination

Following from Section 5.2.1, the governing load combination in the fundamental situation
is the least favorable of:

B = Y6,jGrj + 701%0,1Qk1
=
&i76,iGij + 10,11

Where (for a 220 mm CLT plate):

Yg; = 135 []

G, = 198 [kN/m?]
Yoi = 1.5 [-]

‘l’o,l = 05 [-]

Qu = 30 [kN/m?]
Yo = 15 [-]

&; = 085 [
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Resulting in (the least favorable of):

~ [1.35-1.98+1.5-0.5-3.0
47 10.85-1.35-1.98 +1.5-3.0

| 4.92[kN/m?]
171 6.77 [kN/m?]

= E; = 6.77 [kN /m?] (102)

Accidental load combination

The governing load combination in the accidental situation follows from Section 5.3.1 as well
and is described by Equation 53:

Ed,acc = Gk + 03 . Qk

Resulting in (for a 220 [mm] CLT plate):
Egqec =1.98+0.3-3.0

Egqcc = 2.88 [kN/m?]

B.3 Fundamental moments

For a continuous floor element on three supports loaded by a distributed load, the largest
bending moment is situated above the middle support (see figure F.1). The middle span
bending moment has a value of:

1
]Mmidz_g'q'l2

For the 120 [mm] CLT floor required for the span of 6 meters (see the results table in
Section 6.1), the normative bending moment is:

1

My;=-—=-6.31-6
8

My;=28.4 [kNm]

For a span of six meters, the bending moment resistance of the 120 [mm] CLT floor elements
is (see Table A.2):

Mgq =355 [kNm]
My < Mg g

28.4<35.5 [OK]
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B.4 Deflections

From Section 5.2.2 (Deflection) follows that the deflection combination with only one floor-
field loaded by the live load for the continuous elements is normative. Taking into account
the creep effect of timber structures and the relevant combination factors results in the
following design equation:

Uging < 300
1 gdl4 qdl4 l
—==—(1+kg.r) +0.00911 1+ ki) < —
185 EI ( def) 9 D,y ( P21 def) = 00
Where:

g4 = &7y 8kisomm = 0.85-1.35-1.82=2.09 [kN /m?]
l = 6000 [mm]
E, = 11000 [MPa]
I, = 143-10° [mm?]
kdef = 06 [']
Q4 = o qx=15-3.0=45 [kN /m?]
q4’2,1 = 03 [-]

Resulting in the equation for the deflection, using a 180mm CLT plate (which follows as
demanded cross-sectional height from Chapter 6: results):

1 2.9-1073-6000% .5-10736000* 6000
129 (1+0.6)+0.00911— (140.3-0.6) < 209 (103)
18511000 1.43 - 109 11000-1.43-10° 500

8.51 mm < 12 mm (104)

B.5 Vibrations

From section 5.2.3 (vibrations) follows that the first frequency of the continuously spanned
floors should be equal to or greater than 8 [Hz]. The first frequency of the continuous floors
follows from Equation (48):

_ (BiL)*4| (BD),

2mL2 m

fi

The required CLT element height for the vibrations given in chapter 6: results yield the fol-
lowing equation:

fi = first modal frequency of the two-span floor [Hz]

B,L = 3.142[45] [-]

L = 6 [m]
(E), = 7.88-10° [INm2/m]
m = 198 [kg/m?]
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s _ (3.142)*,| 7.88-10°
1™ 262 198

Now that the f; > 8 [Hz] requirement has been met, the following two requirements
given by Equations (50) (instantaneous deflection) and (51) (vertical velocity by a unit impulse)
have to be satisfied:

Y < a[mm/kN]
F
Where:
w = maximum instantaneous deflection by the vertical point load F  [mm]
F = 1[12] [kN]
a = 1[32] [mm/kN]

For a two-span structure with a point load on one floor span, the equation for the deflec-
tionis [51]:

F-13
Ly

w=0.015"-

1-6000°

w=0.015 ———
7.55-10°

w=0.43 [mm]
Resulting in:
% <1[mm/kN]
0.43 <1[mm/kN]

Satisfying the instantaneous deflection requirement of equation 50.

