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ABSTRACT

Pedestrian bridges are essential components of urban transportation systems, yet their
structural safety is significantly threatened when exposed to fire hazards. Recent incidents
and limited available research on the fire performance of pedestrian bridge girders have
highlighted the need for systematic research into their thermal response and post-fire
behavior. This study was therefore conducted to examine the temperature distribution,
degradation patterns, and fire endurance of three common girder types; steel I-beams,
concrete I-beams, and concrete rectangular sections; together with a real-world evaluation of
the composite girder used in the University of Benin pedestrian bridge. The overall aim was
to understand how these girder systems behave under fire exposure.

A finite element modelling (FEM) framework was developed using Abaqus CAE, employing
transient thermal analysis under the ISO 834 standard fire curve. Temperature-dependent
material properties were defined according to Eurocode 2 and 3 provisions, and 2D thermal
models of each girder section were created for computational efficiency. Boundary conditions
included convection and radiation on fire-exposed surfaces, with analysis conducted at 1200 s,
2400 s, and 3600 s to capture progressive heat penetration. For the University of Benin case
study, a composite girder was modelled to evaluate real structural behavior under elevated
temperatures, focusing on heat migration, cracking zones, and the thermal protection offered
by the concrete slab.

Results showed that steel I-beams heated rapidly and reached critical temperatures earliest
due to high thermal conductivity, resulting in rapid loss of stiffness and structural stability.
Concrete I-beams demonstrated moderate resistance, while rectangular concrete beams
performed best, maintaining a cool core even at long exposure times. The composite girder
exhibited heat concentration along its underside, with spalling and reinforcement weakening

in exposed regions but retained strength in upper concrete zones.
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CHAPTER ONE
INTRODUCTION

1.1 Background of the Study

Bridges are critical components of infrastructure, playing a pivotal role in facilitating
transportation and connecting communities. They are essential for economic development,
trade, and social integration. While bridges are vital for infrastructure and economic
development, they are susceptible to fire incidents that can jeopardize their safety and
longevity. Fire incidents pose a significant threat to the safety and longevity of bridges. Fires
on bridges can occur due to various reasons, including accidents, arson, or natural disasters
like wildfires (Abdulrahman & Kadir, 2022). The impact of fire on bridges depends on
factors such as bridge design, materials used in construction, and the intensity of the fire. Fire
can weaken structural components of bridges, such as steel beams and concrete decks (Bolina
et al., 2021). High temperatures can cause steel to lose its strength and concrete to spall,
crack, or even explode due to trapped moisture. This compromises the structural integrity of
the bridge, increasing the risk of collapse. Proactive measures and investments in fire
prevention, mitigation, and emergency preparedness are crucial in safeguarding bridges and
ensuring the resilience of transportation networks. Bridge structural fire resistance can
broadly be defined as the “ability of a bridge to fulfill its designed function for a period of
time in the event of a fire” (Asadi et al., 2018).

One of the most complex and hence poorly understood behavioral characteristics in the
reaction of concrete to high temperatures or fire is the phenomenon of ‘explosive spalling’
(Amran et al., 2022). The process of spalling is observed to start in the early stages of a fire
with temperatures as low as 200°C and can progress to high temperature of 1000°C
(Jincheng et al., 2018). If severe, spalling can have a deleterious effect on the strength of

reinforced concrete structures, due to enhanced heating of the steel reinforcement. Spalling



may significantly reduce or even eliminate the layer of concrete cover on the reinforcement
bars, thereby exposing the reinforcement to high temperatures, leading to a reduction of
strength of the steel and hence a deterioration of the mechanical properties of the bridge
structure as a whole (So, 2016). The residual condition of bridge structures after fire is
mainly concerned with the strength and serviceability, as well as the long-term health of the
structure.

Traditional post-fire assessment methods often involve visual inspections and manual
calculations, which can be time-consuming, imprecise, and may not fully capture the extent
of internal damage. When direct assessment is not possible, indirect assessment methods such
as finite element modeling (FEM) may be used (Lourenco & Gaetani, 2022). Finite Element
Modelling (FEM) presents a promising solution. FEM allows for a detailed and accurate
simulation of the thermal and structural response of bridge components under fire conditions.
By incorporating the non-linear behavior of materials at high temperatures and the
interactions between different structural elements, FEM can provide comprehensive insights
into potential failure mechanisms and inform the development of effective fire protection and
mitigation strategies, as well as tailored remediation measures after a fire incident (Bernardi
et al., 2020). FEM can simulate various fire scenarios and assess their impact on bridge
integrity, helping engineers to predict possible points of failure and evaluate the effectiveness
of different fire-resistant materials and designs. This advanced modeling technique can also
aid in optimizing emergency response plans and improving the resilience of bridges to fire
hazards (Gidaris et al., 2017).

1.2 Statement of the Problem

Bridges are critical components of transportation infrastructure, essential for the movement of

people and goods. However, their exposure to fire poses significant risks, potentially leading



to severe structural damage, safety hazards, and economic losses. Instances of bridge failures
due to fire hazards have been documented in various studies.

In Nigeria, several fire incidents have highlighted the vulnerability of bridges to hazards
associated with flammable materials. Notable cases include the June 2018 Otedola Bridge
fire in Lagos, caused by a fuel tanker explosion, which killed many people, destroyed 67
vehicles, and extensively damaged the bridge structure (Vanguard News Article, 2018).
Similarly, in August 2018, a van fire on the Niger Third Mainland Bridge caused bridge deck
damage (Punch News Article, 2018). In November 2020, a petrol tanker explosion on Kara
Bridge, Lagos-Ibadan Expressway, caused significant structural damage, a temporary closure,
severe traffic congestion, and two deaths (Punch News Article, 2020). Most recently, on May
25, 2024, a fuel tanker fire at the Ibafo/Aseese axis of the Lagos-Ibadan Expressway resulted
in prolonged traffic delays and necessitated structural repairs (Punch News Article, 2024).
These incidents underscore the need for stricter regulations and improved safety measures for
transporting flammable materials on bridges.

These incidents in Nigeria echo global cases, such as the New Little Belt Suspension Bridge
in Denmark experienced a serious truck fire in 2013, leading to rapidly rising flame
temperatures above 1000 °C and necessitating fire protection measures for the main cables
(Jensen et al., 2021). Additionally, research on steel bridges indicates that tanker fires
underneath bridges can cause critical buckling stress, potentially resulting in buckling
instability and failure of the bridge structure (Son et al., 2022). Moreover, studies on long-
span cable-supported bridges highlight the significant impact of fire hazards on bridge
hangers, with the failure of cables or hangers due to fire posing a risk of progressive
structural failure (Zou et al., 2020).

Finite Element Modelling (FEM) greatly improves the efficiency of thermal assessments by

enabling rapid evaluation of temperature distribution, heat penetration, and thermal gradients



in bridge girders exposed to fire. This faster analysis supports timely engineering decisions
on safety measures and reduces delays in reopening critical pedestrian routes. In addition,
FEM allows the simulation of multiple fire scenarios and heating conditions, offering detailed
insight into how different temperature profiles affect steel and concrete components. Such
thermal simulations are essential for identifying vulnerable regions, improving fire-resistant
design choices, and developing appropriate protection strategies for various girder
configurations.

1.3 Aim and Objectives of the Study

The aim of this study was to evaluate the thermal response of different pedestrian bridge
girder sections when exposed to fire using Finite Element Modelling.

The objectives include:

I To develop and validate finite element thermal models capable of simulating
temperature distribution, heat penetration, and thermal gradients in three girder
sections (steel I-beam, concrete rectangular beam, and concrete I-beam).

I Comparative assessment of the post-fire condition of the three bridge girder sections
(section type, and material type).
IIT  Application to a case study to investigate the thermal behavior of the University of
Benin pedestrian overhead bridge.
IV Provide recommendations for retrofitting techniques based on results of parametric
study.
1.4 Scope of the Study
The scope of this study was restricted to examining how bridge girder sections respond to fire
through thermal modeling using finite element analysis. The investigation concentrated
exclusively on predicting temperature distribution, thermal gradients, and heating behavior

within three girder sections exposed to elevated temperatures. Structural, mechanical, and



thermo-mechanical analyses were excluded to focus solely on thermal behavior, enabling
clear evaluation of heat transfer without the influence of stress or deformation effects.

A review of existing literature was first conducted to understand how steel and concrete
behave when subjected to high temperatures. Particular attention was given to temperature-
dependent properties, heat transfer mechanisms, and degradation processes, including
concrete spalling and changes in conductivity at elevated temperatures. This informed the
development of three finite element thermal models; steel I-beam, concrete rectangular beam,
and concrete I-beam, constructed using ABAQUS/CAE (Version 2017). The modelling phase
involved defining each section’s geometry, assigning appropriate thermal properties,
specifying boundary conditions, applying fire exposure, and generating a mesh suitable for
heat-transfer simulations.

A thermal parametric study was then performed to assess how variations in section geometry
and material influence heat penetration during fire exposure. The simulations for different
heating durations enabled a direct comparison of temperature profiles, thermal gradients, and
heating rates across the three girder types. Although the analysis did not include structural
response, the thermal outputs were interpreted to identify areas susceptible to weakening and
potential material degradation. These insights offer a preliminary foundation for post-fire
assessment and can guide future structural evaluation or rehabilitation strategies.

1.5 Justification of the Study

This study focuses on the application of Finite Element Modelling (FEM) for the post-fire
assessment of bridge girders, a method that promises to enhance our ability to understand,
evaluate, and mitigate fire-induced damage.

Traditional post-fire assessment methods such as visual inspection and manual estimation
often provide only superficial information. They identify surface-level damage but fail to

capture internal temperature rise, heat penetration patterns, and concealed thermal



degradation that occur within bridge beams during fire events. Such limitations can result in
underestimating the severity of fire damage and may compromise the accuracy of subsequent
structural evaluations.

Conventional assessment approaches also lack the capacity to simulate different fire exposure
conditions or evaluate how various girder shapes respond to heating. As a result, important
factors such as thermal gradients, hot-zone formation, and heat storage within different beam
geometries are often overlooked. These thermal parameters are critical because they directly
influence material degradation, spalling risk, and the residual capacity of bridge elements
after a fire.

Finite Element Modelling (FEM), particularly thermal heat-transfer analysis, provides a more
comprehensive and quantitative method for evaluating temperature development within
bridge components. By incorporating temperature-dependent thermal properties and realistic
fire boundary conditions, FEM enables the prediction of temperature distribution and heat
flow patterns that cannot be measured through visual inspection alone. This analytical
capability allows engineers to better understand how different beam geometries; such as steel
I-beams, concrete I-beams, and concrete rectangular beams; respond to fire.

The use of thermal FEM also improves assessment efficiency. It allows for faster and more
accurate thermal evaluation of fire-exposed bridge elements, supporting quicker decision-
making on whether further structural assessment, repair, or replacement is required.
Ultimately, this strengthens post-fire management, helps prevent unnecessary delays in

reopening bridges, and enhances the overall safety and resilience of bridge infrastructure.



CHAPTER TWO
LITERATURE REVIEW

2.1 Assessment of Bridge Structures

Post-fire assessment of bridge structures is of paramount importance due to the critical role
bridges play in transportation networks and public safety. Fires can inflict severe damage on
bridge materials and structural components, compromising their integrity and functionality
(Buchanan & Abu, 2017). The assessment ensures that any bridge exposed to fire is
thoroughly evaluated for safety, serviceability, and necessary repairs, which is crucial for
preventing catastrophic failures and ensuring the continuous flow of traffic and commerce.
Bridges serve as vital links in transportation networks, enabling the movement of people,
goods, and services (Rodrigue, 2020), and also, foot bridges makes it easier for people to
commute from one end of the road to the other end of the road safely as shown in Figure 2.1.
Any disruption in these links can have significant economic and social impacts. Fires,
whether caused by accidents, natural events, or deliberate actions, can weaken structural
elements, leading to potential collapses or reduced load-carrying capacity. Without a proper
post-fire assessment, damaged bridges could remain in use, posing significant risks to public
safety. The assessment process helps identify compromised components, recommend tailored

repair measures and ensures that only safe structures remain operational.

Figure 2.1: Pedestrian Bridge (Rodrigue, 2020).
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Materials commonly used in bridge construction, such as steel and concrete, behave
differently under high temperatures. Steel may lose its strength and stiffness, while concrete
can experience spalling and cracking, further reducing its load-bearing capacity (Aksoylu et
al., 2022). The extent of this damage is often not visible to the naked eye and requires
detailed investigation. Post-fire assessments typically involve a combination of visual
inspections, non-destructive testing, and, increasingly, advanced computational methods like
finite element modelling (FEM). These techniques allow engineers to understand the extent
of the damage and the residual strength of the materials, providing a basis for informed
decision-making regarding the bridge’s future use (Pipinato et al., 2019). Another critical
aspect of post-fire assessment is determining the repair strategies needed to restore the bridge
to its original or acceptable condition (Nicoletta et al., 2020). Repairing fire-damaged
structures can be complex and costly, involving the replacement of damaged components,
strengthening of weakened areas, and sometimes, full or partial reconstruction. A thorough
assessment provides the necessary data to develop effective and economical repair plans,
ensuring that resources are used efficiently and the bridge can be returned to service as
quickly as possible (Bocchini ef al., 2014).

The importance of post-fire assessment also extends to long-term maintenance and
monitoring. Fire damage can have lasting effects on the durability and fatigue life of bridge
materials, potentially leading to premature failures if not properly addressed. By
understanding the extent of the damage and the long-term implications, engineers can
develop maintenance plans that include regular monitoring and inspections to detect any
further deterioration early and take appropriate actions to mitigate risks (Frangopol &

Soliman, 2019).



2.2 Overview of Bridge Fire Incidents

Bridge fire incidents, can have devastating consequences on infrastructure, traffic flow, and

public safety. They highlight the vulnerabilities in our transportation network and the need

for robust safety measures and rapid response strategies. Table 2.1 highlights but a few

different bridge incidences that have occurred over the years, Nigeria inclusive and this

contains details of the cause of the fire on the bridge, the type of materials used on the bridge,

a description of the damage made, and the level of such damage to the bridge.

Table 2.1: Details of Bridges Exposed to Fire

Bridge
Bridge/ Cause of Bridge Damage
Date Damage | Reference
Location Fire Construction | Description
Level
The cause of
the fire is
One of cable
Charilaos not
‘ ‘ ‘ caught fire and
Trikoupis ascertained, | Cable-stayed o
‘ o ‘ ‘ collapse, (Giuliani
(Rio- January but it is bridge with a )
o . . damaging the 3 etal.,
Antirrio) | 28,2005 | believed composite '
) adjacent cable 2012)
Bridge, that it could deck ‘
and crushing
Greece have been
onto the deck
caused by a
lightning
Bridge over ‘ ‘
A gasoline Composite Complete
the I-75 .
. tanker truck | deck (steel collapse of the (Mostafaei
highway July 15, ) . i
struck an girders + bridge which 5 etal.,
near Hazel 2009 )
overpass on reinforced fell on the 2014)
Park, M1,
the 1-75 concrete slab) | freeway below
USA
Highway 57, Plastic Generalized (Peris-
February Concrete slab o
Dormagen, stored under spalling in a 4 Sayol et
14,2012 deck
Germany the bridge section of the al.,2017)




Bridge

Bridge/ Cause of Bridge Damage
Date Damage | Reference
Location Fire Construction | Description
Level
caught fire structure. The
bridge was
demolished
A tanker
overturned
and caught Severe
fire on the deformation of
bridge. The the girder in
Pont ) .
. fuel spill the section
Mathilde, October Steel deck (Godart et
reached . . close to the 5
Rouen, 29,2012 with I-girders al., 2015)
some trucks fire. A section
France ]
parked of the bridge
under the had to be
bridge that demolished
also caught
fire
A 12-m
tractor- )
) Two stringers
trailer
Ed Koch _ . of the upper
traveling on Five-span
Queensboro | August . deck were (Gong et
) the cantilever 2
Bridge, NY, | 16,2013 . severely al., 2015)
outbound truss bridge
USA deformed and
lower level
_ damaged.
of the bridge
caught fire
Gas Composite One of the
Overpass in cylinders in deck (steel steel columns (Peris-
‘ February .
El Cairo, 112014 the shanty girders + collapsed due 5 Sayol et
Egypt ’ town reinforced to the high al.,2017)
underneath | concrete slab) | temperature.
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Bridge
Bridge/ Cause of Bridge Damage
Date Damage | Reference
Location Fire Construction | Description
exploded supported by | Three sections
steel columns | of the bridge
completely
collapsed.
Substantial
damage to the
steel structure
Delta Steel _ .
Spill and of the bridge,
Company L .
. October | ignition of . compromising (Ede et
Bridge, Steel bridge | ‘
. 5,2015 | petroleum its load-bearing al.,2019)
Warri,
o products capacity and
Nigeria
overall
structural
integrity.
Severe damage
of the bridge's
structural
) components,
Otedola Explosion ‘ ‘ (Punch
‘ including
Bridge, June 29, | ofapetrol- | Concrete and o News
significant .
Lagos, 2018 | laden tanker steel . Article,
o heat-induced
Nigeria truck 2018)
damage to the
concrete and
steel
reinforcement.
High Level A homeless Damage to the
Bridge, encampment | Steel truss | protective paint (Sharma
August . ) )
Edmonton, that bridge with | coating on the etal.,
24,2019 . .
Alberta, accidentally | concrete piers steel 2024)
Canada ignited components,
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Bridge/

Bridge
Cause of Bridge Damage
Date Damage
Location Fire Construction

Reference
Description

Level
underneath compromising

the bridge of steel

properties,
damage to the
electrical and
lighting
systems
installed on the

bridge.

Damage to
both the
concrete and
steel

reinforcements
) ) Overturning
Ijora Bridge,

October
13,2023

of the bridge.