For the second vibration requirement, the vertical velocity by a unit impulse, governed
by Equation (51), the following calculations are performed:

v < bU1¢ D [m/Ns?]

Where:
v = vertical velocity response [m/Ns?]
b = 120[32]) [-]
fi = 87 [Hz]
¢ = 0.01[34] [-]
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The equation for the vertical velocity response v is given by Eurocode 5 [34]:

B 4(0,4+0,6n4)

105
mbl + 200 ( )
Where:

ns, = amount of first-order vibrations below 40 Hz  [-]

m = mass of the floor [kg/m?]

b = width of the floor [m]

l = floor span [m]

The value for n,, can be obtained using [34]:
({402 b\ (ED, | %
e ()

(EI), = bending stiffness of the element perpendicular to the span  [Nm?/m]

Where:

For 220mm CLT, (EI), is:

3 de 2
(EDy =D E;- = +> Eb-d;-a?
i=1 i=1

2
+Z-11000- 1000 - 20 - 60

i=1

1000 - 20°

3
El)y, = 11000 -
(ED), Z 5

(EI), = 1.61-10° [Nm?/m]

40 )2 1\*7.88-106) %%
no=1((==) -1)(3) o
8.7 6) 1.61-10

n40 =0.53 [_]

Resulting in:

From which the value for v can be obtained:

_4(0,4+0,60.53)
©198-1-6+4200

v=2.03-10"2 [m/Ns?]

Applying the value found for v in the governing requirement of Equation (51) yields:

v < b [m/Ns?]
2.03-1073 < 120(87:0.01-1)

2.03-10%<1.3-1072

Satisfying the vertical velocity response requirement of Equation (51).
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B.6 Shear and rolling shear

The rolling shear design stress 7, 4 is calculated using Equation (32), explained in Section
5.1.5. For a 280mm CLT element (280a, the cross-section which is normative in the column
loss scenario for spans of six meters), the check of the rolling shear is as follows:

. _ VO,d . SO,R,net
R,d —
e IO,net -b

The shear load V; 4 follows from the structural scheme of the two-span floors, as illus-
trated in Appendix F by means of Figure F.1.

5
Vo = qu
5
Voa = 5 7.05-6
Voq = 26.4 [kN]

The net static moment Sy .., is calculated using Equation 33 [12]:

my,
SO,R,net = E b- t;-a;
i=1

my
Sognec = 2 100040 - (40 +120)
i=1

1

Sognet = 6.4-10° [mm3]

Resulting in the value for 7,z 4:

26.4-10°-6.4-10°
1.21-109 - 1000

Tv,R,d =

Tyrd = 0.14[MPa]

The rolling shear stress 7, ; should remain below the rolling shear strength f, ; 4, which
is given by Equation (34):

fv,R,k
fv,R,d = kmod :
Ym
1.1
=0.80- ——
fv,R,d 1.25
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fura =070 [MPa]

Resulting in the Unity Check for the rolling shear:

TV,R,d < fv,R,d

0.14<0.70 OK

B.7 Accidental moments

The normative bending moment in the floor elements in the accidental situation is found
in the corner column loss scenario. It is obtained using the approach described in Section
5.3.2. For the continuous CLT elements and a 6 [m] span, the normative bending moment
is:

My gee =—212.0 [kNm]

The moment resistance of the CLT plate elements is higher in the accidental scenario due
to momentarily increased material strength properties.

24
fydace=1.1" To= 26.4 [MPa]

A 280 [mm] CLT plate has the required capacity to sustain the loads in the accidental situation,
CLT plate element 280a in Table A.2 visualized in Figure A.4b.