(Vanguard
The high

and ignition
Lagos,

Concrete and

News
o of a petrol
Nigeria

steel temperatures Article,
tanker

resulted in 2023)
spalling of
concrete and
weakening of
steel

components
Ibafo/Aseese

Damage of
) bridge and
axis of the Fuel tanker

(Punch
underlying
Lagos- May 25, truck Concrete and

Ibadan 2024

News
steel 3
overturned

steel

. Article,
o reinforcements.
Expressway, and ignited

Nigeria

2024).
The heat led to

cracks in the
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Bridge
Bridge/ Cause of Bridge Damage
Date Damage | Reference
Location Fire Construction | Description Level
eve

concrete and
loss of strength

in the steel.

Where: 1 =Manageable; 2 = Concerning; 3 = Serious; 4 = Severe; 5 = Catastrophic

Figure 2.2 displays the number of bridge fire incidents over the years, revealing trends and
patterns in their frequency and these data are shown in APPENDIX A. This data obtained
from different source can help identify periods with higher occurrences, potentially linked to
specific factors such as changes in traffic volume, maintenance practices, or environmental
conditions. Together, these figures emphasize the critical need for ongoing research,
preventive measures, and improved fire-resistant designs to enhance the safety and resilience

of bridge infrastructure worldwide.
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Figure 2.2: Number of Bridge Fire Incidence Over the Years
A study conducted by (Peris-Sayol et al., 2017) shows the percentage of different types of

bridges which have been exposed to fire and this is given in Figure 2.3
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Figure 2.3: Percentage of Bridge Types Exposed to Fire (Peris-Sayol et al., 2017).
2.3 Material Behavior at Elevated Temperatures
Structural materials such as concrete and steel, when exposed to fire, undergo significant
changes in their physical and mechanical properties. These changes can lead to severe
structural damage, compromising the safety and functionality of bridge structure.
Understanding the specific effects of fire on common structural materials for bridge
construction such as reinforced concrete, steel, and plain concrete is essential for designing
fire-resistant structures and for post-fire assessment and rehabilitation.
2.3.1 Reinforced Concrete
Reinforced concrete, composed of concrete and steel reinforcement, exhibits complex
behavior under fire conditions due to the differing thermal properties of its constituents. The
type of aggregate in the concrete, such as siliceous or calcareous, significantly affects its
performance in fire. Siliceous aggregates, composed of materials like quartz, tend to
experience a more pronounced reduction in strength at high temperatures compared to
calcareous aggregates, which are primarily limestone-based. This difference is crucial
because it influences the overall fire resistance of the concrete. Figure 2.4 illustrates the
reduction in compressive strength of concrete at elevated temperature, as outlined in the

European standard (Beeby et al., 2005). This figure, aids in understanding how different
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aggregates affect the degradation rate of concrete under fire, impacting its structural integrity

and load-bearing capacity.
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Figure 2.4: Reduction of Strength of Reinforced Concrete with High Temperature
(Beeby et al., 2005).
Concrete undergoes spalling, thermal expansion, and a reduction in strength when exposed to
fire. Spalling reduces the effective cross-sectional area and exposes inner layers to direct fire,
accelerating degradation (Amran ef al., 2022). Steel reinforcement loses strength and stiffness,
experiences thermal expansion, and may undergo yielding or buckling when it is exposed to
fire. The loss of yield strength can lead to the inability of the reinforcement to carry design
loads, potentially leading to structural collapse (Memon et al., 2019). The following
subsections gives explanation of the behavior of concrete exposed to fire;
I. Thermal Expansion and Spalling:

Like reinforced concrete, plain concrete experiences thermal expansion when exposed to high
temperatures. This can lead to spalling, where the surface layers of concrete break off due to
the buildup of steam pressure within the pores. Spalling can significantly reduce the structural

capacity and durability of concrete elements (Miah, 2017).
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II.  Strength Degradation:
The compressive strength of concrete diminishes with rising temperature. Up to 300°C,
concrete retains most of its strength, but beyond this point, strength degradation becomes
significant. By 600°C, concrete can lose up to 50% of its original strength, severely
compromising its load-bearing capability (Memon et al., 2019).

III.  Thermal Cracking:
Differential thermal expansion within the concrete can cause cracking, which compromises
structural integrity. Cracks provide pathways for fire and heat to penetrate deeper into the
concrete, exacerbating internal damage and potentially leading to structural failure (Golewski,
2023).
2.3.2 Steel

Steel structures are highly susceptible to fire due to steel's inherent properties, which change
dramatically at increasing temperatures. According to the European standard (Beeby et al.,
2005), Figure 2.5 shows the reduction of strength of steel under high temperature. This stress-
strain relationship is defined by three parameters which includes; the proportional limit

(fsp,0) , the maximum stress level (fsy,0), and, the slope of the linear elastic range (Esg).
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Figure 2.5: Reduction of Strength of Steel with High Temperature (Beeby Et Al., 2005).
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Steel reinforcement loses strength and stiffness, experiences thermal expansion, and may
undergo yielding or buckling when it is exposed to fire. The following subsections gives
explanation of the behavior of steel exposed to fire;
I. Thermal Conductivity and Expansion:

Steel’s high thermal conductivity means it heats up quickly when exposed to fire. Rapid
heating can cause significant thermal expansion, leading to buckling and deformation of steel
members. This expansion can also induce additional stresses in the structure, especially in
restrained elements (Abambres ef al., 2016).

II.  Loss of Mechanical Properties:
The mechanical properties of steel degrade significantly at elevated temperatures. For
example, at around 600°C, structural steel retains only about 50% of its yield strength.
Beyond 800°C, it may retain as little as 10-20% of its original strength. This drastic reduction
in strength and stiffness can result in large deflections, instability, and even collapse under
load (Hamad et al., 2017).
III.  Failure of Connections:
The connections (such as welds, bolts, and rivets) in steel structures can also be adversely
affected by high temperatures, leading to partial or complete structural failure. Fire protection
measures like intumescent coatings, spray-applied fire-resistive materials, and concrete
encasement are often used to insulate steel from extreme heat, delaying the loss of strength
and providing critical time for evacuation and firefighting (Hamad et al., 2017).
2.4 Bridge Girders at Elevated Temperature
Bridge girders are critical load-bearing components that span the length between bridge piers,
transferring vehicular and structural loads to the substructure. Depending on design needs and
site-specific factors, they are constructed from steel, reinforced concrete, pre-stressed

concrete, or a composite of steel and concrete. Exposure to elevated temperatures particularly
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during fire events can cause severe degradation of girder performance, leading to permanent
deformation, strength loss, and potential collapse.

2.4.1 Steel Bridge Girders

Steel bridge girders, while known for their high strength-to-weight ratio and ductility, are
particularly vulnerable to high-temperature exposure. At temperatures above 400°C, steel
begins to lose both its yield strength and modulus of elasticity. For example, experimental
findings show that the yield strength of structural steel can reduce to about 50% at 600°C and
may drop to as low as 10-20% at 800°C, rendering the steel ineffective in carrying design

loads (Kodur ef al., 2013). Figure 2.6 shows a graphical view of a steel bridge.

Figure 2.6: Steel Bridges (Kodur et al., 2013).

Fire scenarios involving hydrocarbon fuels, such as tanker truck accidents, can raise the
temperature around bridge girders to over 1000°C within minutes. During such incidents, the
unprotected sections of steel girders, especially the bottom flange and web, heat up rapidly
due to their slender geometry and exposure to direct flame. This leads to thermal gradients
across the girder depth, which in turn results in thermal bowing a deformation mechanism
where uneven expansion induces curvature and lateral movement even before mechanical
degradation sets in (Zhang et al., 2024). The rapid deflection and loss of stiffness may cause
local buckling, particularly in the web, and may lead to full collapse in as little as 15-30

minutes if fire protection is not present (Zhou, & Peng, 2024).
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Recent advances in computational fluid dynamics (CFD) and finite element modeling have
enabled more accurate simulations of how steel girders behave under fire loading. For
instance, integrated fire-structure models have demonstrated that the highest stress
concentrations develop at the mid-span and support regions, with fireproofing insulation
playing a crucial role in delaying temperature rise and structural deterioration (Yu et al.,
2021).

2.4.2 Composite Steel-Concrete Girders

Composite girders, which combine the compressive strength of concrete with the tensile
efficiency of steel, are commonly used in modern bridge design due to their enhanced load
distribution and fire resistance as seen in Figure 2.7. Under elevated temperatures, the
thermal insulation provided by the concrete deck helps delay the temperature increase in the
top flange of the steel beam. However, the web and bottom flange often less protected remain
susceptible to rapid heating, leading to differential expansion within the girder (Kodur et al.,

2013).

Figure 2.7: Composite Steel-Concrete Girders (Zhang et al., 2024).
The response of composite girders to fire is largely governed by the interface between steel
and concrete. As heat penetrates the girder, the bond strength between these materials begins

to deteriorate. Cracks form in the concrete slab due to thermal stress, and once the bond is
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sufficiently compromised, composite action is lost, and the steel section begins to behave
independently, hastening failure (Zhang et al., 2024). In computational models, deflections in
composite girders increase dramatically after about 20 minutes of fire exposure, and global
collapse is typically observed within 30—40 minutes in the absence of passive fire protection
(Zhou, & Peng, 2024).

2.4.3 Reinforced and Pre-Stressed Concrete Girders

Concrete girders both reinforced and pre-stressed exhibit complex behavior under elevated
temperatures. While concrete has a higher initial fire resistance than steel due to its low
thermal conductivity, it suffers from internal micro-cracking, loss of strength, and a
phenomenon known as spalling. Spalling occurs when pore pressure builds up inside the
concrete as water vaporizes under heat, leading to explosive surface loss. This drastically
reduces the effective cross-section and protective cover for embedded steel reinforcement or
tendons (Gil, 2024).

The mechanical properties of concrete degrade with increasing temperature. Research has
shown that compressive strength may reduce by up to 55% at 600°C, and by more than 80%
at 800°C. Additionally, the bond between steel rebar’s and the surrounding concrete weakens,
compromising the girder's ability to sustain shear and bending loads (Babalola et al., 2021).
Pre-stressed concrete girders are particularly vulnerable because the loss of pre-stress force
either through tendon relaxation or rupture can result in sudden failure. Tendons located near
the bottom of the section heat up quickly, especially in fire events that occur underneath the

bridge, such as tanker truck fires.
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Figure 2.8: Reinforced and Pre-Stressed Concrete Girders (Zhou, & Peng, 2024)

In segmental pre-stressed girders as seen in Figure 2.8, the joints between segments are
another critical point of failure. Differential thermal expansion across segments can cause
joint opening and eventual separation, as shown in numerical studies simulating standard fire
curve and hydrocarbon fire curves (Zhou, & Peng, 2024). Despite being initially more fire-
resistant than steel girders, concrete girders ultimately suffer from irreversible damage that
necessitates extensive rehabilitation or replacement.

2.4.4 Long-Span Bridge Girders (Suspension and Cable-Stayed Systems)

Long-span bridges often utilize steel box girders or orthotropic decks supported by
suspension cables or stay cables as seen in Figure 2.9. These girders, due to their slender
sections and surface area, are highly sensitive to fire loading. For example, the Wuhan
Yangtze River Bridge experienced a simulated tanker truck fire scenario where local
temperatures at the girder soffit exceeded 1000°C, causing serious strength reduction and

distortion (Yu et al., 2021).
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Figure 2.9: Suspension and Cable-Stayed (Liu et al., 2023)

Unlike typical girder failures, long-span systems face complex global behavior changes under
fire. Localized heating near pylons or anchorages alters the internal force distribution, leading
to unbalanced cable forces and increased bending moments. Additionally, thermal expansion
in girder segments causes horizontal displacements that can push expansion joints and
bearings beyond their limits, introducing secondary stresses and potential system-wide
collapse (Liu et al., 2023). Due to their critical role in transport infrastructure, long-span
bridge girders require proactive design measures such as fire-resistant coatings, thermal
isolation barriers, and active fire suppression systems. While these methods can delay
damage onset, the magnitude and duration of fire exposure remain the decisive factors in
determining post-fire survivability.

2.5 Design Fire

A design fire is a conceptual representation of a fire scenario used to analyze and predict the
fire's impact on a structure. It provides a basis for evaluating the thermal and structural
performance of buildings, bridges, and other infrastructures under fire conditions (Nicoletta
et al., 2020). In structural fire engineering, the design fire is crucial because it defines the
heat flux, temperature distribution, and duration of a fire, which are essential for determining

the structural response and ensuring safety and resilience.
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Developing design fire scenarios for bridge structures involves a thorough understanding of
potential fire hazards and risks specific to the bridge's environment and surroundings.
Engineers consider factors such as nearby industrial facilities, traffic conditions, and the
likelihood of accidents involving flammable materials (Deco et al., 2011). Based on this
assessment, the key characteristics of the design fire, including the fire load, growth rate,
peak temperature, and duration are defined.

Once the design fire scenario is established, engineers use fire modeling tools and techniques
to simulate how the fire would develop and spread within and around the bridge structure.
This involves modeling factors such as wind conditions, ventilation effects, and the thermal
properties of bridge materials. Computational fluid dynamics (CFD) simulations are often
employed to predict fire behavior, including flame spread, heat transfer, and smoke
movement (Kashi et al., 2020).

The results of the fire modeling simulations are then used to assess the structural response of
the bridge to the design fire scenario. Thermal analysis is conducted to determine how the fire
would affect the temperature distribution within the bridge components, including beams,
decks, and cables. Structural analysis is then performed to evaluate the mechanical response
of the bridge materials to the elevated temperatures, including changes in stiffness, strength,
and deformation (Aziz et al., 2015).

2.5.1 Fire Parameters

Fire scenarios and parameters include fire load, growth rate, duration, and temperature-time
curves. Scenarios like standard fire, natural fire, and hydrocarbon fire help model realistic
conditions, impacting structural integrity assessments and safety measures in buildings and
bridges during and after fire exposure. A study carried out by (Ariyanayagam et al., 2014),
gave brief summary of the different fire parameters used when designing for fire and are

discussed in the following subsections.
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I. Fire Load
The fire load is the total energy content of the combustible materials within a compartment,
usually expressed in MJ/m?. High fire loads lead to more intense fires, requiring structures to
have higher fire resistance to maintain structural integrity.

II.  Growth Rate
The growth rate is the speed at which the fire develops, often classified as slow, medium, fast,
or ultra-fast. Rapid fire growth rates require structures to withstand quickly escalating
temperatures and heat fluxes, which can challenge the thermal stability of materials.
III.  Duration
The duration of a fire is the length of time the fire burns. Longer fire durations mean
prolonged exposure to high temperatures, potentially weakening structural components over
time and necessitating designs that can endure extended heat exposure
2.5.2 Design Fire Curves
Different types of design fires include standard fires, hydrocarbon fire, external fire and
natural fires. Standard fires follow a fixed temperature-time curve; external fires deal with
fires that occur outside of a structure or nearby bridge but have the potential to impact it;
hydrocarbon fires involve intense, rapid temperature rises and, natural fires vary based on
real scenarios.
When designing fire, it is grouped into two main types which are nominal fire curve and
natural fire curve. Nominal fire curve is made up of; Standard fire curve; External fire curve
and Hydrocarbon fire curve (Cook & Cook, 2007).

I. Standard Fire

The standard fire is a simplified, time-temperature curve used in fire resistance testing. It is

defined by the ISO 834 curve, which specifies a consistent rise in temperature over time as
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shown in Figure 2.10. Standard fire equation in accordance to (Cook & Cook, 2007) is given
in Equation 2.1;

T=20+345log( + ) (2.1)
Where; T = Temperature in Degree Celsius (°C).
t = Time (minutes)
This type of fire is used to test and rate the fire resistance of construction materials and
components. It provides a benchmark for evaluating structural elements' performance under a

controlled, repeatable fire scenario (Oliveira ef al., 2021).
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Figure 2.10: Standard Fire Curve (Cook & Cook, 2007)
II. External Fire

External fires refer to fires that occur outside of a structure or nearby bridge but have the
potential to impact it. These fires can be caused by vehicle fires near the bridge structure, or
any adjacent fire source. The temperature-time curve for external fires is highly variable,
depending on factors such as wind conditions, fuel type, and proximity to the bridge. This can
cause significant thermal exposure to the outer surfaces of bridge and other structures around,
leading to potential structural damage. For instance, wildfires can cause prolonged exposure
to high temperatures, affecting materials like concrete and steel. External fire equation in
accordance to (Cook & Cook, 2007) is given in Equation 2.2.
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T=20+660( — . = —) (2.2)
Where; T = temperature in Degree Celsius (°C).
t = Time (minutes)
External fire models are used to assess the risk and impact of external fire scenarios on bridge
structures. These models help in designing protective measures such as fire-resistant cladding,
barriers, and enhanced firefighting strategies. However, predicting the behavior of external
fires can be challenging due to the many variables involved, such as environmental
conditions and fuel types (Silva et al., 2023). Figure 2.11 gives a graphical illustration of

external fire curve.
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Figure 2.11: External Fire Curve (Cook & Cook, 2007)

III. Hydrocarbon Fire

Hydrocarbon fires are characterized by rapid temperature rise and high peak temperatures,
typical of fires involving flammable liquids and gases, such as those found in petrochemical
facilities. Hydrocarbon fire equation in accordance to (Cook & Cook, 2007) is given in
Equation 2.3 which results in hydrocarbon fire curve in Figure 2.12 while an example of this
type fire is explosion of fuel or diesel tankers, car explosion e.t.c as shown in Figure 2.13.
Designing for hydrocarbon fires ensures that critical infrastructure can survive severe fire

conditions without catastrophic failure (Gernay et al., 2019).
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T=20+1080( — . T - . ) (2.3)
Where; T = Temperature in Degree Celsius (°C).

t = Time (minutes)
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Figure 2.12: Hydrocarbon Fire Curve (Cook & Cook, 2007)

Figure 2.13: Tanker Explosion Under Bridge in Lagos, Nigeria (Daily Trust, 2021)
IV.  Natural Fire
Natural fire models represent more realistic fire scenarios that consider the actual fire
development within a compartment with the inclusion of a decay/cooling phase as shown in
Figure 2.14. Other examples of this type of fire is wildfire and fire caused by lighting as

shown in Figure 2.15. Natural fire models offer a more accurate prediction of fire behavior in

27



real-life conditions, helping engineers design bridge structures that can withstand the specific

fire risks associated with their environment (Craig & Naser, 2023).
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Figure 2.14: Natural Fire and Nominal Fire Curve (Zehful} ez al., 2007)

Figure 2.15: Canyon Bridge, Northern California on Fire due to wildfire (InsideTrack
News Article, 2021)
2.6 Post-Fire Damage Assessment Techniques
Assessing post-fire damage in bridge structures is critical to ensure safety, determine the
extent of repairs needed, and restore functionality (Nicoletta ef al., 2020). Various techniques
are utilized in post-fire evaluation, each with its own set of advantages and limitations. These

include; visual inspection, Non-Destructive Testing (NDT), Digital Image Correlation (DIC),

28



Thermal Imaging and Finite Element Modeling (FEM) and they are discussed in the
following subsection (Adamczak-Bugno et al., 2024);

2.6.1 Visual Inspection

Visual inspection is often the first step in assessing fire damage to bridge structures. It
involves a thorough examination of the visible components of the bridge, including concrete
surfaces, steel elements, and other materials affected by the fire. Inspectors look for signs of
spalling, cracking, discoloration, deformation, and other indicators of damage.