Wier 2800 = 8.68+10°  [mm?®] (107)

Resulting in a moment capacity of:

MRd,acc = Whet,280a 'fy,d,acc
Mpgaee =229.1 [kNm] (108)
|Md,acc| < MRd,acc (1 09)
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Appendix C

Example calculation of adjacent
elements

C.1 Columns

The example calculation of the dimensioning of a column in the standard situation and the
corner column loss scenario is elaborated in this appendix as an example. The elaborated
structure is 6 stories of 3 [m] tall and has a floor span of 6 [m] in both directions. The location
of the elaborated column is indicated in Figure C.1.

L/

I

/i
A

L/

I

Il
A

L

]

!

L/

I

/i
A

L/

I

A

(a) Standard situation (b) Corner column loss scenario

Figure C.1: Location of the column for which the analysis is elaborated as an example.
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Standard design situation

First, the dimensioning of the column in the standard design situation is elaborated. The re-
quired dimensions of the column are 360 x 360 [mm?]. The calculation approach is described
in Section 5.4.3.

Loads on the column in the standard design situation:

Standard floor load for two stories = 253.7 [kN]
Reduced floor load for four stories = 350.8 [kN]
Dead load columns = 325 [kN]
Dead load beams = 45.1 [kN]
Dead load facade = 145.8 [kN]
Total load = 812.9 [kN]

Calculation of 4, ,:

_h 360 = 28.9 [mm]
i 103.9

>
Il
I
Il

Where:

I, .[14-10
. Yo _ 2
i, = T~ 1310~ 103.9 [mm*]
b My | feox 28940 21 _
by ™ m \ Egos 7 \9100

Since the column has a square cross-section, A,,;, = A, ,. And since A, , and 4., , are both
larger than 0.3, and Equations (110) and (111) should be used (see Section 5.4.3).

Oco4d Om,yd Omzd
BEC 4k, —25 <1 (110)
kc,y : fc,O,d fm,y,d fm,z,d

O¢,0,d Omyd  Omgsd
c,0, +km m,y. m,z <1 (111)
kc,z 'fc,O,d fm,y,d fm,z,d

Calculation of 2" order moment increase factor:

n
— =1.06[-
n—1 -]
Where:
F 13968
=t 2998 _yg 50
F 812.9

n?El _ 7*-11000-1.4-10°

= T2 = 2
L7 3000

F,, = 13968 [kN]

Eccentricities of the connection e, and e,:
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b 360
e, =150+ = =150+ —— =330 [mm]
2 2
b 360
e, = 150+?‘*" =150+ =~ =330 [mm]
Eccentricity by element imperfections e:
L 3000
€y = = = 6 [mm]
500 500

Eccentricity by imperfectly centered vertical load application e;:

L 1 3000=7 5 [mm]
e, = —- = — =/. mm
"7 400 " 400
Calculation of k., and k., (k., and k., are equal due to the square cross-section of the
columns):

1 1
k., =k

= = = =0.983
¢y cz 5 5 5
ky, + 4 /k}% — )Lrel’y 0.604 + v 0.6042 —0.44

Where:

k

, = kz =0.5- (1 + ﬁc (Arel,y - 0‘3) + A7 )

rel,y
B.=0.1 [34]

k, =k, =0.5-(1+0.1(0.44—0.3) +0.44%) = 0.604
Implementing all contributions into Equations (110) and (111) results in the following equi-
librium requirements.

F e, -V, +(e;+ey) F e, V,+(e;+ey)-F

A n w. n w,

Ay : 4 + - z <1
kc,y 'fc,O,d n—1 fm,y,d n—1 fm,z,d

F ey Vy+(e;+eg) F e,V +(e+e) F

A n w. n W,

44 K- 4 + : 2 <1
kc,z 'fc,O,d n—1 fm,y,d n—1 fm,z,d

With:
V, =129.4 [kN]
W, =W, = é -b-h?=7.76-10° [mm®]
Resulting in the following unity checks:
095<1.0

0.83<1.0
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Accidental corner column loss scenario column design

Secondly, the dimensioning of the column in the accidental design situation is elaborated
for the normative corner column loss scenario. The required dimensions of the column are
360 x 360 [mm?]. The calculation approach is described in Section 5.4.3.