2.6.2 Non-Destructive Testing (NDT)

NDT methods, such as ultrasonic testing, radiography, thermography, and ground-penetrating
radar, are used to evaluate the internal condition of bridge materials without causing damage.
These techniques can provide a more detailed assessment of the extent of fire damage.

2.6.3 Digital Image Correlation (DIC)

DIC is a technique used to measure deformation, displacement, and strain on the surface of
materials by comparing digital images taken before and after a fire.

2.6.4 Thermal Imaging

Thermal imaging uses infrared cameras to detect temperature variations on the surface of
bridge components, which can indicate areas of damage or internal defects caused by fire.
2.6.5 Finite Element Modeling (FEM)

FEM is an advanced computational technique used to simulate the structural behavior of
bridges under various conditions, including post-fire scenarios. By creating a detailed model
of the bridge, engineers can predict how the structure has been affected by the fire and
identify critical stress points.

FEM complements these techniques by providing a comprehensive analysis that incorporates
detailed modeling and simulation, leading to a more thorough understanding of the structural

condition. FEM allows for a detailed and accurate analysis of how structures respond to fire.
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It can model complex geometries and material behaviors, providing insights into temperature
distributions, thermal stresses, and structural deformations that simpler methods cannot
achieve. This detailed analysis is critical for understanding how fire affects different parts of
a structure and predicting potential failure points (Luo et al., 2018). Materials exhibit
complex behaviors at high temperatures, including changes in strength, stiffness, and thermal
conductivity. FEM can incorporate these non-linear material properties and provide a more
realistic simulation of how materials will perform under fire conditions. This is particularly
important for materials like steel and concrete, which undergo significant changes when
exposed to high heat.

2.6.6 Summary of Fire Damage Assessment Techniques

A summary of different post-fire damage assessment techniques with its advantages and
limitations is give below in Table 2.2.

Table 2.2: Summary of post-fire damage assessment techniques.

S/N Techniques Advantage Limitation
Immediate assessment, Subjectivity, Surface-
1 Visual Inspection Cost-Effective, and Simple Level Only, and
Implementation. Inconsistent Results.
Specialized Equipment
‘ ‘ and Training,
Non-Destructive Testing Internal Assessment, )
2. o Interpretation of Results,
(NDT) Precision, and Safety. )
and Environmental
Sensitivity.
Non-Contact Surface Preparation,
; Digital Image Correlation Measurement, High Environmental Factors,
' (DIC) Precision, and Real-Time and Complex Data
Monitoring Analysis.
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2.7 Fundamentals of Finite Element Method (FEM)

The Finite Element Method (FEM) is a numerical technique for solving complex engineering
and mathematical problems. It is particularly valuable for analyzing structures, heat transfer,
fluid dynamics, and electromagnetic fields. The following subsections present a detailed
explanation of FEM, including its principles, operation, types of finite elements, meshing
strategies, and boundary conditions (Reddy & Reddy, 2015).

2.7.1 Principles of FEM

The fundamental principle of FEM is to break down a large, complex problem into smaller,
simpler parts called finite elements. These elements, connected at points known as nodes,
form a mesh that approximates the geometry of the structure or domain being analyzed. The
process of FEM begins with discretization, where the structure or domain is divided into a
finite number of elements. The choice of element type such as 1D elements for beams, 2D
elements for plates and shells, or 3D elements for solid structures depends on the nature of
the problem and the desired accuracy. The mesh density, or the number of elements, is crucial
as it influences both the precision of the results and the computational resources required
(Kuna & Kuna, 2013).

Once the mesh is established, the next step involves deriving the element equations. These
equations are based on physical principles such as equilibrium, compatibility, and material

constitutive laws, which describe the behavior of the material under various loads. For each
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element, a set of equations is formulated to relate the nodal displacements (or other field
variables) to the applied forces as shown in Equation 2.4.

P=K.U (2.4)
Where P is applied nodal forces in Newton (N), K is stiffness matrix, and U is displacement
in meter (m).
These individual element equations are then assembled into a global system of equations that
represents the entire problem. The assembly process takes into account the connectivity of the
elements and ensures that the global system accurately reflects the interactions between
adjacent elements as shown in Equation 2.5 and Equation 2.6. Boundary conditions and

external loads are applied to the global system to simulate real-world constraints and forces.

O M

Where P is applied nodal forces in Newton (N), K is stiffness matrix, and D is nodal
displacement in meter (m)

Solving the global system of equations typically involves numerical methods such as matrix
inversion or iterative techniques, depending on the size and nature of the problem. The
solution yields the primary unknowns, such as nodal displacements, which can then be used
to calculate secondary quantities like stresses and strains within the elements. The final step
in FEM is post-processing, where the computed results are analyzed and visualized. This step
is critical for interpreting the physical behavior of the system, identifying areas of high stress
or deformation, and making informed decisions about design modifications or improvements
(Dalémat et al., 2019). The global stiffness matrix is given in below in Equation 2.6

(2.6)
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Where P is applied nodal forces in Newton (N), K is stiffness matrix, and D is nodal
displacement in meter (m)

2.7.2 FEM Resolution

FEM resolution refers to the level of detail and accuracy in a finite element model,
determined by the size and number of elements in the mesh. High-resolution FEM models
use a large number of small elements, providing detailed and accurate results by capturing
complex geometries and stress variations more precisely. This is essential for analyzing
regions with high gradients in stress, strain, or temperature, ensuring that critical areas are
accurately represented (Marcé-Nogué ef al., 2020).

However, increasing the resolution also increases computational requirements, as more
elements result in larger systems of equations to solve. This trade-off between accuracy and
computational efficiency is a key consideration in FEM. The resolution of an FEM model is
often guided by mesh convergence studies, where the mesh is progressively refined until the
results stabilize, indicating that further refinement will not significantly change the outcome.
This approach ensures that the model provides reliable results without unnecessary
computational expense. Properly resolved FEM models are crucial for making informed
design decisions, optimizing structural performance, and ensuring the safety and reliability of
engineering systems (Chi et al., 2015).

2.7.3 Types of Finite Elements

Finite elements come in various types, each suited for specific applications and types of
analysis. Proper selection and application of these elements are crucial for the effectiveness
and efficiency of FEM analyses. Each type of element is chosen based on the problem's
geometry, loading conditions, and desired accuracy, ensuring that the finite element model
accurately represents the physical system being analyzed. Figure 2.16 shows some examples

of element shapes both the first and the second order.
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I. 1D Elements:
These are used for structures like beams, trusses, and frames. Beam elements can model
bending and axial deformations and are defined by their length, cross-sectional properties,
and the material's elastic modulus. Truss elements are only capable of withstanding axial
forces and are typically used in frameworks like bridges and towers (Gayed et al., 2021).

II. 2D Elements:

These include triangles and quadrilaterals and are used for plane stress, plane strain, and
shell problems. Plane stress elements are ideal for thin structures where stresses in the
thickness direction are negligible, such as in thin plates. Plane strain elements are used for
thick structures where deformation in one direction is negligible compared to the other two,
like in dams or tunnels. Shell elements, a subset of 2D elements, are used for thin-walled
structures where both bending and membrane actions are significant. They combine the
characteristics of plates (bending) and membranes (in-plane forces) (Gayed et al., 2021).
III. 3D Elements:
These elements, such as tetrahedrons and hexahedrons (brick elements), are used for solid
mechanic’s problems involving complex geometries. Tetrahedral elements are preferred for
meshing complex shapes due to their flexibility, while hexahedral elements are preferred for
their accuracy and efficiency in regular geometries. These elements can model volumetric
stress and strain in three-dimensional space, making them suitable for detailed stress analysis
in components like engine blocks, structural components, and pressure vessels (Gayed et al.,

2021).
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Figure 2.16: Examples and Types of Element (Hearn & Hearn, 1997)

IV. Axisymmetric Elements:

These are specialized 2D elements used for problems with rotational symmetry around an
axis, simplifying 3D problems into 2D ones. They are useful for analyzing structures like
tanks, pipes, and rotating machinery where the geometry and loading are symmetrical about
an axis. By reducing a 3D problem to a 2D plane, computational efficiency is significantly
improved while still capturing the essential behavior of the structure (Vaxman ef al., 2016).
2.7.4 Meshing Strategies

Meshing strategies are crucial in finite element analysis as they significantly influence the
accuracy and computational efficiency of the simulation. A good meshing strategy involves
selecting the appropriate element type, size, and distribution for the given problem.
Structured meshes use regular, grid-like patterns, ideal for simple geometries and regions
with uniform stress distribution as seen in Figure 2.17. They offer high accuracy and
computational efficiency but may struggle with complex shapes. Unstructured meshes,
composed of irregularly shaped elements like triangles or tetrahedrons, adapt better to
complex geometries and varying stress fields, although they can be more computationally

intensive (More & Bindu, 2015).
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Figure 2.17: Meshed Bridge Girders Both Concrete and Steel

Adaptive meshing refines the mesh iteratively, focusing on areas with high error estimates or
stress gradients. This approach balances accuracy and efficiency by allocating computational
resources where they are needed most. Mesh convergence studies, where the mesh is
progressively refined until the results stabilize, ensure that the solution is independent of the
mesh size (Baiges et al., 2020).

2.7.5 Boundary Conditions

Boundary conditions in finite element analysis (FEA) define how a structure interacts with its
surroundings and are crucial for simulating real-world behavior accurately. They specify
constraints, loads, and displacements that the structure experiences during analysis. Essential
boundary conditions restrict degrees of freedom (DOFs) of selected nodes, such as fixing
nodes to prevent translation or rotation. These conditions simulate structural supports like
fixed supports or rollers (Lourenco & Gaetani, 2022).

Natural boundary conditions apply loads and external forces to the structure, such as applied
forces, pressures, or thermal gradients. These conditions represent the applied loads and
environmental effects that the structure experiences during operation. In FEA, boundary
conditions must be carefully defined to reflect the actual structural behavior while ensuring

computational efficiency. Improper boundary conditions can lead to unrealistic results or
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computational errors. Engineers typically validate boundary conditions by comparing
simulation results with physical tests or analytical solutions, ensuring the accuracy and
reliability of the FEA model (Lourenco & Gaetani, 2022).

2.8 Application of FEM in Structural and Fire Engineering

The Finite Element Method (FEM) is a foundational analytical tool in structural engineering
due to its capability to model complex geometries, diverse material behaviors, and varied
loading conditions. Its use spans across multiple domains, from static and dynamic structural
analysis to thermal assessments and stability evaluations (Craig, & Naser, 2023). FEM’s
adaptability makes it essential for both design and diagnostic tasks within structural
engineering projects.

2.8.1 Static Structural Analysis

FEM plays a central role in static structural analysis by enabling the calculation of stress
distributions and deformations under constant load conditions. In bridge engineering, for
instance, FEM is used to model structural components such as beams and trusses. Engineers
apply static equilibrium equations within the FEM framework to evaluate internal forces and
displacements. This process helps ensure that structures can sustain operational vehicular
loads without undergoing excessive deformation or structural failure (Reddy & Reddy, 2015).
2.8.2 Thermal Analysis

Thermal analysis using FEM is critical in understanding how structural components respond
to temperature variations. A typical application can be seen in power plants, where FEM is
used to assess thermal expansion in pipelines. By simulating thermal loads, engineers can
predict temperature distributions and the resulting thermal stresses as seen in Figure 2.18.
These predictions are essential to maintain structural integrity under fluctuating operational

temperatures (Hesien et al, 2025).
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Figure 2.18: Thermal Analysis of a Bridge Girder Using FEM
2.8.3 Buckling and Stability Analysis
FEM is also employed for evaluating the buckling behavior and overall stability of structures,
particularly in elements vulnerable to compressive loading. Slender columns and beams in
bridge designs, for example, are assessed for their critical buckling loads and mode shapes.
Such evaluations ensure that structures are provided with appropriate safety margins to
prevent sudden and catastrophic buckling failures (Memon et al., 2019).
2.8.4 Application in Structural Fire Engineering
In structural fire engineering, FEM extends its utility to simulate the behavior of structures
under fire exposure. This involves complex interactions between thermal and mechanical
responses. One key application is thermal response analysis, which predicts temperature
distribution within structural elements during fire incidents. For instance, transient thermal
analysis of a steel beam subjected to fire can simulate the heat flux and determine resulting
thermal stresses and deformation over time (Hodges ef al., 2017).
2.8.5 Structural Health Monitoring
FEM is widely used in structural health monitoring (SHM) to evaluate both the current
condition and the projected performance of infrastructure systems. In bridges, sensor data—
such as strain and temperature readings are integrated with FEM models to provide real-time

structural assessments. This allows for continuous updates to the analysis model, aiding in
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early detection of potential issues like fatigue or material degradation and enabling proactive
maintenance measures (Millard & Pimienta, 2019).

2.8.6 Damage Prediction and Failure Analysis

Finally, FEM is indispensable in predicting damage and analyzing failure mechanisms in
structural components. Nonlinear FEM models are especially useful in simulating crack
initiation and material degradation under varied loading conditions. For example, when
assessing a bridge’s long-term durability, these models help identify locations susceptible to
damage propagation, thus guiding reinforcement strategies to enhance the structure’s
longevity and safety.

2.9 Finite Element Method for Post-Fire Assessment of Structures

The Finite Element Method (FEM) is a powerful computational technique used to simulate
fire exposure and predict the structural response of materials under elevated temperatures. By
developing detailed models, FEM incorporates the thermal and mechanical behavior of
materials during and after fire events, enabling accurate assessment of damage and structural
integrity.

2.9.1 Thermal Analysis Using FEM

The FEM process begins with thermal analysis, where the software simulates heat transfer
through conduction, convection, and radiation across the structural elements (Hodges et al.,
2017). This analysis is guided by a fire’s time-temperature curve and tracks how heat
penetrates and evolves throughout the structure. The resulting temperature distribution data
serves as the basis for further mechanical assessment.

2.9.2 Mechanical Analysis and Material Behavior

Following the thermal analysis, a mechanical analysis evaluates the impact of elevated
temperatures on the structural materials. Concrete and steel lose strength and stiffness at high

temperatures, and FEM models can incorporate these temperature-dependent material
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properties (Ye et al., 2022). The simulation calculates thermal stresses, strains, and
deformations, which are essential for identifying vulnerable zones, possible collapse
mechanisms, and excessive displacements.

2.9.3 Application of FEM in Bridge Fire Cases

FEM has been widely applied in the post-fire assessment of bridge structures. For example,
Hamad ef al. (2017) modeled a steel bridge exposed to fire, focusing on how thermal
gradients induced by the fire led to significant internal stresses and local buckling. This
enabled the formulation of reinforcement strategies to recover structural performance.
Similarly, Watson et al. (2012) applied FEM to analyze a fire-damaged concrete bridge.
Their thermal simulations revealed extensive concrete spalling and exposure of reinforcing
steel, while the mechanical assessment confirmed a severe reduction in load-bearing capacity,
prompting urgent repair recommendations such as concrete replacement and enhanced
fireproofing.

2.9.4 Limitations of FEM

Despite its advantages, FEM is not without limitations. A major challenge is the
computational complexity of high-fidelity models. Simulating large structures with detailed
geometries requires significant computing power and time (Zhou et al., 2024). Additionally,
simplifications such as assuming uniform material properties or omitting boundary conditions
may reduce model accuracy and affect the reliability of the predictions.

2.10 Thermal Finite Element Analysis Using Abaqus Software

Thermal finite element modelling in ABAQUS has been widely applied to study heat transfer
in fire-exposed structural components such as beams, columns, slabs, and composite sections.
The following subsections summaries the standard procedures, highlighting key modelling

steps.
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2.10.1 Introduction to Thermal Analysis in Abaqus

Abaqus is widely employed for conducting both steady-state and transient thermal analyses,
particularly in fire engineering applications where temperature evolution over time is critical.
According to Neupane (2020), Abaqus provides robust numerical procedures for modelling
heat transfer through solid materials under conduction, convection, and radiation boundary
conditions. In structural fire engineering, it is commonly used to simulate temperature
distribution in steel, concrete, and composite elements exposed to defined fire curves such as
standard fire curve (Hesien et al, 2025).

2.10.2 Geometry Modelling of Structural Components

Thermal analysis begins with the creation of geometric models representing the structural
component of interest. Abaqus/CAE allows users to construct 2D or 3D representations of
beams, slabs, or full structural assemblies seen in Figure 2.19. For heat-transfer studies,
simplified 2D cross-sections are often used to capture thermal gradients efficiently while

reducing model complexity (Kodur, & Dwaikat, 2008).
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Figure 2. 19 - 2D Cross-Section Geometry of a Girder Modelled in ABAQUS.
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2.10.3 Temperature-Dependent Material Property Definition

Accurate thermal modelling requires defining temperature-dependent material properties.
Abaqus supports tabular inputs for thermal conductivity, specific heat capacity, density, and
emissivity, which vary with temperature. For concrete and steel, these values may be sourced
from Eurocode 2 (Beeby et al., 2005) and Eurocode 3 (Brown 2018), which provide
standardized thermal property curves under fire exposure. Temperature-dependent
degradation (e.g., loss of conductivity or density changes) is essential for predicting realistic

temperature distributions and thermal delay within the section seen in Figure 2.20.
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Figure 2. 20 - Temperature-Dependent Thermal Conductivity of Concrete as Defined in
ABAQUS.