Loads on the column in the standard design situation:

Accidental accidental floor loads (with DLF) = 1234.1 [kN]
Facade (front) (with DLF) = 2243 [kN]
Facade (side) (with DLF) = 2243 [kN]
Facade (side) (without DLF) = 108.0 [kN]
Dead load columns = 9.6 [kN]
Dead load beams = 445 [kN]
Total load = 18449 [kN]

Calculation of 4, ,:

A =£=ﬂ=26.6[mm]
112.6

Where:

I 1.93-10°
. y 2
A\ L=\ 1106
YT \N2a \J 1.52-10° [mm”]
A 26.6,| 21
Arely = — Seok _ = 0.407
’ T \ Epos T 9100

Since the column has a square cross-section, A, , = A, ,. And since 4., , and A
larger than 0.3, Equations (110) and (111) should be used (see Section 5.4.3).

rel,y @re both

Calculation of 2" order moment increase factor:

n

=1.11[-
— =111[]
Where:
F 192
=t 2 19239 4640
F 1844.9

n?El _ m*-11000-1.93-10°

2 2
Leff 3000

F. =

cr

=19239 [kN]

Eccentricities of the connection e, and e,:

b 390
ey=150+—y=150+i=345[mm]
2 2

b 390
e =150+—Z=150+i=345[mm]
z 2 2
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Eccentricity by element imperfections e,:

L 3000
ep=——==——=06[mm]
500 500

Eccentricity by imperfectly centered vertical load application e;:

1 L 1 3000 = 7.5 [mm]
e, = . = . = /.
t7 400 YT 400

Calculation of k., and k., (k., and k., are equal due to the square cross-section of the
columns):

1 1
= kC = = — 0.987
* — . +/0.5882 —0.4072
k, + v/kf, )Lfel’y 0.588 + v 0.5882 —0.407

Where:

ky =k, =05 (1+p, (A, —03)+22, )

Yy rel,y

B.=01 [34]

k, =k, =0.5-(1+0.1(0.407 —0.3) +0.4072) = 0.588

The values for v, V,, W,, and W, are:

V, =208.2 [kN]
V, = 39.9 [kN]

W, =W, =9.89-10° [mm®]
Resulting in the following unity checks:

098<1.0

090<1.0
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Appendix D

Floor element analysis result

tables

D.1 Corner column loss scenario

Table D.1: Required structural element height [mm] per design criterion for
Lignatur box floor elements in a corner column loss scenario.

continuous

Floorspan | 3.0 | 35 | 40 | 45| 50 | 55 | 6.0 | 65| 70| 75| 8.0 | 85| 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 280 | 280
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 160 | 160 | 180 | 200 | 220 | 240
Acc. moment | 200 | 240 | 280 | 320 | 360 | 400 | 440 | 480 | - - - - -

Table D.2: Required structural element height [mm] per design criterion for continuous CLT
elements in a corner column loss scenario.

Floorspan | 3.0 | 3.5 | 40 | 45 | 5.0 | 55 6.0 6.5 7.0 7.5 8.0 8.5 9.0
Deflection | 80 | 120 | 120 | 120 | 150 | 150 | 180 | 180 | 220 220 220 250 | 280a
Vibrations | 80 | 120 | 120 | 150 | 180 | 180 | 220 | 250 | 280b | 280b | 360b | 400 -
Fund. moment | 60 80 80 | 120 | 120 | 120 | 120 | 150 | 150 180 180 180 220
Acc. moment | 150 [ 180 | 180 | 220 | 220 | 250 | 280a | 280 | 280 280 | 360a | 360b | 360b

Table D.3: Required structural element height [nm] per design criterion for staggered Lig-
natur box floor elements in a corner column loss scenario.

Floorspan | 3.0 | 3.5 | 40 | 45| 50| 55| 60| 65| 70| 75|80 | 85|90
Deflection | 120 | 120 | 120 | 120 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 280 | 280
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440
Fund. stress | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 160 | 160 | 180 | 200 | 220 | 240
Acc. moment | 280 | 360 | 400 | 440 | - - - - - - - - -
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Table D.4: Required structural element height [mm] per design criterion for staggered CLT
elements in a corner column loss scenario.

Floorspan | 3.0 | 3.5 [ 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

Deflection | 80 120 | 120 120 150 150 180 180 220 220 220 | 250 | 280a
Vibrations | 80 120 | 120 150 180 180 220 250 | 280b | 280b | 360b | 400 -

Fund. moment | 60 80 80 120 120 120 120 150 150 180 180 | 180 | 220
Acc. moment | 180 | 220 | 250 | 280b | 280b | 360a | 360b | 360b | 400 - - - -

D.2 Edge column loss scenario

Table D.5: Required structural element height [mm] per design criterion for continuous

Lignatur box floor elements in a edge column loss scenario.

Floorspan | 3.0 | 35 | 40 | 45| 50 | 55 | 6.0 | 65| 70 | 75 | 80 | 85 | 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 280 | 280
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 160 | 160 | 180 | 200 | 220 | 240
Acc. moment | 160 | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440 | 440 | 480 | - -

Table D.6: Required structural element height [mm] per design criterion for continuous CLT
elements in a edge column loss scenario.

Floorspan | 3.0 | 35 | 40 [ 45| 50 | 55 | 6.0 | 6.5 7.0 7.5 8.0 85 | 9.0
Deflection | 80 | 120 | 120 | 120 | 150 | 150 | 180 | 180 | 220 220 220 | 250 | 280a
Vibrations | 80 | 120 [ 120 | 150 | 180 | 180 | 220 | 250 | 280b | 280b | 360b | 400 -
Fund. moment | 60 | 80 | 80 | 120 | 120 | 120 | 120 | 150 | 150 180 180 | 180 | 220
Acc. moment | 120 | 120 | 150 | 180 | 180 | 220 | 220 | 250 | 280a | 280b | 280b | 320 | 360a

Table D.7: Required structural element height [nm] per design criterion for staggered Lig-
natur box floor elements in a edge column loss scenario

Floorspan | 3.0 | 35| 40 | 45 | 50| 55| 6.0 | 65| 70| 75| 80 |8.5] 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 280 | 280
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440
Fund. stress | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 160 | 160 | 180 | 200 | 220 | 240
Acc. moment | 200 | 240 | 280 | 360 | 400 | 440 | 480 | - - - - - -

Table D.8: Required structural element height [mm] per design criterion for staggered CLT
elements in a edge column loss scenario.

Floorspan | 3.0 | 3.5 | 40 | 45 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
Deflection | 80 120 | 120 | 120 | 150 150 180 180 220 220 220 | 250 | 280a
Vibrations | 80 120 | 120 | 150 | 180 180 220 250 280b | 280b | 360b | 400 -
Fund. moment | 60 80 80 120 | 120 120 120 150 150 180 180 | 180 | 220
Acc. moment | 150 | 180 | 220 | 220 | 250 | 280b | 280b | 360a | 360b | 360b | 400 | 400 -
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D.3 Middle column loss scenario

Table D.9: Required structural element height [mm] per design criterion for continuous
Lignatur box floor elements in a middle column loss scenario.

Floorspan | 3.0 | 35 | 40 | 45 | 50 | 55 | 60 | 65| 7.0 | 75 | 80 | 85 | 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 280 | 280
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 160 | 160 | 180 | 200 | 220 | 240
Acc. moment | 120 | 120 | 140 | 160 | 200 | 220 | 240 | 280 | 320 | 360 | 400 | 440 | 440

Table D.10: Required structural element height [mm] per design criterion for continuous
CLT elements in a middle column loss scenario

Floorspan | 3.0 | 3.5 | 40 | 45 | 50 | 55 | 6.0 | 6.5 7.0 7.5 8.0 8.5 9.0
Deflection | 80 | 120 | 120 | 120 | 150 | 150 | 180 | 180 | 220 220 220 250 | 280a
Vibrations | 80 | 120 | 120 | 150 | 180 | 180 | 220 | 250 | 280b | 280b | 360b | 400 -
Fund. moment | 60 | 80 80 | 120 | 120 | 120 | 120 | 150 | 150 180 180 180 220
Acc. moment | 80 | 120 | 120 | 120 | 150 | 180 | 180 | 220 | 220 250 | 280a | 280b | 280b

Table D.11: Required structural element height [mm] per design criterion for staggered
Lignatur box floor elements in a middle column loss scenario.