2.10.4 Step Definition for Transient Thermal Analysis

In Abaqus, a transient heat-transfer step is used to simulate the evolution of temperature in

structural components subjected to fire exposure seen in Figure 2.21. This step governs how

heat propagates through the model over time, capturing the nonlinear and time-dependent

nature of thermal loading (Koric et al., 2009). Researchers typically define the heating

duration, time increments, and automatic stabilization controls to ensure numerical accuracy
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during rapid temperature rises in the early fire stage (Watson et al, 2012). The transient step
also accounts for temperature-dependent thermal properties, allowing the software to update
conductivity, specific heat, and density at each increment to reflect material degradation
under elevated temperatures. This approach has been widely adopted in structural fire
engineering studies because it provides a reliable representation of thermal gradients and

heating patterns in steel, concrete, and composite members (Hesien et al, 2025).

1 File | % Step Manage &

| Name Procedure Nigeom Time E AR M | e 0829 ®omelCR.E
v Initial (Initial) NANA MR 22 1 2 3 4 A (58 Assembly defaults  ~/ @ -
ol Fire Heat transfer (Transient) N/A 5400 :T_UL’L’LIA L sy oens R

~| Step: [= Initial ~

viodel

S Mode

144 Mo|
= Moy

mf
PO
& e

Name: Fire

Type: Heat transfer

Basic Incrementation Other
Description

Response: O Steady-state © Transien: it
Time period: | 5400

Nigeom: Off -7

2
= 7S SIPMULIE

;l oK Cancel

Figure 2. 21 - Transient Heat-Transfer Step Setup for Simulating Fire Exposure.

2.10.5 Fire Exposure and Thermal Boundary Conditions

Fire exposure is introduced into Abaqus as a time-dependent thermal boundary condition
applied to the member’s exposed surfaces seen in Figure 2.22. These boundary conditions
define the thermal environment acting on the structure, including gas temperature, convection
film coefficients, and radiation emissive properties (Abdelrahman et al., 2025). The applied
temperatures follow predefined curves representing standardized or real fire scenarios.
Abaqus allows the user to assign different boundary conditions to different surfaces for
example, applying fire exposure on the bottom flange while keeping the top flange insulated
or unexposed. This flexibility is useful for modelling asymmetric heating observed in bridge

girders, slabs, and beams subjected to localized fires (Kodur & Gil, 2024). The boundary
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conditions simulate how heat flux enters the material and determine the rate at which thermal

gradients develop across the section.
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Figure 2. 22 - Application of ISO 834 Fire Curve as Surface Thermal Loading in
ABAQUS.

2.10.6 Thermal Interactions and Heat Transfer Mechanisms

Thermal analysis in Abaqus incorporates the three primary heat-transfer mechanisms
conduction, convection, and radiation. Heat conduction is modelled through the bulk of the
material using Fourier’s Law, representing temperature diffusion within steel and concrete
elements (Banerjee, 2021). Convection and radiation are applied to the exposed surfaces to
simulate heat exchange between the member and the surrounding fire environment seen in
Figure 2.23. Convection coefficients and emissivity values are typically selected according to
design codes such as Eurocode 1 (Cook & Cook, 2007). Combined radiation—convection
interactions are particularly important at high temperatures, where radiative heat exchange
dominates heat absorption (Buchanan, 2001). By modelling these interactions simultaneously,

Abaqus captures realistic heating behavior consistent with experimental fire-test results.

44



Bl File Model Viewport View Interaction Constraint Connector Special Feature Tools Plug-ins Help ®?

LEESEE e« LBUPFO B2 ‘BA kA IS QFID oK CR.E

Dﬁmﬁ:& ﬂli“ 1234 -&_ ??g?':Assembly defaults "_‘
T T e " todet-1 | step:[FFire Y
& Interaction Manage: <
SN Name Initial  Fire Edit..
=148 v Convection_exposed
3 Move Left
=¥ Convection_unexposed Created
v Radiation Created
a
& Ed
D Name: Convection_exposed
Type: Surface film condition
Step: Fire (Heat transfer)
Surface: exposed_surface R
Definition: Embedded Coefficient
Film coefficient: 25
Film coefficient amplitude: | (Instantaneous)
Sink definition: Uniform
Sink temperature: 1
Step procedure: Heat transfer " Sink amplitude: Cong_fire
Interaction type: Surface film condition o
Interaction status: Created in this step
Create... Copy... Rename... Delete... Dismiss
@ F Fields l

@[y Amplitudes (1) | - >
4= X Fill out the Edit Interaction dialog 28 simuLie

Figure 2. 23 - Application of ISO 834 Fire Curve as Surface Thermal Loading in
ABAQUS.

2.10.7 Mesh Generation for Thermal Analysis

Mesh generation is a crucial step in achieving accurate temperature predictions. Abaqus
offers 2D and 3D thermal elements such as DC2D4 (2D heat-transfer quadrilateral) and
DC3D8 (3D heat-transfer brick) for modelling thermal conduction (Tang et al., 2020). Finer
mesh densities are typically used near fire-exposed surfaces to capture steep temperature
gradients that occur during heating, while coarser meshes may be assigned to insulated or
cooler regions to reduce computational cost (Hodges et al, 2017). Mesh refinement is
especially important in concrete sections where spalling-prone zones require detailed thermal
resolution. Several studies have demonstrated that insufficient mesh resolution leads to
significant underestimation of temperature peaks and delayed thermal penetration (Miah,

2017). Thus, mesh configuration directly influences the fidelity of the thermal results.
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Figure 2. 24 - Finite Element Mesh Showing Refinement Near Fire-Exposed Surfaces.

2.10.8 Analysis Execution and Solver Settings

The thermal analysis is executed using the Abaqus heat-transfer solver, which processes the
transient step and evaluates temperature fields over time (Aziz & Kodur, 2013). Solver
settings such as automatic time stepping, maximum increment size, and convergence
tolerances determine the stability and accuracy of the simulation, particularly during rapid
temperature rises early in the fire. Nonlinear temperature-dependent properties are updated at
each iteration, and the solver uses implicit integration to ensure stable results during long-
duration heating (Hesien et al., 2025). Output requests typically include nodal temperatures,
heat flux, and thermal gradients, allowing researchers to extract temperature—time histories
for critical elements such as reinforcement, flanges, and core regions (Curto et al., 2022).
These results, Figure 2.25 are then used to evaluate structural fire resistance and compare

behaviors across different section geometries.
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Figure 2. 25 - Temperature Contour Illustrating Heat Penetration into a Concrete
Section After 3600sec of Fire Exposure.

2.11 Case Studies of FEM Application in Post-Fire Bridge Assessment
Several bridge projects have successfully employed FEM to assess and improve their
structural integrity. Reviewing and comparing these cases provides insight into the practical
application of FEM and highlights its benefits and challenges.
2.11.1 Case Study 1: New Little Belt Bridge, Denmark (Kragh et al., 2020).
In 2013, a truck fire on the New Little Belt Suspension Bridge caused significant damage due
to rapidly rising temperatures above 1000°C. Engineers used FEM to simulate the thermal
effects of the fire on the steel cables and other structural components. The model included
detailed thermal properties of the materials and the geometric configuration of the bridge.
The FEM analysis indicated that the fire caused substantial thermal stress, leading to potential
weakening of the main cables. The simulation helped identify the need for fire protection
measures, such as insulating materials to protect the cables from future fires. While the FEM
provided valuable insights into the thermal effects, the accuracy of the simulation depended
heavily on the precise thermal properties of the materials and the exact fire conditions, which

are often difficult to determine accurately.
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2.11.2 Case Study 2: Apapa-Oshodi Expressway Bridge, Lagos, Nigeria (Okunola &
Okunola, 2019).
The Apapa-Oshodi Expressway bridge experienced severe fire damage from a tanker
explosion in 2019. FEM was employed to assess the fire's impact on the concrete and steel
reinforcements of the bridge. The model simulated the thermal effects and the resulting
mechanical stresses on the structural components. The analysis revealed critical stress points
where the material integrity was compromised. The FEM guided the repair strategies,
ensuring that the rehabilitated bridge could withstand future incidents. The simulation's
accuracy was limited by the availability of precise data on the fire's temperature and duration.
Additionally, the complex interactions between the thermal and mechanical effects posed
modeling challenges.
2.11.3 Case Study 3: I-85 Bridge Collapse, Atlanta (Park et al., 2018).
The 1-85 bridge collapse in Atlanta due to a fire in 2017 is a prominent example. FEM was
used extensively to assess the damage and guide the reconstruction process. The model
helped engineers understand the thermal effects of the fire on the steel and concrete
components, allowing them to identify critical areas that needed replacement or
reinforcement. The detailed analysis provided by FEM ensured that the rebuilt sections would
be more resilient to similar incidents in the future.
2.11.4 Case Study 4: Polcevera Viaduct (Morandi Bridge), Genoa, Italy (Petrini ez al.,
2020).
The Morandi Bridge collapsed on August 14, 2018, resulting in 43 fatalities. The collapse
was due to the failure of the stays in the southern end of the bridge, which were made of
prestressed concrete and steel cables. FEM was used to model the bridge and analyze the
failure mechanisms of the stays. The model incorporated the complex geometry of the stays

and the material properties of both concrete and steel. The FEM analysis demonstrated that
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the stays had deteriorated over time due to corrosion and material fatigue. This deterioration
led to a significant reduction in the load-carrying capacity of the stays, ultimately causing the
collapse. The analysis highlighted the challenge of accurately modeling the long-term effects
of corrosion and fatigue on structural components. Additionally, the complexity of the
bridge's design made it difficult to simulate all possible failure modes accurately.
2.11.5 Case Study 5: I-35W Mississippi River Bridge Collapse, Minnesota, USA (Zhu et
al., 2010).
The I-35W Mississippi River Bridge in Minneapolis collapsed on August 1, 2007, leading to
the deaths of 13 people and injuring 145 others. The collapse was attributed to a combination
of design flaws and the additional weight of construction materials placed on the bridge.
FEM was used to model the bridge structure and analyze the stresses and forces that led to its
failure. The model included detailed representations of the steel truss elements and the
concrete deck. The FEM analysis revealed that gusset plates in the bridge, which were
undersized due to a design error, experienced excessive stress. The additional construction
loads further exacerbated the stress on these plates, leading to their failure. The FEM analysis
was conducted post-collapse, which means the insights gained could not prevent the incident.
Additionally, accurate modeling of the complex interactions between various structural
elements and the dynamic loading conditions was challenging.
2.12 Previous Research Done
Bridges, especially pedestrian girders, are vulnerable to fire-induced damage that affects
structural performance through mechanisms like deflection, spalling, and material
degradation. While significant research exists on highway bridge structures under fire
exposure, pedestrian girder-specific studies are less common. This report examines previous
work related to fire response of concrete girders and identifies research gaps relevant to

pedestrian bridge assessments using finite element modeling.
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2.12.1 Post-Fire Behavior of Concrete Bridge Girders

Miah, J. (2017) developed validated finite element models to simulate pre stressed and
conventional concrete girders under fire exposure. Their work integrated thermal-mechanical
behavior, hydro-thermal processes, and spalling to assess section loss in slender members.
The study emphasized that smaller cross-sectional areas and web zones are more susceptible
to failure and that UHPC in I-girders is particularly vulnerable to shear failure at elevated
temperatures. However, the analyses focused on highway-scale girders, leaving limited
insight into smaller, pedestrian-scale girders.

2.12.2 Hydro-Thermal-Cracking and Material Degradation

Batoma Sosso et al. (2021) presented an advanced finite element model capturing the hydro-
thermal-mechanical response of concrete under fire. Their findings suggest critical coupling
between moisture transport, pore pressure development, and cracking/spalling mechanisms.
While their simulations detailed property degradation such as reduced stiffness, creep, and
crack growth they primarily addressed building-scale structural members rather than bridge
girders. Nonetheless, their methodological framework lays a strong foundation for pedestrian
girder assessment.

2.12.3 Case-Specific Girder Fire Reconstructions

Gernay et al., (2024) conducted a numerical reconstruction of a real-world fire incident
involving a concrete T-girder bridge. Their study employed CFD-derived thermal inputs and
finite element modeling to capture temporal temperature gradients, spalling evolution, and
structural deflection. Significant degradation was observed in thin web regions, confirming
the need to incorporate realistic fire scenarios into girder modeling. However, these insights
were largely based on highway applications; pedestrian girders may exhibit distinct response

behaviors due to geometry and span.
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2.12.4 Spalling Mechanisms and Persistent Damage

Izzet et al., (2021) investigated spalling in concrete specimens, highlighting the rapid onset of
thermal-hydro spalling (within 10 minutes of heating) followed by thermal-chemical spalling
at higher temperatures (700 - 800°C). Their experimental observations align with
thermodynamic models showing pore-pressure-induced cracking as a primary degradation
driver. Although focused on testing specimens rather than bridge girders, these results
emphasize the importance of modeling spalling in bridge components with adequate moisture
coupling.

2.13 Research Gaps and Opportunities

In reviewing different literatures, while most FEM-based studies (e.g., Hamad et al., 2017;
Watson et al., 2012) have concentrated on large vehicular or highway bridges, pedestrian
bridges remain underexplored. These lighter structures may respond differently to fire due to
their typically smaller cross-sections, lighter reinforcement, and different usage patterns. This
creates a gap in understanding how pedestrian bridge girders specifically behave under post-
fire conditions and what unique vulnerabilities they present.

Additionally, there is a scarcity of detailed post-fire case studies providing empirical data for
validating FEM predictions, and the complexity of FEM software can be a barrier for

practitioners, hindering broader adoption in post-fire assessments.
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CHAPTER THREE

METHODOLOGY
3.1 Thermal Modelling Procedures
This chapter provides a comprehensive description of the methodology employed to model
the thermal behavior of three beam configurations, a steel I-beam, a concrete I-beam, and a
rectangular concrete beam when subjected to fire. The analysis was carried out using the
ABAQUS finite element software, with the objective of developing reliable 2D thermal
models capable of capturing temperature distribution and thermal gradients within each
structural section during fire exposure.
The modelling procedure for each beam type is presented in a structured manner, detailing
the processes of geometry creation, assignment of temperature-dependent material properties,
specification of boundary conditions, application of thermal loading, and mesh formulation
(Neupane, 2020). Particular emphasis is placed on accurately defining elevated-temperature
material characteristics and heat-transfer parameters, as these are essential for reproducing
realistic thermal responses under fire conditions.
3.2 Modelling Framework
This subsection presents the general workflow (Figure 3.1), adopted in developing the
thermal finite element models for the steel I-beam, concrete I-beam, and rectangular concrete
beam. The modelling framework ensures consistency, accuracy, and clarity across all

simulations. The process follows the sequential steps outlined below:
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Figure 3. 1 — Modelling Workflow

I. Geometry Creation

This involved developing the 2D cross-sectional representations of the steel I-beam, concrete
I-beam, and concrete rectangular beam seen in Figure 3.2. The dimensions used reflect
realistic structural proportions and are consistent with the requirements of thermal analysis.

Only the cross-section is modelled since heat transfer is evaluated in the plane of the section

(Piekarska et al., 2010).
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Figure 3. 2 — Development of Geometry in Abaqus
II.  Material Property Definition
Temperature-dependent thermal properties such as thermal conductivity, specific heat
capacity, density were assigned to each beam material (Neupane, 2020) seen in Figure 3.3.
These properties govern how heat travels through steel and concrete during fire exposure and

are defined in accordance with Eurocode standards and established literature.
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Figure 3. 3 — Thermal Properties in Abaqus
III.  Step Setting
This involves the time frames for the fire exposure on the beam seen in Figure 3.4. Also,
stating the type of analysis to be carried out i.e transient heat transfer for the analysis (Watson
et al, 2012). Elements needed such as nodal temperature, reaction flux and heat flux are also

selected for the thermal analysis.
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Figure 3. 4 — Step Module
IV.  Boundary and Initial Conditions
Initial conditions specify the starting temperature (usually ambient temperature). Boundary
conditions define the type of heat transfer occurring at exposed surfaces such as convection to

the fire environment and radiation to fire gases. Non-exposed boundaries may be insulated or
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assigned reduced heat flux depending on realistic exposure scenarios (Maragkos & Beji, 2021)

as seen in Figure 3.5.

5 File Model Viewport View Interaction Constraint Connector Special Feature Tools Plug-ins Help X? -8 x
LEESEE +Cc LRUSSO [ g AlRa v @ A 0 F8 oo CE.E
U221 K 1 2 3 4 A (%8| Assembly defauits | -

Model | Results Module: [FInteraction | Model: [> Model-1  ~| step:[{iinitial
S Model Database V| = = & ¢ T E iy
48 Models (1

‘E odels (1) Initial fire

© Model-1 v convection_exposed Created

@l Parts (1) v convection_unexposed Created

i fay
L Y

Pz Materials (1) v radiation Created
& Calibrations

% Sections (1)

& Profiles

@48 Assembly

ofh Steps (2)

@ B Field Output Requests |
B2 History Output Reques
s Time Points
Bp ALE Adaptive Mesh Co

&, Interactions (3)

©% Interaction Properties (
1 Contact Controls.

i Contact Initializations

"

& Contact Stabilizations Interaction type: Surface film condition

<l Constraints Interaction status:

{E Connector Sections I 9 Create... Copy.. Rename... Dismiss
@ F Fields

©fy Amplitudes (1)

2
2 simuLia

Figure 3. 5 — Thermal Boundary Conditions in Abaqus
V. Application of Fire Load (Temperature-Time Data)
The temperature-time curve (such as ISO 834 or any selected curve) is applied as the external
thermal load. This fire load in Figure 3.6, determines how temperature rises on exposed
surfaces over time and acts as the primary input driving the thermal response of the beams

(Selden & Varma, 2016).

% file Model | Viewport View Load BC Predefined Field Load Case Featuwre Tools Plug-ins Help X

0893 odoeK-H CR.B

LDEE®mEg ¢+ LR TFSO LB E B Qe R
oMz A 1 2 3 4 & (% asembly defauits @~
o T T T
& Model Database | + &1 % ¥ rY
fANMEEE g Name: Amp-1
© Model-1
r= Type: Tabular

[ Materials Time span: | Total time

{ oo Smoothing: © Use solver default

% Sections
# Profiles 8oy
48 Assembly Amplitude Data  Baseline Correction

o Steps (1)

Time/Frequency Amplitude

% Field Output Requests

B2 History Output Reques

e Time Points

B ALE Adaptive Mesh Co

T Interactions

‘B Interaction Properties

# Contact Controls

it Contact Initializations

i Contact Stabilizations

] Constraints

{E Connector Sections

o F Fields

o EEE - X

—_— « 25 simuL
oK Cancel

Figure 3. 6 — Fire Load, Amplitude in Abaqus
VI. Meshing
The geometry is discretized into finite elements to enable numerical heat transfer calculations.

A structured mesh with refined element sizes around flanges, webs, and edges is used to
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capture steep temperature gradients. The global seed is a key component in the meshing
(Tang et al., 2020) which determines how large or how small the mesh will be and it also
determines how big or little the number of elements and nodes will be. In selecting this global

seed, there are no criterial but on what it is intended to achieve as seen in Figure 3.7.

-

4 Abaqus/CAE 2017 - Model Database: C\temp\l Beam.cae [Viewport: 1 - o
B File Model Viewport View Seed Mesh Adaptivity Feature Tools Plug-ins Help "? - [ x|
DA g+ LB BTO BE g Al v W @] e 0F0F @weR-H k&
ATtz A1 2 3 4 & %8 Mesh defauits V@
ool e Module: [3 Mesh ~| Model:[>Model-1 | Object: O Assembly © Part:
&Model Database M| + 1 % @ [yl
=43 Models (1) b s W Giooa seecs
“ Mogel1 48 8. Giing conols
s Parts (1) e B s
B2 Materials () @ Approximate global size: 3
& Calibrations ';‘E @ Curvature control
& Sections (1) A B Maimum deviation factor (00 <h/L < 10):/0.1
& profiles g5 By (Approximate number of elements per circle: 8)
4 Assembly @
£ Steps () = Minimurn size control
% Field Output Requests | | ', oy, © By fraction of global size (0.0 < min < 1.0) 0.1
B History Output Reques ?9}&7 O By absolute value (0.0 < min < global size) |03
b Time Points
B» ALE Adaptive Mesh Co oK Defaults Cancel
B Interactions (3)

@& Interaction Properties (
# Contact Controls
jiF Contact Initializations
i Contact Stabilizations
€] Constraints
{B Connector Sections

F Fields

@y Amplitudes (1)

X/ Set the data using the Global Seeds dialog & simuLia

Figure 3. 7 — Meshing in Abaqus
VII. Running the Thermal Analysis
A transient heat transfer step seen in Figure 3.8 is executed to simulate temperature evolution
over the fire duration. ABAQUS solves the heat transfer equations using the defined
materials, mesh, and fire boundary conditions (Hodges et al, 2017). The simulation outputs

temperature contours and time-dependent thermal gradients.
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VIII. Output Interpretation

The results obtained from the thermal analysis, including temperature distribution patterns,
thermal gradients, and heating rates were extracted and organized for comparative assessment
across the three beam configurations (Wang et al, 2013). These outputs provided the
fundamental basis for evaluating the thermal performance of each beam type and formed the
core of the discussion presented in Chapter Four.

3.3 Model Geometry

This section presents the geometric modelling of the three beam types used for the thermal
analysis; the steel I-beam, the concrete I-beam, and the concrete rectangular beam. Each
beam was modelled as a 2D cross-section as seen in Figure 3.9, representing the plane where
heat transfer is most critical during fire exposure.

A 2D modelling approach was adopted instead of a full 3D model for the following reasons:
Bridges exposed to fire typically experience relatively uniform heating along their
longitudinal axis. Therefore, temperature variation primarily occurs across the cross-sectional
depth and width, not along the span (Liu et al, 2023). This makes a 2D thermal section
sufficient to capture realistic heat penetration. 2D cross-sectional model reduces simulation
time while maintaining accuracy in temperature prediction (Zhang & Haghighat 2009). This
study focuses specifically on temperature distribution, thermal gradients, and heat transfer
mechanisms, all of which are governed by the cross-section’s geometry rather than the beam
length. Eurocode fire design methods and several FEM thermal studies show that 2D
modelling is adequate for structural fire analysis when heat exposure is uniform along the

member length (Rackauskaite et al., 2019).
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Figure 3. 9 - 2D Modelling Concept for Thermal Analysis.

3.3.1 Steel I-Beam Model

The suitable steel I-beam section selected for the analysis was the UKB 533 x 312 x 150
section, with a yield strength of 355 MPa. This section type was obtained using Tekla Tedds
software where the bridge’s length and width (from the case study) was modeled, and the
most suitable steel beam details provided was UKB 533 x 312 x 150 as seen in APPENDIX
B, also, the result of the increment analysis in Abaqus is seen in APPENDIX C. The steel
grade of S275 failed in bending moment calculated though the shear force and deflection
passed. The steel beam passed for bending moment, shear force and deflection with steel
grade of S355 which aligned with eurocode 3 (Franssen & Zaharia, 2005) on recommended
steel grade commonly used for bridges. Lower beam details selected failed in bending
moment and shear force calculations, while suitable beam grades were UKB 533 x 312 x 150

and above. The overall dimension is given in Figure 3.10.
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Figure 3. 10 — Geometry of Steel I Beam

3.3.2 Concrete I-Beam Model

The concrete I-beam was developed using realistic dimensions for a reinforced concrete
girder (Beeby et al., 2005). The length of the case study bridge was incorporated in Tekla
Tedds software to give a recommended dimension for the concrete I beam while adjustment
where made in accordance to eurocode 2 (Beeby ef al., 2005). The section was evaluated
using standard high-yield steel grades (410, 460, and 500 N/mm?) to verify its capacity
against flexural and shear failure. The analysis confirmed that Grade 460 steel reinforcement
with C35 concrete satisfied all structural requirements. Details of the selected configuration
and section dimensions are provided in Appendix D and Figure 3.11 respectively. Also, the

result of the increment analysis in Abaqus is seen in APPENDIX E.
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Figure 3. 11 — Geometry of Concrete I Beam
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Since the simulation focuses only on thermal behavior, reinforcement bars were not explicitly
modelled. Instead, the concrete region containing reinforcement was treated as a
homogeneous thermal material, which is standard practice for heat-transfer-only analysis
(Millard, & Pimienta, 2019).

3.3.3 Concrete Rectangular Beam Model

The dimensions for the concrete rectangular beam was obtained from onsite measurements of
the University of Benin overhead pedestrian bridge (case study). These measurements were
cross verified using Tekla Tedds software to assess reinforcement stability and determine the
appropriate yield strength of the reinforced steel, which was found to be 460 MPa as lower
yield strength didn’t satisfy some checks in the reinforcement calculations seen in
APPENDIX F, also, the result of the increment analysis in Abaqus is seen in APPENDIX G.
The rectangular beam, Figure 3.12 provides an essential contrast because it lacks flanges, thin

web regions, and complex contours present in the I-shaped sections.
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Figure 3. 12 — 2D Geometry of Rectangular Concrete Beam Dimension
3.4 Material Properties
This section presents the thermal material properties used in modelling the steel I-beam,
concrete I-beam, and concrete rectangular beam. Since the study focuses purely on thermal
analysis in ABAQUS, only temperature-dependent heat transfer properties were assigned, no

mechanical or thermo-mechanical parameters were included. All properties were obtained
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from Eurocode 3 (for steel) (Brown, 2018), Eurocode 2 (for concrete) (Beeby et al., 2005),
and supporting literature.

3.4.1 Thermal Properties of Steel

Steel properties were defined as temperature-dependent seen in Figure 3.13, to accurately

capture heat penetration and the rapid temperature rise typical of structural steel under fire

exposure.
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Figure 3. 13 - Thermal Properties of Steel
I. Density
p = 7850 kg/m?
(Constant with temperature)
II.  Specific Heat Capacity (Cp)
The specific heat capacity for steel according to Eurocode 3 (Brown, 2018) is given in
Equation 3.1 to Equation 3.4.
20° = <600°

= + . x T = x + . 3.1

600° = <735°
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735° = <900°

900° = =<1200°
= /

The results are shown in Table 3.1;

Table 3. 1 - Specific Heat Capacity Results from Eurocode 3

Specific Heat Temperature
4.40E+08 20
4.88E+08 100
5.30E+08 200
5.65E+08 300
6.06E+08 400
6.67E+08 500
7.60E+08 600
1.01E+09 700
5.00E+09 735
8.03E+08 800
6.50E+08 900
6.50E+08 1000
6.50E+08 1100
6.50E+08 1200
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III. Thermal Conductivity (k)
Thermal conductivity decreases with temperature as steel becomes less efficient in
transferring heat. The thermal conductivity for steel according to Eurocode 3 (Brown, 2018)
is given in Equation 3.5 to Equation 3.6 which gives results shown in Table 3.2
20° = <800°

= - x / (3.5)
900° = <1200°

= . / (3.6)
where; ©. = Steel temperature (°C).

Table 3. 2 - Thermal Conductivity Results from Eurocode 3

Thermal Conductivity Temperature
53334 20
50670 100
47340 200
44010 300
40680 400
37350 500
34020 600
30690 700
27360 800
27300 1000
27300 1100
27300 1200
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3.4.2 Thermal Properties of Concrete
Concrete was modelled as a temperature-dependent thermal material seen in Figure 3.14,

reflecting its changing conductivity, and heat capacity, under fire exposure.
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Figure 3. 14 - Thermal Properties of Concrete
I.  Density
p =2500 kg/m?
(Normal-weight concrete)
II.  Specific Heat Capacity (Cp)
Concrete exhibits a peak in Cp between 100-200°C due to moisture evaporation. The specific
heat capacity for concrete according to Eurocode 2 (Beeby et al., 2005) is given in Equation
3.7 to Equation 3.10 which gives results shown in Table 3.3;
20° = <100°
= / (3.7)

100° < < 200°

= 4( - )/ (3.8)

(3.9)
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400° < =1200°

= / (3.10)

Table 3. 3 - Specific Heat Capacity Results from Eurocode 2

Specific Heat Temperature
900 20
900 100
1000 200
1050 300
1100 400
1100 500
1100 600
1100 700
1100 800
1100 1000
1100 1100
1100 1200

III. Thermal Conductivity (k)

Conductivity reduces as temperature increases concrete becomes more insulating during fire.
The thermal conductivity for concrete according to Eurocode 2 (Beeby et al., 2005) is given
in Equation 3.11 which gives results shown in Table 3.4;

200 = =<1200°

- - (_)+ | —) / (3.11)

where; © = Steel temperature (°C).
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Table 3. 4 - Thermal Conductivity Results from Eurocode 2

Thermal Conductivity Temperature
1.33 20
1.23 100
1.11 200
1.00 300
0.91 400
0.82 500
0.75 600
0.69 700
0.64 800
0.57 1000
0.55 1100
0.54 1200

3.5 Thermal Load, Boundary Conditions and Fire Exposure

This section outlines the thermal loading conditions, fire curve definition, and boundary
constraints used in modelling the thermal response of the steel I-beam, concrete [-beam, and
rectangular concrete beam. Since the study focuses exclusively on temperature distribution,
the applied loads consist only of convection, radiation, and temperature-time boundary
conditions.

3.5.1 Fire Curve Definition

The fire exposure applied in this study was based on standard cellulosic fire curve, which is
widely used in structural fire engineering (Neupane, 2020). The curve defines the evolution

of gas temperature inside a fire compartment and follows the mathematical relationship:

66



Standard fire equation in accordance to eurocode 1 (Cook & Cook, 2007) is given in equation
3.12;
T=20+3451log( + ) (3.12)

where; T = fire gas temperature ("C)
t = time (minutes)
This fire curve represents a rapid temperature rise typical of a cellulosic fire (wood, paper,
and normal building contents) (Neupane, 2020). The fire exposure was applied for 1200
seconds (20 min), 2400 seconds (40 min), and 3600 seconds (60 min) to capture short-,
medium-, and long-duration heating phases.
In the finite element model, the fire temperature was applied using three thermal load
components (Abdelrahman et al., 2025):

I.  Convection (film condition): Representing hot gases interacting with the beam

surfaces.
II.  Surface radiation: Accounting for heat transfer by thermal radiation
III. Temperature boundary condition (from ISO curve): Applied as a time-dependent
amplitude

This combination allows realistic simulation of heat transfer into the beam cross-section.
3.5.2 Thermal Boundary Application
To simulate realistic bridge fire exposure, the bottom flange and side faces of each girder
were subjected to fire heating. These regions typically experience the highest temperatures
(Aziz & Kodur, 2013) as the beams where modeled as an overhead bridge. The boundary
conditions used for the thermal analysis includes convection and radiation as per Eurocode 1
(Cook & Cook, 2007).

I. Convection — exposed surface

Film condition coefficient (ac) = 25w/m?k
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Surface film condition; sink temperature = 1

II.  Convection — unexposed surface
Film condition coefficient (ac) = 9w/m?k
Surface film condition; sink temperature = 1
III.  Radiation
Surface radiation as seen in Figure 3.15 — shows;
Emissivity = 0.7

Ambient temperature = 1
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Figure 3. 15 — Surface Radiation

IV.  Absolute Zero Temperature and Stefan-Boltzmann Constant

The absolute zero temperature of -273.16°C was also used to develop the model. A Stefan-

Boltzmann radiation constant was applied to simulate radiative heat transfer as per Eurocode

1 (Cook and Cook, 2007) and the value is 5.67 x 10 seen in Figure 3.16.
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Figure 3. 16 - Absolute Zero Temperature and Stefan-Boltzmann Constant

V. Initial Temperature
Ambient temperature = 20°C seen in Figure 3.17
In ABAQUS:

.

between the fire gases and beam surfaces.

J
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The film condition was assigned to exposed surfaces to model convection.

The surface radiation interaction was defined to account for radiative heat transfer
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Figure 3. 17 — Initial Thermal Load

The upper surface of all beams (representing the deck interface) was assumed insulated (Al-

Ansari et al., 2023), since it is not directly exposed to fire in typical bridge scenarios.
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3.5.3 Amplitude Definition for Fire Curve
The fire curve temperature - time relationship was implemented in ABAQUS using a tabular
amplitude definition following equation 3.12. The amplitude table, Table 3.5, contains pairs
of values representing the frequency to gas temperature:

(t To) (3.12)
where; t = simulation time and T = corresponding gas temperature.

Table 3. 5 - Amplitude Table for Fire Curve

Time/frequency (t) Amplitude (T)
0 20
300 948
600 1034
900 1071
1200 1087.6
1500 1095
1800 1098
2100 1099
2400 1100
2700 1100
3000 1100
3300 1100
3600 1100

This amplitude function ensures that the temperature applied to the beam surfaces increases
gradually with time exactly according to the ISO curve (Xia ef al., 2012) as seen in Figure

3.18
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ABAQUS then automatically interpolates between data points to apply a continuous heating
profile throughout the analysis. This method allows accurate simulation of transient
temperature fields and helps predict realistic thermal gradients within each beam type
(Neupane, 2020).
3.6 Thermal Analysis Setup
This section describes the analysis procedures adopted for simulating the temperature
distribution within the steel I-beam, concrete I-beam, and rectangular concrete beam. All
simulations were carried out using a transient thermal analysis in ABAQUS to evaluate the
evolution of temperature within each girder during fire exposure.
3.6.1 Analysis Type
A transient heat transfer analysis was selected for this study rather than a steady-state
approach. Transient analysis captures the progression of heat penetration from the exposed
surfaces into the beam depth, which is essential for understanding thermal gradients and
insulation performance (Parthasarathi, 2024). Steady-state analysis assumes temperatures no
longer change with time, which is unrealistic for fire behavior and unsuitable for modelling

short- and medium-term thermal response (Parthasarathi, 2024). Transient heat transfer
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therefore provides a more accurate representation of actual fire conditions, particularly during
the first hour when temperature gradients are most severe.
3.6.2 Initial and Step Settings
All models were assigned an initial uniform temperature of 20°C to represent ambient
environmental conditions before fire exposure (Hesien et al., 2025).
I. Total Time

The total simulation time was set within a realistic fire duration as seen in Figure 3.19;

e 1200 seconds (20minutes)

e 2400 seconds (40minutes)

e 3600 seconds (60minutes; 1 hour)

r
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Figure 3. 19 - Total Time for Fire Exposure
II. Time Increment Settings
ABAQUS automatic time incrementation was used, allowing the solver to adjust step size
based on heat transfer stability limits seen in Figure 3.20. Finer increments were applied in
the early stage of heating because temperature rises rapidly in the first few minutes of the ISO
834 curve (Koric et al., 2009).
Role of Increment Size:

o Ensures numerical stability of the solution.
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e Improves accuracy by capturing steep temperature gradients.
o Prevents divergence when sudden thermal changes occur.

o Allows the software to take larger increments later when the temperature increase

becomes gradual.