Floorspan | 3.0 | 3.5 | 40 | 45 | 50 | 55| 60 | 65| 70 | 75| 80 | 85| 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 280 | 280
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440
Fund. stress | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 160 | 160 | 180 | 200 | 220 | 240
Acc. moment | 160 | 200 | 220 | 280 | 320 | 360 | 440 | 480 | - - - - -

Table D.12: Required structural element height [mm] per design criterion for staggered CLT
elements in a middle column loss scenario

Floorspan | 3.0 | 3.5 | 40 | 45 | 50 | 55 6.0 6.5 7.0 7.5 8.0 8.5 9.0
Deflection | 80 120 | 120 | 120 | 150 | 150 180 180 220 220 220 250 | 280a
Vibrations | 80 120 | 120 | 150 | 180 | 180 | 220 250 280b | 280b | 360b | 400 -
Fund. moment | 60 80 80 120 | 120 | 120 120 150 150 180 180 180 | 220
Acc. moment | 120 | 150 | 180 | 180 | 220 | 250 | 280a | 280b | 360a | 360b | 360b | 400 | 400
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D.4 Lignatur performance with doubled bottom and end
plate thicknesses

Table D.13: Required structural element height [mnm] per design criterion for continuous
Lignatur box floor elements in a corner column loss scenario with 62 [mm] top and bottom

plates.
Floorspan | 3.0 | 35 [ 40 | 45 | 50 |55 | 6.0 | 65 | 70| 75 | 80 | 85 | 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 240
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 200 | 220 | 280 | 280 | 320 | 360 | 400
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 160 | 180
Acc. moment | 180 | 200 | 220 | 280 | 280 | 320 | 320 | 360 | 400 | 440 | 440 | 480 -

Table D.14: Required structural element height [mnm] per design criterion for continuous
Lignatur box floor elements in an edge column loss scenario with 62 [mm] top and bottom

plates.
Floor span | 3.0 | 3.5 [ 40 | 45 | 50 | 55 [ 6.0 | 65 | 70 | 7.5 | 8.0 | 85 | 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 240
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 200 | 220 | 280 | 280 | 320 | 360 | 400
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 160 | 180
Acc. moment | 140 | 160 | 180 | 200 | 220 | 280 | 280 | 320 | 320 | 360 | 400 | 400 | 440

Table D.15: Required structural element height [mnm] per design criterion for continuous
Lignatur box floor elements in a middle column loss scenario with 62 [mm] top and bottom

plates.
Floorspan | 3.0 | 35 | 40 | 45| 50 | 55 | 60 | 65| 7.0 | 75 | 80 | 85 | 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 240
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 200 | 220 | 280 | 280 | 320 | 360 | 400
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 160 | 180
Acc. moment | 120 | 120 | 140 | 160 | 180 | 200 | 220 | 240 | 280 | 280 | 320 | 360 | 360

Table D.16: Required structural element height [mm] per design criterion for staggered
Lignatur box floor elements in a corner column loss scenario with 62 [mm] top and bottom

plates.
Floor span | 3.0 | 3.5 4.0 | 4.5 5055|6065 |70|75|80]|85] 90
Deflection | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 240
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 200 | 220 | 280 | 280 | 320 | 360 | 400
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 160 | 180
Acc. moment | 240 | 280 | 320 | 360 | 400 | 440 - - - - - - -
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Table D.17: Required structural element height [mm] per design criterion for staggered
Lignatur box floor elements in an edge column loss scenario with 62 [mm] top and bottom
plates.