Proper increment control is therefore essential to obtaining realistic thermal histories

throughout the beam’s cross-section.
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Figure 3. 20 - Increment Sizes Setting
3.6.3 Meshing and Element Type
Meshing is a critical step in thermal analysis, as it influences the accuracy of heat flow
predictions. A suitable global seed size, seen in Figure 3.21 was applied to ensure uniform

mesh distribution while maintaining computational efficiency (Tang et al., 2020).
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Figure 3. 21 - Meshing with Global Seed
I. Element Type
Because the study focuses solely on temperature distribution through the beam cross-section,
a 2D planar heat transfer element was used: DC2D4 - 4-node bilinear heat transfer
quadrilateral element; seen in Figure 3.22. This element type is appropriate for modelling

transient heat conduction in solid sections (Dal-Sasso, et al., 2023).
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Figure 3. 22- Element Type
3.7 Model Steps for Each Beam Type
This section outlines the modeling procedure adopted for the three beam configurations

analyzed in the thermal study. Although all models followed the same general workflow;
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geometry creation, assignment of thermal properties, application of fire boundary conditions,
and transient heat-transfer simulation; the specific considerations for each beam type differed
based on geometry and material behavior.
3.7.1 Steel I-Beam Model

I. Geometry
The steel beam, Figure 3.23 was modeled as a standard I-section consisting of a top flange,
bottom flange, and web. Only the cross-section was required since the analysis focused on

two-dimensional heat transfer.

g File Model Viewport View Part Shape Feature Tools Plug-ins Help *?
BECL Y B F) LE g Al xh | §y e
TP A1 2 3 4 A 1% part defauits He-

~ Modet: [* Model-1

9599 oo i

Model Results Module: [% Part ~ part[-beam ¥

S Model Database ~| = &1 % ¥ [y B2
E
243 Models (11 1%t
- S v
% Part Manage
Name Description Status o
beam 2D Deformable Name: steel beam
Copy...
Modeling Space
Rename.
3D © 2D Planar O Axisymmetric
Delete.
Lock Type Options
© Deformable
2 O Discrete rigid
Update Validity None available
O Analytical rigid
Dismiss
®E Interaction Properties ( | [ X Base Feature
{ Contact Controls | © Shell
{iF Contact Initializations O Wire
i Contact Stabilizations e
<] Constraints
B Connector Sections
F Fields
@y Amplitudes (1) 2
4 | Fill out the Create Part dialog | Approximate size: | 2000 P
The model “Model-1" has been created " i — i
The nodel databass “C:\temp-I Bsan.cas" has been opensd Continue... Cancel

Figure 3. 23 — Steel I-Beam Model
II.  Material Definition:
Temperature-dependent thermal properties for structural steel; thermal conductivity, specific
heat, and density; were assigned as seen in Figure 3.24. This is important because steel’s

conductivity increases heat penetration speed and strongly influences temperature distribution.
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Figure 3. 24 — Material Properties of Steel I-Beam
III.  Step Time
Different step time simulations were carried out; 1200 seconds (20minutes), 2400 seconds
(40minutes), 3600 seconds (60minutes; 1 hour) seen in Figure 3.25. This relates the amount

of time the beam was exposed to fire while other parameters remained the same.
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Figure 3. 25 — Step Time for Fire Exposure
IV.  Fire Exposure:
After the thermal load was applied, the amplitude, fire action was applied along the bottom

flange and the two sides of the web, representing typical exposure conditions in real bridge or
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building fires. These surfaces seen in Figure 2.26 received both convection and radiation heat
fluxes derived from the standard fire curve, while the unexposed surface of the beam is seen

in Figure 3.27.
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Figure 3. 27 — Unexposed Surface

V.  Meshing

The meshing of the steel I-beam was done using global seed size of 8 which after analysis

produced results of total number of element to be 446 and total number of nodes to be 606.
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Figure 3. 28 — Meshed Steel I-Beam
VI.  Job Module
This phase involved the checking of all data inputted into the software and submitting them
for simulation as seen in Figure 2.29 and this is what produces the thermal results which will

be discussed in the next chapter.
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Figure 3. 29 - Job Module
3.7.2 Concrete I-Beam Model
I. Geometry:
This section was modeled as a reinforced concrete I-beam comprising a wide top flange and a
thicker web. The concrete’s heterogeneous nature was simplified into a homogeneous

equivalent material for thermal analysis seen in Figure 3.30.
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Figure 3. 30 — Concrete I-Beam Model
II.  Material Definition:
Concrete thermal properties; thermal conductivity, density, and specific heat, were defined as
temperature-dependent seen in Figure 3.31. Concrete exhibits relatively low thermal

conductivity, which slows heat penetration.
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Figure 3. 31 — Material Definition
III.  Step Setting
Different step time simulations as performed in the Steel I-beam were also carried out; 1200
seconds (20minutes), 2400 seconds (40minutes), 3600 seconds (60minutes; 1 hour) seen in
Figure 3.32. This relates the amount of time the beam was exposed to fire while other
parameters remained the same.
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Figure 3. 32 — Step Time for Fire Exposure
IV.  Fire Exposure:
The beam was exposed on the bottom surface and the two vertical web surfaces, Figure 3.33
following realistic exposure of the over-head bridge, while the unexposed surface was also

noted as seen in Figure 3.34. thermal load was applied before the analysis was carried out.
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Figure 3. 34 — Unexposed Surface

V.  Meshing
The meshing of the concrete I-beam was done using global seed size of 15 seen in Figure

3.35 which after analysis produced results of total number of element to be 1195 and total

number of nodes to be 1307.
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Figure 3. 35 — Meshed Concrete I-Beam

V1.  Job Module
This phase involved the checking of all data inputted into the software and submitting them

for simulation as seen in Figure 3.36 and this is what produces the thermal results which will

be discussed in the next chapter.
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Figure 3. 36 - Job Module
3.7.3 Rectangular Concrete Beam
I. Geometry:
This section was modeled as a rectangular concrete beam. The concrete’s heterogeneous

nature was simplified into a homogeneous equivalent material for thermal analysis seen in

Figure 3.37.
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Figure 3. 37 — Rectangular Concrete Beam Model
II.  Material Definition:
Thermal properties identical to the concrete I-beam model were used, in Figure 3.38. This
allows a meaningful comparison of temperature distribution across different geometrical

forms.
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Figure 3. 38— Material Definition
III.  Step Setting
Different step time simulations as performed in the Concrete I-beam were also carried out;
1200 seconds (20minutes), 2400 seconds (40minutes), 3600 seconds (60minutes; 1 hour)

seen in Figure 3.39.
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Figure 3. 39— Step Time for Fire Exposure
IV.  Fire Exposure:
The same boundary conditions used in the previous models as well as the thermal load,
amplitude were applied to ensure consistency bottom and sides exposed to convection and

radiation as seen in Figure 3.40 and in Figure 3.41.
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Figure 3. 41 — Unexposed Surface

V.  Meshing

The meshing of the concrete rectangular beam was done using global seed size of 10, Figure

3.42 which after analysis produced results of total number of element to be 2100 and total

number of nodes to be 2201.
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Figure 3. 42— Meshed Rectangular Concrete Beam
V1.  Job Module
This phase involved the checking of all data inputted into the software and submitting them
for simulation as seen in Figure 3.43 and this is what produces the thermal results which will

be discussed in the next chapter.

3 File Model Viewport View Job Adaptivity Co-execution Optimization Tools Plug-ins Help A

LESESEE ¢ LN B0 g AR TSI B0@
LGt 1 2 3 4 &

Model Results Module: [ Job ~| Model: [~ Model-1 | step: [*fire S

§ % Job Manage

& Name Model Type  Status Write Input

heat_transfer Model-1 Full Analysi: Completed

Data Check.

Job: heat transfer  Status: Completed

Submit
Severe .
A Equil  Total Total Step  Time/LPF
Sicp| Wnesment]| daees ] (Dwconpi] 5 Iter  Time/Freq  Time/LPF
Monitor... Merj

1 146 1 0 2 2 20717 90717 628209

Results 1 147 1 0 2 2 983538 983538 628209
1 148 1 0 1 1 104636 104636 628200

1 149 1 0 1 1 117008 117008 12372

1 150 1 0 2 2 12038 12038 12372

1 151 1 0 2 2 s a7s 12372

1 152 1 0 2 2 16031 1603.1 185579

1 153 1 0 2 2 188147 188147 278369

1 154 1 0 2 2 215983 215983 278369

1 155 1 0 2 2 257739 257739 417553

1 156 1 0 2 2 20372 320372 62633

Create... Edit. Copy.. Rename..  Delete. Dismiss 4 o g n = e S5 bt s

i Contact Initializations
@ Contact Stabilizations
<] Constraints
{B Connector Sections

@ F Fields

@Ry Amplitudes (1)

Log Erors Wamings Output DataFile Message File StatusFile
Submitted: Thu Nov 13 14:15:57 2025

Started: Analysis Input File Processor

2
Completed: Analysis Input File Processor 25 simuLia

Started: Abaqus/Standard

Completed: Abaqus/Standard

Figure 3. 43- Job Module
3.8 Model Validation
During the model validation phase, the accuracy and reliability of the developed finite
element model (FEM) were assessed by comparing its output with established data from
existing literature. The objective was to ensure that the FEM model could accurately predict

the thermal effects, material degradation, and structural responses of bridge components
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under fire conditions. Validation served as a crucial step in verifying that the model could be
used confidently for further analysis and design recommendations (Hicks ef al., 2015).
3.8.1 Comparison of Different Model Data
This process ensured that the validation comparisons of the different models were both
meaningful and applicable. In the thermal response validation, simulated temperature
distributions were compared with observed values from selected literature or experiments.
This comparison evaluated the FEM model's ability to replicate heat transfer and the
temperature rise in key bridge components over time (Curto et al., 2022).
3.8.2 Thermal Response Analysis:
The thermal response analysis focused on evaluating how heat affected the bridge structure
during fire exposure. Key outputs from this analysis includes:

I. Temperature Contours:
This involved visualizing the heat distribution within the bridge components. Temperature
contours showed how heat spread through the structure, identifying areas that experienced the
highest temperatures, which helped in predicting potential points of failure (Abid et al., 2022).
This was summarized in the temperature legend in the final result.
3.9 Parametric Study
The parametric analysis assessed the effect of bridge section type and material type on the
behavior and performance of the girder after fire exposure (Song et al., 2021). The analysis
covered the loss of load-bearing capacity and the residual strength of the girder section.
3.9.1 Section Type
The geometry of each girder section had a major influence on its thermal response. Beams
with larger surface-area-to-volume ratios, such as steel I-sections, heated up faster because
more of their surface was directly exposed to fire (Saari, 2019). This rapid heat absorption led

to quicker temperature rise and faster reduction in strength. In contrast, compact sections like
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rectangular concrete beams showed slower heat penetration, as their thicker cross-section
provided better insulation and delayed the temperature increase at the core (Siebers et al.,
2016). The section shape also affected thermal deformation, with open sections experiencing
more distortion under uneven heating (Golewski, 2023). Overall, the geometry strongly
influenced how quickly each girder reached critical temperatures and how much residual
strength it retained after exposure.

3.9.2 Material Type

Material type also played a critical role in how each girder behaved during thermal loading.
Steel, with its high thermal conductivity, heated rapidly and lost strength quickly as
temperatures increased (Zhou et al., 2024). Concrete heated more slowly due to its lower
conductivity and higher heat capacity, but it was susceptible to cracking or surface spalling as
moisture expanded (Amran et al. 2022). Reinforced concrete had an additional concern:
elevated temperatures weakened the bond between steel reinforcement and concrete,
affecting its load-carrying performance. Each material experienced reductions in stiffness and
strength as temperatures increased, but at different rates (Abambres et al., 2016). These
differences determined how much residual capacity remained after heating and influenced
whether the girder could continue serving its function or required strengthening.

3.10 Post-Fire Damage Assessment

Post-fire assessment was a critical process used to evaluate the material properties, and
overall safety of bridge structures after exposure to fire. It involved determining the extent of
thermal damage, residual strength of materials, and functionality of the bridge components
(Nicoletta et al., 2020). Several post-fire conditions were assessed for proper evaluation, and

these included the following:
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3.10.1 Percentage of Residual Strength

The assessment of the percentage of residual strength in fire-exposed bridge structures using
Abaqus involved simulating the thermal responses to determine the remaining load-bearing
capacity (Gil, 2024). The process began with the creation of a detailed finite element model
of the bridge component, incorporating accurate material properties and geometric details.
Fire exposure was simulated by applying thermal loads, allowing Abaqus to compute the
resulting temperature distribution within the structure. The temperature profiles produced
after the simulation were used to adjust material properties, reflecting the degradation due to
elevated temperatures (Abid et al., 2022). Using Eurocode 3 (for steel) (Brown, 2018),
Eurocode 2 (for concrete) (Beeby et al., 2005), the reduction factor (k) was obtained in line
its respective temperature looked out for and was multiplied by 100% to get the percentage
strength seen in Equation 3.13. This reduction factor was multiplied by the compressive
strength of the concrete and the yield strength of the steel in order to obtain the remain
residual strength left in the beam after exposure to fire as seen in Equation 3.14.

= ()x % (3.13)

= x (3.14)
3.10.2 Spalling of Concrete
The assessment of spalling in concrete structures exposed to fire using Abaqus software
involved simulating the thermal behavior that led to surface layer detachment. The process
began with the development of a detailed finite element model of the concrete component,
incorporating its geometric and material properties (Mohammed et al., 2022). The results
from the simulation provided insights into the extent and severity of spalling. According to
literature by Amran et al. (2022), spalling typically began at temperatures around 300°C

(572°F) and became more pronounced as temperatures increased.

88



3.11 Application to a Case Study Bridge

The case study investigated the thermal behavior of the University of Benin pedestrian
flyover bridge, Figure 3.44, by analyzing the 2D temperature response of its girder cross-
sections under simulated fire exposure. The finite element model was developed to represent
only the girder section rather than the complete bridge structure, enabling a focused
assessment of heat transfer, temperature gradients, and heating patterns within the steel and

concrete components.

e,

il Il |
NOBODY HAS DIED

7%, from the COVID-19 VACCINE

Figure 3. 44 - University of Benin Pedestrian Bridge

The dimensions for the composite girder was obtained from onsite measurement which was
cross checked using Tekla Tedds software in order to cross check its reinforcement stability
and provide suitable yield strength of the reinforced steel which gave 450Mpa and the result
from this analysis is found in APPENDIX H with Figure 3.45 and Figure 3.46 showing
graphical detail of the measurement used for the calculation. Also, the result of the increment
analysis in Abaqus is seen in APPENDIX I. The dimensions as shown in Figure 3.45 was
used to model the composite girder and with meshed model as seen in Figure 3.47. After the
simulation, the number of nodes which formed the mesh for the composite girder was 3456

nodes and 3288 elements.
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Figure 3. 45 - Bridge Dimension (mm)
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Figure 3. 46 - Dimension (in mm) of the Composite Girder Cross-Section

Figure 3. 47 - Meshed Model of the Composite Girder
I. Geometry:
The composite girder cross-section was modelled in 2D in which the geometry was drawn to

capture accurate dimensions, interface regions, and heat-transfer paths across the section seen

in Figure 3.48.
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Figure 3. 48 - Composite Girder Model

I1.

Material Definition:

Temperature-dependent thermal properties were assigned to the composite girder, including

thermal conductivity, specific heat capacity, and density seen in Figure 3.49. These properties

ensured that the model captured realistic heat penetration, insulation effects, and variations in

thermal behavior at elevated temperatures.
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Figure 3. 49 — Material Definition

A transient heat-transfer step was created to simulate the time-dependent temperature

response during fire exposure. The step controlled the duration of heating, the increment size,
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and the solution procedure required to track temperature evolution throughout the girder

section seen in Figure 3.50.
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Figure 3. 50 — Step Time for Fire Exposure
IV.  Fire Exposure:
Fire loading was applied using the ISO standard fire curve, introduced as a temperature-time
boundary condition on the exposed surfaces, Figure 3.51 and identifying the unexposed
surface, Figure 3.52. Convection and radiation coefficients were included to reflect external

heat transfer, while conduction governed internal heat flow within the composite section.
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V.  Meshing
The geometry was discretized using structured quadrilateral heat-transfer elements with
global seed size of 10 as seen in Figure 3.53. After analysis, the results produced, total

number of element to be 2100 and total number of nodes to be 2201.
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Figure 3. 53— Meshed Composite Girder
VI.  Job Module
This phase involved the checking of all data inputted into the software and submitting them
for simulation as seen in Figure 3.54 and this is what produces the thermal results which will

be discussed in the next chapter.
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CHAPTER FOUR
RESULT AND DISCUSSION
4.1 Temperature Contour Results
This section presents the temperature contour results obtained from the thermal finite element
analysis of the three girder sections under fire exposure. The contours illustrate how heat was
distributed across the cross-sections over time (1200 sec, 2400sec, and 3600sec).
4.1.1 Steel I-Beam Temperature Contours
This subsection presents the thermal response of the steel I-beam under fire exposure at 1200
seconds, 2400 seconds, and 3600 seconds. For each fire duration, the corresponding
temperature contour from Abaqus is inserted and discussed.
I  Temperature Distribution at 1200 Seconds
The heat penetration pattern at 1200 seconds showed that most of the steel section had
become substantially heated, indicating that it had absorbed a significant amount of thermal
energy over the exposure period. The web and bottom flange recorded the highest and most
uniform temperatures of 994.2°C, reflecting their prolonged direct exposure to fire as seen in
Figure 4.1. Heat had penetrated through the entire web and into both flanges, suggesting that
the temperature distribution across the cross-section was approaching thermal equilibrium,

even though the innermost regions may still have been slightly cooler (Vacha et al., 2016).
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Figure 4. 1 - Nodal Temperature of Steel I-Beam at 1200seconds
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The hottest zones at 1200 seconds were identified in the bottom flange and the web. The
bottom flange, being the most directly exposed to fire, heated up first and reached the highest
temperature levels (Ebrahimzadeh, & Rezaeian, 2022). The web, due to its thinner profile,
also heated rapidly and maintained temperatures close to those of the bottom flange 905.6°C.
Although the top flange experienced less direct exposure with temperature of 639.9°C, the
high thermal conductivity of steel ensured that it also reached elevated temperatures,
resulting in only minor temperature gradients across the section (Awoyera, & Naser, 2024).
The thermal distribution at 1200 seconds further demonstrated the influence of steel’s high
thermal conductivity. Heat had been rapidly and efficiently transmitted throughout the entire
section, causing the temperature differences between the most exposed and less exposed
areas to become minimal after twenty minutes of heating (Siddique ef al., 2010). This rapid
equalization of temperature across the cross-section was characteristic of steel’s behaviour
under fire conditions (Rzeszut, & Lukasz, 2013).
IT Temperature Distribution at 2400 Seconds

At 2400 seconds, the steel section had reached a state of near-complete thermal saturation,
with the entire cross-section engulfed in high temperatures seen in Figure 4.2. At this stage of

heating, the entire section effectively became the hottest zone at temperature of 1041°C.

NT11

+1.100e+03
+1.070e+03
+1.041e+03
+1.012e+03
+9.826e+02
+9.534e+02
+9.241e+02
+8.948e+02
+8.655e+02
+8.363e+02
+8.070e+02
+7.777e+02
+7.484e+02

Y
L X Step: fire

Increment 504: Step Time = 2400,
Primarv Var: NT11

Figure 4. 2 - Nodal Temperature of Steel I-Beam at 2400seconds

96



Although the bottom flange and web initially recorded the highest temperatures because of
direct fire exposure, the top flange and inner regions had eventually reached similar
temperature levels at 1012°C (Akagwu, 2021).

By 2400 seconds, the distribution of heat across the steel section demonstrated the strong
influence of steel’s high thermal conductivity over an extended heating period. After 40
minutes of exposure, the component had reached temperatures that drastically reduced its
strength, producing a significant risk of structural failure (Narang, 2005).

III Temperature Distribution at 3600 Seconds

At 3600 seconds, Figure 4.3, the heat penetration pattern showed that the steel section had
reached a state of complete thermal saturation or near-equilibrium with the surrounding fire
environment. The temperature appeared uniform across the entire cross-section at 1010°C,
indicating that heat had fully penetrated the web, bottom flange, and top flange (Liu et al.,
2025), with a drop in temperature from 1041°C stating the reduction of heat supply. The
thermal contour was dominated by colors representing the highest temperature range,

demonstrating that the member had been fully engulfed in intense heat for a prolonged period.
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Figure 4. 3 — Nodal Temperature of Steel I-Beam at 3600seconds
At this stage of extended exposure, the entire section represented the hottest zone, with

temperatures closely matching those of the furnace environment (Han ef al., 2011). All parts
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of the cross-section; the bottom flange, web, and top flange were at a uniformly high and
critical temperature. Under a standard ISO 834 fire curve (Cook & Cook, 2007).
By 3600 seconds, the uniform temperature distribution provided clear evidence of steel’s
high thermal conductivity (Li ef al., 2015). Heat absorbed at the exposed surfaces had been
quickly and efficiently transmitted throughout the entire cross-section, eliminating any
internal temperature variation. After one hour of heating, the steel member had reached a
state of thermal equilibrium and had exceeded its critical temperature threshold (Wong, 2017),
typically around 920°C.
4.1.2 Concrete I-Beam Temperature Contours
This subsection presents the thermal response of the concrete I-beam at 1200 seconds, 2400
seconds, and 3600 seconds under ISO 834 fire exposure. For each duration, the temperature
contour produced in Abaqus is included and interpreted.

I  Temperature Distribution at 1200 Seconds
The thermal analysis of the concrete I-beam carried out is shown in Figure 4.4 which depicts

the concrete I-beam after fire exposure.
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Figure 4. 4 - Nodal Temperature of Concrete I-Beam at 1200seconds
The thermal behavior of the beam at 1200sec was strongly influenced by the insulating effect

of concrete. Its naturally low thermal conductivity and high thermal capacity caused the
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material to act as an effective barrier to heat transfer (Asadi et al, 2018). This slowed the
movement of heat from the fire-exposed surfaces toward the interior of the concrete I-beam
and ensured that the embedded reinforcement remained at a much lower temperature.

At 1200 seconds, the conditions also fell within the time window in which concrete spalling
was most likely to occur. The potential spalling zones were located within the concrete cover
of the bottom flange with temperature of 820.7°C and along the sides of the web of the
exposed surface (Yun et al., 2013).

IT Temperature Distribution at 2400 Seconds

The beam’s ability to retain structural integrity at 40 minutes was largely attributed to the
insulating effect of concrete (Asadi et al, 2018). Due to its low thermal conductivity and high
thermal capacity, concrete acted as an effective thermal barrier, substantially slowing the

transfer of heat from the exposed surfaces to the interior in Figure 4.5.
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Figure 4. 5 - Nodal Temperature of Concrete I-Beam at 2400seconds
The temperature at 2400sec continued to increase along the bottom flange and the web up to
830.1°C while the top flange though responding to the temperature rise, remained cool. The
concrete insulating nature continued to resist and absorb the heat.
Spalling remained a potential concern, although the nature of the risk shifted from sudden

explosive failure to continued surface degradation (Mohammed, et al., 2022). Temperature
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entered 920.1°C supporting Amran et al (2022) at the bottom flange and web which indicated
that spalling has occurred.

III  Temperature Distribution at 3600 Seconds

At 3600 seconds of fire exposure, the concrete I-beam, Figure 4.6 displayed a deeply
penetrated temperature gradient. Heat had moved significantly into the member due to the
prolonged exposure, resulting in elevated temperatures across much of the concrete cross-

section.
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Figure 4. 6 - Nodal Temperature of Concrete I-Beam at 3600 seconds
The beam’s ability to sustain load for such an extended period was directly attributed to the
insulating effect of concrete (Yun et al., 2013). It’s low thermal conductivity, combined with
its high heat capacity, continued to act as an effective thermal barrier and significantly
slowed the transfer of heat toward the embedded reinforcement. This behavior delayed the
reinforcement from reaching critical temperature levels, as a result, the beam maintained its
stability for a longer period during fire exposure (Rashid, et al., 2023). The evaporation of
moisture within the concrete most active between 100°C and 300°C also contributed to
slowing the advance of the heat front earlier in the fire, although this effect would have
diminished significantly by 3600 seconds as most near-surface moisture would already have

been expelled (Ali, ef al., 2023).

100



According to a literature by (Amran et al., 2022), spalling will typically begin at temperatures
around 300°C (572°F) and will become more pronounced as temperatures rise. Based on
Figure 4.6, it was inferred that spalling of concrete likely occurred in areas where the
temperature reaches approximately 830°C or higher. This is because the concrete beam's
cross-section is primarily red, indicating high temperatures, and has reached up to 1010°C.
Spalling would have started long before 3600sec (1hrs).
4.1.3 Concrete Rectangular Beam Temperature Contours
This subsection presents the thermal response of the concrete rectangular beam at 1200
seconds, 2400 seconds, and 3600 seconds under ISO 834 fire exposure.

I  Temperature Distribution at 1200 Seconds
The rectangular concrete beam, Figure 4.7 demonstrated a delayed structural failure under
fire exposure at 1200seconds, which clearly indicates its superior fire resistance compared to
the concrete I-beam. This enhanced performance attributed to both its geometry and material

behavior during thermal loading (Kamil, et al., 2019).
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Figure 4. 7 - Nodal Temperature of Concrete Rectangular Beam at 1200 seconds
The concrete rectangular beam’s behavior at 1200 seconds was characterized by a strong
resistance to heat transfer due to the insulating properties of the concrete material. The core
of the beam remained significantly cooler, in many cases staying below 375.9°C (Liu et al.,

2024), which ensured that the embedded reinforcing steel retained a large portion of its
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mechanical strength. This reduced temperature rise was primarily attributed to the low
thermal conductivity of concrete reported to be up to 25 times lower than steel (Asadi et al.,
2018) combined with its high heat capacity, which slowed the inward movement of thermal
energy. Additional energy loss occurred through the vaporization of moisture within the
concrete between 100°C and 300°C, further restricting heat penetration (Zhang, 2011).
Spalling was considered highly likely at 1200 seconds, as this duration fell within the critical
window in which explosive surface failure typically occurred (Li, 2018). The most vulnerable
region was the bottom of the beam where temperature reached 909.7°C.
IT Temperature Distribution at 2400 Seconds

At 2400 seconds of fire exposure, Figure 4.8, the thermal response of the concrete rectangular
beam was still largely controlled by the insulating capacity of the concrete. The material’s
low thermal conductivity continued to restrict the movement of heat toward the interior. The
exposed surface temperature in a standard fire can approach approximately 925°C
(Wickstrom, 2016), with the analysis aligning by temperature reaching 920°C at the bottom

of the beam.
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Figure 4. 8 - Nodal Temperature of Concrete Rectangular Beam at 2400 seconds
Despite the prolonged exposure, the central core of the beam remained the coolest region
with temperature of 200°C, demonstrating the persistence of thermal lag (Zhang, 2011).

Although the heat front had moved deeper into the section compared to earlier stages, the
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cooler core helped delay the temperature rise of the embedded reinforcement, thereby
contributing to the temporary preservation of structural capacity.

The potential for spalling at this stage depended strongly on the earlier thermal history of the
beam. Explosive spalling typically occurred within the first 15 to 30 minutes of fire exposure
(Klingsch, 2014). Spalling occurred from 830°C and above from the temperature gradient of
the analysis (Li, 2018).

I  Temperature Distribution at 3600 Seconds

At 3600 seconds, Figure 4.9, the thermal response of the concrete rectangular beam was
governed by the continued insulating effect of the concrete. The material’s naturally low
thermal conductivity restricted the inward movement of heat, even after prolonged exposure
to fire, consistent with established thermal behavior of concrete reported in fire design
standards (Eurocode 1, 2002). The slower heat transfer, initially helped preserve the
mechanical properties of the embedded reinforcement, however, by this one-hour mark, the
steel temperature was likely approaching or exceeding its critical strength-loss threshold of
about 830°C, suggesting that significant degradation of load-carrying capacity had already

occurred (Winful, 2018).
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Figure 4. 9 - Nodal Temperature of Concrete Rectangular Beam at 3600 seconds
Spalling behavior at this time was influenced by earlier thermal events. Explosive spalling

typically occurred within the first 15 to 30 minutes of heating (Li, 2018), when pore pressure
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from vaporizing moisture was at its peak. However, the continuous exposure to high
temperatures can cause severe material deterioration on the exposed surfaces before cooling
phase occur (Jhavar, et al, 2013). In cases where early spalling had exposed the
reinforcement, structural failure likely occurred before this stage.
4.1.4 Interpretation of Graphs of the Beams
The graphs provide a comprehensive insight into the structural behavior of the three beams
exposed to fire.

I  Steel I- Beam

e Interpretation at 1200 Seconds

Figure 4.10 shows the temperature — time graph for steel I-beam at 1200 seconds. The
temperature curve shows a gradual and steady increase between 0 and 200 seconds, rising
from approximately 200°C to 400°C. This indicates a typical early-stage heating phase where
the exposed material begins absorbing heat, resulting in a smooth thermal rise. Between 200
and 400 seconds, the temperature continues to increase toward 700°C, although a slight dip is
observed within this interval. This temporary reduction suggests short-term thermal
fluctuation, likely caused by local heat redistribution or transient surface heating effects
(Awoyera, & Naser, 2024). Following this minor drop, the temperature resumes an upward
trend, indicating continued heat input and sustained fire exposure. Overall, the curve reflects
a rapidly progressing heating regime with brief instability before stabilizing again into a

rising thermal pattern (Matlock, et al, 2020).
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Figure 4. 10 - Graph of Temperature against Time for Steel I-Beam at 1200 seconds
e Interpretation at 2400 Seconds
The temperature curve, Figure 4.11 shows a progressive rise from 0 to 400 seconds,
increasing smoothly from approximately 200°C to 650°C. This trend reflects a continuous
heat absorption phase typical of early to mid-duration fire exposure, during which the
material steadily accumulates thermal energy. From 400 to 700 seconds, the temperature
continues to rise toward about 900°C, although a slight drop is observed near 700 seconds.
This minor decline suggests a brief thermal fluctuation, potentially caused by localized heat
redistribution or short-term instability in the heating environment (Akagwu, 2021). After this
dip, the temperature resumes its upward trajectory, indicating sustained heating and ongoing
thermal escalation. Overall, the curve demonstrates an accelerating fire-induced heating

process with a short-lived interruption before continuing its rise toward higher temperatures

(Awoyera, & Naser, 2024).
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Figure 4. 11 - Graph of Temperature against Time for Steel I-Beam at 2400 seconds
e Interpretation at 3600 Seconds
The temperature—time curve, Figure 4.12, shows a steady increase in temperature from 0 to
600 seconds, rising from approximately 0°C to 650°C. This gradual upward trend reflects the
typical early heating phase in which the material continuously absorbs thermal energy.
Beyond 600 seconds, the temperature continues to rise toward 900°C, although a slight dip is
observed near 700 seconds. This brief decrease indicates a temporary thermal fluctuation,
possibly due to localized heat redistribution or momentary changes in the heating
environment (Dossett & Totten, 2013). After this short decline, the temperature resumes its
upward trend, eventually reaching 1000°C, suggesting sustained heating and progression into

a more severe fire exposure phase.
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Figure 4. 12- Graph of Temperature against Time for Steel I-Beam at 3600 seconds
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II  Concrete I Beam
e Interpretation at 1200 Seconds
The temperature—time curve, Figure 4.13, indicates an initial linear increase in temperature
from 0 to 300 seconds, rising steadily from 0°C to approximately 300°C. This straight-line
trend reflects a uniform and controlled heating rate during the early exposure period. Beyond
300 seconds, the curve transitions into another linear segment, where the temperature
continues to rise from 600°C to about 650°C over the period from 300 to 1200 seconds. This
phase suggests a slower, more gradual heating rate compared to the initial stage, likely
representing a stabilized fire environment in which heat input remains relatively consistent
(Yun et al., 2013). Overall, the graph displays two distinct heating phases: a rapid initial rise

followed by a prolonged period of moderate, near-linear temperature increase (Lackovié,

2021).
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Figure 4. 13 - Graph of Temperature against Time for Concrete I-Beam at 1200 seconds
e Interpretation at 2400 Seconds

The temperature—time graph, Figure 4.14, shows an initial rapid and linear rise in temperature

from 0°C at 0 seconds to approximately 700°C at 300 seconds. This steep, straight-line trend

indicates a high and consistent heating rate during the early stage of fire exposure,

characteristic of a rapidly developing fire environment (Asadi et al, 2018). Beyond 300
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seconds, the curve transitions into a second straight-line segment where the temperature
remains approximately constant at 700°C up to 1200 seconds.
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Figure 4. 14- Graph of Temperature against Time for Concrete I-Beam at 2400 seconds
e Interpretation at 3600 Seconds
The temperature—time curve shows an initial rapid and linear rise in temperature, increasing
from 0 °C at 0 seconds to approximately 900°C at 300 seconds. This steep linear trend
indicates a period of intense heating, where the fire temperature increases at a nearly constant
rate, reflecting the rapid growth phase of a fully developing fire (Gil, 2024). From 300
seconds to 3600 seconds, the curve transitions into a second straight-line segment in which
the temperature remains approximately constant at 900°C or slightly above. This plateau
signifies that the system has entered a quasi-steady or fully developed fire stage, where the
thermal input to the surface becomes balanced by heat losses, resulting in minimal further

temperature increase (Lackovi¢, 2021).
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Figure 4. 15- Graph of Temperature against Time for Concrete I-Beam at 3600 seconds
I  Concrete Rectangular Beam
e Interpretation at 1200 Seconds
The temperature—time curve shows an initial linear rise from 0 to 300 seconds, with
temperatures increasing steadily from 0°C to around 300°C. This straight-line pattern
indicates a consistent and uniform heating rate during the early phase of exposure. After 300
seconds, the curve shifts into a second linear trend, where temperatures continue to increase
more gradually from roughly 600°C to 650°C between 300 and 1200 seconds. This stage
reflects a slower heating rate, characteristic of a stabilizing fire condition in which the
thermal input becomes more uniform (Gil, 2024). Overall, the graph demonstrates two

distinct heating stages: a rapid initial increase followed by an extended period of moderate,

near-linear temperature growth.
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Figure 4. 16- Graph of Temperature against Time for Concrete Rectangular Beam at
1200 seconds
e Interpretation at 2400 Seconds
The temperature—time curve exhibits an initial steep and linear temperature increase, rising
from 0°C at the onset to approximately 900°C by 300 seconds. This pronounced linear rise
signifies an intense heating phase characteristic of the rapid growth stage of a developing fire,
during which temperatures escalate at a nearly constant rate (Asadi et al/, 2018). Beyond 300
seconds, the curve transitions into a second linear segment, where the temperature stabilizes
at around 900°C or slightly higher up to 3600 seconds. This extended plateau indicates entry
into a quasi-steady or fully developed fire phase, in which the rate of heat input becomes

balanced by heat dissipation, resulting in little to no additional temperature rise (Zhang ef al.,

2021).
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Figure 4. 17- Graph of Temperature against Time for Concrete Rectangular Beam at
2400 seconds
e Interpretation at 3600 Seconds
The temperature—time curve demonstrates an initial sharp and linear increase in temperature,
rising from 0°C at the start to roughly 900°C by 300 seconds. This steep ascent reflects a
period of intense heating, characteristic of the rapid growth stage of a developing fire, during
which temperatures rise at an almost constant rate (Kamil, ez al., 2019). After 300 seconds,
the curve enters a second linear phase, where the temperature remains nearly constant at
about 900°C, extending up to 3600 seconds. This prolonged plateau indicates a transition into
a quasi-steady or fully developed fire condition, during which the heat supplied to the surface

is largely balanced by heat losses, resulting in little additional temperature rise (Zhang et al.,

2021).
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Figure 4. 18- Graph of Temperature against Time for Concrete Rectangular Beam at

3600 seconds

4.1.5 Validation of Results Using Existing Research

The following validation of the results obtained from the three different models are as follows;

I Steel I-Beam

The validation of the steel I-beam (1200 sec, 2400 sec, 3600 sec) is given in Table 4.1;