Floorspan | 3.0 | 3.5 | 40 | 45 | 50 | 55 | 6.0 | 65 | 7.0 | 75| 8.0 | 85 | 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 240
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 200 | 220 | 280 | 280 | 320 | 360 | 400
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 160 | 180
Acc. moment | 180 | 220 | 240 | 280 | 320 | 360 | 400 | 440 | 480 | - - - -

Table D.18: Required structural element height [mm] per design criterion for staggered
Lignatur box floor elements in a middle column loss scenario with 62 [mm] top and bottom
plates.

Floorspan | 3.0 | 35 [ 40 | 45| 50 | 55 | 6.0 | 65| 70 | 75 | 8.0 | 85 | 9.0
Deflection | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 180 | 180 | 200 | 220 | 240 | 240
Vibrations | 120 | 120 | 120 | 140 | 160 | 180 | 200 | 220 | 280 | 280 | 320 | 360 | 400
Fund. moment | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 140 | 140 | 160 | 160 | 180
Acc. moment | 140 | 180 | 200 | 240 | 280 | 320 | 360 | 400 | 440 | 480 | - - -
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APPENDIX E. COMPARISON CALCULATION RESULTS TO SCIA MODELS

Accidental scenarios

Corner column loss

Table E.1: Comparison between manual calculations and SCIA model results for the corner
column loss scenario, span L =6 [m].

Calculations | SCIA | Difference
M100r,max [KNM] -212.0 -215.8 +1.78%
Adjacent elements:
Columns/connections [kN] :
Front 1 - - -
Front 2 28.08 28.86 +2.8%
Mid 1 280.46 266.11 -5.1%
Mid 2 161.35 175.30 +8.7%
Back 1 -46.10 -61.63 +33.7%
Back 2 -14.28 -18.68 +30.9%
Beams [kNm]:
Front - - -
Mid 304.95 303.96 —0.3%
Back -47.80 -49.57 +3.7%

Figure E.1: SCIA model: Corner column loss load combination, L = 6 [m], reaction forces
representing connection and column loads shown.

-49.57 kNm

Figure E.2: SCIA model: Corner column loss load combination, L = 6 [m], bending moments
beams and outer floor element shown.

303.96 kN
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Note: The Back column/connection forces are taken conservatively in the manual calcu-
lations since this negative (thus upward) force is a beneficial load, reducing the remaining
"standard" loads (such as dead loads from the structure higher up, and live loads from floors
field that are not connected to the lost column. This explains the large difference (> 30%) be-
tween the manual calculations and the SCIA results in Tables E.1 and E.2. Mg, mq indicates
the maximum bending moment in the outermost floor element.

Table E.2: Comparison between manual calculations and SCIA model results for the corner
column loss scenario, span L =9 [m].

Calculations | SCIA | Difference
M100r,max [kKNM] -389.2 -445 1 —12.6%
Adjacent elements:
Columns/connections [kN] :

Front 1 - - -

Front 2 63.2 65.9 +4.2%

Mid 1 589.4 546.72 —7.3%

Mid 2 3394 368.1 +8.4%

Back 1 -80.7 -113.6 +41.9%

Back 2 -20.3 27.9 +37.2%

Beams [kNm]:

Front - - -

Mid 947.4 943.0 —0.5%

Back -120.4 -133.1 +10.5%

Figure E.3: SCIA model: Corner column loss load combination, L = 9 [m], reaction forces
representing connection and column loads shown.
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Figure E.4: SCIA model: Corner column loss load combination, L = 9[m], bending moments
beams and outer floor element shown.
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Edge column loss

Table E.3: Comparison between manual calculations and SCIA model results for the edge
column loss scenario, span L = 6 [m].

Calculations | SCIA | Difference
M0, max [kNM] 153.5 171.8 +11.9%
Adjacent elements:
Columns/connections [kN] :
Front 1 136.5 130.32 —5.0%
Front 2 73.8 61.41 —16.8%
Mid 1 - - -
Mid 2 113.4 101.81 —10.2%
Back 1 136.5 130.32 —5.0%
Back 2 73.8 61.41 —16.8%
Beams [kNm]:
Front 136.4 143.73 +5.4%
Mid - - -
Back 136.4 143.73 +5.4%

z
2

Figure E.5: SCIA model: Edge column loss load combination, L = 6 [m], reaction forces
representing connection and column loads shown.

17181 kNm
7181kNm

Figure E.6: SCIA model: Edge column loss load combination, L = 6 [m], bending moments
beams and outer floor element shown.
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Table E.4: Comparison between manual calculations and SCIA model results for the edge
column loss scenario, span L =9 [m].

Calculations | SCIA | Difference
M 1001 max [kNmM] 355.3 379.4 +6.8%
Adjacent elements:
Columns/connections [kN] :
Front 1 293.3 279.7 —4.64%
Front 2 160.2 182.7 14.1%
Mid 1 - - -
Mid 2 146.9 140.0 —4.7%
Back 1 293.3 279.7 —4.64%
Back 2 160.2 182.7 14.1%
Beams [kNm]:
Front 439.9 459.9 +4.5%
Mid - - -
Back 439.9 459.9 +4.5%

ES
g

Figure E.7: SCIA model: Edge column loss load combination, L = 9 [m], reaction forces
representing connection and column loads shown.
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Figure E.8: SCIA model: Edge column loss load combination, L = 9 [m], bending moments
beams and outer floor element shown.
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Middle column loss

Table E.5: Comparison between manual calculations and SCIA model results for the middle
column loss scenario, span L = 6 [m].

Calculations | SCIA | Difference
M 1001, max [KNmM] 103.7 101.6 —2.0%
Adjacent elements:
Columns/connections [kN] :
Front 1 455 39.31 —13.6%
Front 2 88.9 112.32 +26.3%
Mid 1 127.4 145.5 +14.6%
Mid 2 - - -
Back 1 45.5 39.31 —13.6%
Back 2 88.9 112.32 +26.3%
Beams [kNm]:
Front 117.2 129.4 +10.4%
Mid - - -
Back 117.2 129.4 +10.4%

Figure E.9: SCIA model: Middle column loss load combination, L = 6 [m], reaction forces
representing connection and column loads shown.

Figure E.10: SCIA model: Middle column loss load combination, L = 6 [m], bending mo-
ments beams and outer floor element shown.
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Table E.6: Comparison between manual calculations and SCIA model results for the middle
column loss scenario, span L =9 [m].

Calculations | SCIA | Difference
M 1001 max [kNmM] 252.7 269.2 +6.5%
Adjacent elements:
Columns/connections [kN] :
Front 1 140.6 147.4 —4.6%
Front 2 200.1 252.7 +26.3%
Mid 1 210.6 224.2 +6.5%
Mid 2 - - -
Back 1 140.6 147.4 —4.6%
Back 2 200.1 252.7 +26.3%
Beams [kNm]:
Front 395.6 4241 +7.2%
Mid - - -
Back 395.6 424.1 +7.2%

s

Figure E.11: SCIA model: Middle column loss load combination, L = 9 [m], reaction forces
representing connection and column loads shown.
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Figure E.12: SCIA model: Middle column loss load combination, L = 9 [m], bending mo-
ments beams and outer floor element shown.
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Appendix F

Structural schematizations used

The schematizations of the floor elements in different loading configurations and the result-
ing shear force and bending moment diagrams are listed below.

q
o
A5 PN AN
5
%ql 3dl
v o~ B
B N
5 »éql
FRL °
M —
9 5 9 2
aql‘ qu‘

Figure F.1: Two-span floor element with a distributed load
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Figure F.2: Two-span floor element with a distributed load after the middle column is lost
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Figure F.3: Two-span floor element with a distributed load after the end column is lost
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Figure F.4: Two-span floor element with a point load after the middle column is lost
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Figure F.5: Two-span floor element with a point load after the end column is lost
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Figure F.6: Two-span floor element with a distributed load on one floor span
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Figure F.7: Two-span floor element with a distributed load on one floor span after the end
column is lost
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