Table 4. 1 - Validation of Steel I-Beam Model with Existing Research

Authors Research Focus Key Findings Model Validation
Temperature- Showed that exposed steel | Simulation results align
dependent behavior | heats rapidly, with with Eurocode trends:
of structural steel | temperatures approaching | rapid heating of web/flange

EN 1993- | under ISO 834 fire; | furnace levels within 30 - | at 1200 s, near-uniform
1-2 strength  reduction | 60 minutes; steel strength | temperatures by 2400 -
(Franssen | and temperature | drops sharply beyond 400 | 3600sec, and steel reaching
& Zaharia, | evolution. - 600°C; temperature critical temperature of
2005) gradients reduce quickly | 920°C after prolonged fire,
due to high thermal indicating near-complete
conductivity. loss of load-bearing
capacity.
Issa, & Experimental and Identified fast temperature | Validates simulation
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Authors

Research Focus

Key Findings

Model Validation

Izadifard, | numerical evaluation | rise in unprotected steel observations of steep
(2021) of fire behavior of due to high conductivity; | gradients at 1200 s, full
steel and concrete deeper heat penetration thermal penetration by
members; heating with time; steel 2400 - 3600 s, and critical
rates, thermal temperatures rapidly strength loss at high
penetration, and approach furnace values temperatures. The study
structural response. | beyond 30 - 40 minutes; supports the model’s
structural failure occurs heating trends and
once steel reaches critical | structural degradation
temperature. sequence.
Fire behaviour of Describes uniform section | Confirms simulated
steel structures, heating of exposed steel behaviour where the I-
thermal response, within one hour; bottom beam showed high
and ISO 834 heating | flange and web heat temperatures in
Buchanan model. fastest; thermal flanges/web at 1200 s, near
2001) equilibrium reached under | equilibrium by 2400 s, and

continuous heating; near-
total strength loss when
steel approaches furnace

temperature.

complete thermal
saturation by 3600 s,
consistent with ISO 834
heating curves. Validates
predicted loss of stiffness

and strength.
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I Concrete I-Beam

The validation of the concrete I-beam (1200 s, 2400 s, 3600 s) is given in Table 4.2;

Table 4. 2 - Validation of Concrete I-Beam Model with Existing Research

Authors Research Focus Key Findings Model Validation
Thermal Concrete exhibited a slow | At 1200 seconds, the beam
behaviour, rate of temperature rise showed cool reinforcement
spalling because of its low thermal | and hot surfaces, indicating
mechanisms, and | conductivity and high heat- | early thermal lag and
reinforcement storage capacity. The spalling risk. By 2400
protection in embedded reinforcement seconds, the hotter bottom
concrete under generally remained flange and cooler top

Mohammed | fire. relatively cool during the flange demonstrated steep
etal., 2022 initial stages of heating. temperature gradients. At
However, spalling was 3600 seconds, surface
likely to occur once surface | temperatures exceeded
temperatures entered the 1000°C while
200 - 400°C range, reinforcement heating
particularly in highly remained delayed, aligning
exposed tensile regions. with Mohammed et at.,
2022.
Temperature Concrete spalling initiates | At 1200 secs, the bottom
thresholds for at 300°C and becomes flange reaches 830°C,
spalling, more severe at 600 - placing it within the severe
moisture-driven 800°C. When exposed to spalling range noted by
Amran ef al. failure, and temperatures above 800°C, | Amran. By 2400 secs,
degradation of the concrete surface temperatures peak near
(2022)
concrete at experiences significant 920°C, indicating spalling
elevated degradation and material has occurred. At 3600 secs,
temperatures. loss. the beam reaches about
1010°C, consistent with
advanced thermal damage,
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Authors Research Focus Key Findings Model Validation
and ongoing surface
deterioration.

Fire design Concrete’s low thermal At 1200 secs, the beam’s
principles for diffusivity caused slow strong insulation kept the
concrete heat penetration, keeping reinforcement cool,
structures, reinforcement cooler than | aligning with Eurocode
thermal the exposed surfaces for an | heat-transfer predictions.
properties, extended period. Early By 2400 seconds, the hot
reinforcement spalling usually occurred bottom flange and cooler
Eurocode 2 | protection, and within the first 15-30 top flange reflected the

(Beeby et | spalling behavior. | minutes, while prolonged expected thermal gradient.

al., 2005). fire exposure resulted in At 3600 seconds, near-

significant surface

degradation.

uniform high surface
temperatures and
significant material
degradation corresponded
to long-duration fire
behavior described in

Eurocode.

III Concrete Rectangular Beam

The validation of the concrete rectangular beam (1200 s, 2400 s, 3600 s) is given in Table 4.3;
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Table 4. 3 - Validation of Concrete Rectangular Beam Model with Existing Research

Authors Research Focus Key Findings Model Validation
Thermal Concrete heats slowly At 1200 s, the beam
behaviour of because of its low thermal | exhibited a hot surface of
concrete conductivity, keeping the | 910°C with a much cooler
members, embedded reinforcement | core, reflecting thermal lag
reinforcement cool during the early and early spalling. By
protection, and stages of fire. Spalling is 2400 s, steep thermal
spalling likely when surface or gradients persisted, with the

Mohammed )
mechanisms cover temperatures reach | core around 200°C,
etal. 2022 ) S )
under fire. 200 - 400°C, while the indicating slow inward heat

core remains
comparatively cool even

after prolonged exposure.

transfer. At 3600 s, the
reinforcement approached
critical temperatures while
surface deterioration
continued, consistent with

long-duration fire behavior

Amran et al.

Concrete spalling
thresholds,
temperature-
induced surface

degradation, and

Spalling typically starts
near 300°C and becomes
more severe above 600 -
800°C. Surface areas
exceeding 800°C are

At 1200 s, the bottom flange
reached 910°C, indicating
high spalling risk. By

2400 s, temperatures around

920°C suggested ongoing

(2022) fire-induced highly susceptible, and spalling and surface drying.
material loss. extended exposure leads to | At 3600 s, peak
progressive material loss | temperatures of 1010°C
and surface sloughing. corresponded with advanced
degradation..
Fire design of Concrete’s low thermal At 1200 s, thermal gradients
Eurocode 2 | concrete conductivity produced with cool reinforcement
(EN 1992-1- | structures, steep temperature reflected Eurocode thermal
2,2004) thermal gradients, keeping delay predictions; at 2400 s,

properties, heat

reinforcement cool for

the core remained cool,
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Authors Research Focus Key Findings Model Validation

transfer, and long periods. Explosive 200°C showing slow heat
reinforcement spalling typically occurred | penetration; by 3600 s,
protection. within the first 15-30 reinforcement approached

minutes, while prolonged | critical temperatures and
exposure led to significant | surfaces showed severe
surface deterioration. damage, consistent with
Eurocode long-duration fire

behavior.

4.2 Comparative Assessment of Post-Fire Condition Based on Material Type

This section provides a comparative evaluation of the post-fire condition of concrete and steel
I-beams. The analysis considers thermal response during the fire, the observed degradation
mechanisms, and the residual capacity after cooling, highlighting how material type governs
post-fire safety and repair potential.

4.2.1 Thermal Properties

The thermal properties of concrete and steel, significantly influence their post-fire
performance. Table 4.4 shows concrete and steel I-beams post-fire condition based on their

ability to conduct heat and retain internal strength backed by existing research.

Table 4. 4 - Tabular Representation on the Thermal Analysis Based on Material Type

Material Thermal Properties (Post-Fire Behavior)

After fire exposure at 3600sec, the concrete I-beam retained a
Concrete I- ) ] o
considerable portion of its internal strength because concrete’s low
Beam
thermal conductivity slowed heat transfer from the surface toward the
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core. Research showed that concrete’s conductivity decreased after high-
temperature exposure, reducing residual heat flow (Alj, ef al., 2023).
Because of its high heat capacity, the concrete absorbed and stored a lot of
thermal energy, which delayed temperature rise in the reinforcement and
preserved much of its load-bearing capacity. However, post-fire, the
concrete’s mechanical strength was significantly reduced. Studies found
that residual compressive strength can drop dramatically with increasing
temperature exposure, particularly above 600°C (Rashid, et al., 2023).
Spalling occurred at 3600sec. The steep thermal gradients caused by the
low conductivity generated internal stresses, and decomposition reactions

inside concrete contributed to strength loss (Amran et al., 2022).

After fire exposure at 3600sec, the steel I-beam heated very rapidly
because of high thermal conductivity, causing its cross-section
temperature to equalize quickly and reach damaging levels. This behavior
was consistent with findings in high-temperature steel research, which
Steel [-Beam | showed that residual capacity of steel dropped sharply as exposure
temperature increased (Awoyera, & Naser, 2024).

The residual strength of steel was significantly compromised. Studies on

high-strength steel after fire revealed large reductions in yield strength and

residual load capacity due to thermal exposure (Bailey, 2005).

4.2.2 Residual Strength
Residual strength was used as an indicator of whether structural recovery was feasible after
the fire. Table 4.5 compares the remaining strength of concrete and steel I-beams after they

experienced peak fire temperatures during simulation.

Table 4. S - Residual Strength after Elevated Temperature Based on Material Type

Residual Yield % Strength
Material Post-Fire Conditions
Strength Retained
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Residual Yield % Strength

Material Post-Fire Conditions
Strength Retained
At 1200sec = The results obtained closely match
322MPa (from 70% findings from similar research
460 MPa) which shows that, concrete
typically retains 65-75% of its
Concrete I | At 2400sec = strength in the early stages of
beam 184MPa (from 40% heating and drops to 35-45% by

460 MPa) mid-exposure, before falling to

around 20-30% after 3600sec, of

At 3600sec =115
MPa (from 460 25%
MPa)

standard fire conditions (Golewski,

2023).

At 1200sec = 129 The strength at 1200sec aligns

MPa (from 355 36%
MPa)

with Eurocode 3 and other studies
showing steel retains only 30—40%
strength once temperatures reach

about 600°C. By 2400sec, strength

At 2400sec = 13.5

MPa (from 355 389 dropped, consistent with research

indicating that steel loses over
Steel I-beam | MP2)
90% of its capacity as

temperatures exceed 750-800°C.

At 3600sec, the beam strength
At 3600sec = 15

MPa (from 355 4%
MPa)

matches Eurocode-based
predictions of 2-5% residual
strength at 900-1000°C (Brown,
2018).

4.3 Comparative Assessment of Post-Fire Condition Based on Section Type
This section presents a comparative analysis of structural performance between concrete I-

beam and concrete rectangular beam post-fire conditions. By examining differences in
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thermal response, behavior under fire exposure, and residual strength, it highlights how the
section type influences fire resistance and failure behavior.

4.3.1 Thermal Properties

Concrete’s thermal performance under fire is influenced by its mass, geometry, and material
composition. Table 4.6 shows a tabular representation on the thermal analysis on both bridge
girders post-fire condition.

Table 4. 6 - Tabular Representation on the Thermal Analysis Based on Section Type

Section
Thermal Properties (Post-Fire Behavior)

Type

After fire exposure, the concrete I-beam heated slowly at its core because its

low thermal conductivity restricted heat flow from the flanges and web into

the interior. Its high thermal capacity further delayed temperature rises in

Concrete I- | the reinforcement, keeping the inner region cooler for longer (Asadi et al,
Beam 2018).

Spalling occurred, as internal moisture created pore pressure under high

temperatures especially along exposed flange surfaces leading to potential

surface loss (Mohammed, et al., 2022).

The concrete rectangular beam experienced a gradual rise in internal
temperature, with heat remaining concentrated near the outer surfaces. Prior
studies reported that larger concrete sections and thicker cover delayed heat

movement, allowing the beam’s interior to stay much cooler for longer

Concrete
periods (Asadi et al., 2018).
Rectangular ) o
B Its geometry further slowed heat flow, creating a distinct temperature
eam

difference between the hot exterior and the cooler core an effect supported
by numerical fire-resistance analyses showing that section size plays a
major role in retaining structural capacity (Winful, 2018). Spalling occurred

after 3600sec of exposure to fire.

120



4.3.2 Residual Strength

Residual strength was used as an indicator to see the strength retained after the fire exposure.
Table 4.7 compares the remaining strength of the two section type, concrete I-beam and
concrete rectangular beam after they experienced peak fire temperatures during simulation.

Table 4. 7 - Residual Strength after Elevated Temperature Based on Section Type

Residual Yield % Strength
Material Post-Fire Conditions
Strength Retained
The results obtained closely match
At 1200sec =
findings from similar research which
322MPa (from 70%
shows that, concrete typically retains
460 MPa)
65-75% of its strength in the early
stages of heating and drops to 35-
Concrete I- | At 2400sec =
45% by mid-exposure, before falling
Beam 184MPa (from 40%
to around 20-30% after 3600sec of
460 MPa)
standard fire conditions (Golewski,
At 3600sec = 2023).
115 MPa (from 25%
460 MPa)
At 1200sec = The high strength retained initially
340.4 MPa (from 74% was due to slow heat penetration and
460 MPa) compact geometry, which dropped to
Concrete At 2400sec = 50% at mid-exposure as internal
Rectangular | 230 MPa (from 50% temperatures rose, and maintained
Beam 460 MPa) 40% after 3600sec, reflecting its
At 3600sec = superior fire performance from
184 MPa (from 40% reduced spalling and better thermal
460 MPa) insulation (Gil, 2024).
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4.4 Case Study Bridge

This section presents the temperature contour results obtained from the thermal finite element
analysis of the composite girder sections under fire exposure

4.4.2 Thermal Analysis

The thermal analysis of the composite girder carried out is shown in Figure 4.19;

NT11
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Figure 4. 19 - Composite Girder Thermal Analysis

The thermal analysis of the composite girder indicates a progressive heat distribution where
the bottom and side of the composite girder were most affected. The temperature contour
represented by the deep red zones shows that these areas exceeded critical thresholds above
600°C, a level at which both steel and concrete undergo strength loss (Amran et al., 2022).
The top surface of the girder retained relatively lower temperatures, indicating some degree
of thermal insulation due to concrete’s low conductivity, which is consistent with prior
studies on composite members under ISO 834 fire curves (Ding et al., 2023).

4.4.3 Spalling of Concrete

According to a literature by (Amran et al., 2022), spalling will typically begin at temperatures
around 300°C (572°F) and will become more pronounced as temperatures rise. Based on
Figure 4.19, it was inferred that spalling of concrete likely occurred in bottom and side area

of the girder which is the exposed surface where the temperature reaches
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approximately 561°C or higher. Spalling in this region not only reduced the protective

concrete cover but also exposed reinforcing steel, accelerating degradation. This aligns with

recent fire tests on composite decks, where spalling initiated after 30 - 40 minutes of standard

fire exposure (Fan et al., 2020).

4.4.4 Percentage of Residual Strength:

From the temperature legend provided after the analysis, the composite girder section was

only affected at the bottom and at the side but progressing upward, it was seen that the mass

of the girder was able to withstand the heat and the temperature of 380°C from the

temperature legend was were the strength retained was taken. This was because the girder

was still at a cool region. It, therefore retained 75% of its original strength after fire exposure.
Yield Strength =460 x 0.75 = 345Mpa.

The yield strength of the reinforced steel reduced from 460Mpa to 345Mpa.

4.4.5 Implication of Structural Integrity

The girder lost strength at the exposed area leading to material degradation at the bottom of

the beam which is signified by “red color” and progressing upwards, it showed areas not

affected. The combined effects of concrete spalling, reinforcement exposure, and severe steel

heating compromised the structural integrity at the bottom of the girder. Cracking and

delamination in the slab reduced stiffness of the concrete (Abdulrahman, 2019). Moreover,

spalling led to localized reduction in cross-sectional area, which, in turn, increased stress

concentration. This suggests that the girder would be affected post-fire without retrofitting

interventions (Abdulrahman, ef al., 2021).

4.4.6 Validation of Result

The thermal gradient observed in the composite girder severe heating concentrated at the

bottom flange and sides with much lower temperatures toward the top slab matches typical

behavior reported for composite members under standard fire exposure. Numerical and
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experimental studies show that steel elements heat and conduct temperature faster than the
overlying concrete slab, producing pronounced through-depth stratification and bottom-up
failure patterns under ISO curves (Ding et al., 2023). Performance-based reviews also
emphasize that concrete’s lower thermal conductivity provides a degree of insulation for
upper regions, producing the kind of cool zone (380°C) noted in your legend (Kodur & Gil,
2024).

The inference of spalling at the exposed soffit and side faces is also supported by
contemporary research. Spalling is commonly initiated in the 300-400°C range and becomes
pronounced as temperatures increase and pore pressures build particularly in dense or high-
strength concretes and at edges/corners where restraint and gradients are largest (Amran et al.,
2022). Reported fire tests on composite decks demonstrate spalling onset within 30—40
minutes (1800sec — 2400sec) under standard fire loading, producing cover loss and early
exposure of reinforcement as observed (Fan et al., 2020).

The residual strength estimate (75% retained at 380°C) is consistent with both codified
reduction factors and recent experimental summaries. Eurocode 2 (Beeby et al., 2005) and
Eurocode 3 give temperature-dependent reduction factors for concrete and steel respectively,
indicating modest loss of capacity in the mid-300°C range (reduction factors typically 0.7-
0.85 depending on aggregate and steel grade) which supports a retained strength on the order
of 70-80% near 380°C (Brown, 2018). Empirical studies similarly report residual concrete
compressive strength and reinforcement yield factors falling within this band for
temperatures of 300-400°C (Mohammed et al., 2022). Thus, the computed steel yield of 460
— 345MPa (75% retention) is reasonable for the stated temperature regime and aligns with

experimental/numerical findings (Ding ef al., 2023).
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4.5 Recommended Retrofitting Techniques Based on Parametric Study

The findings from the thermal analysis emphasize the importance of both preventive and
recovery-oriented retrofitting strategies in improving the fire resistance of pedestrian bridge
girders. These measures aim to delay temperature rise, limit thermal damage during fire
exposure, and restore structural performance where heat effects have already caused
deterioration.

4.5.1 Fire Mitigation Techniques (Preventive Methods)

Preventive retrofitting methods are essential for reducing the rate of temperature rise and
slowing heat penetration during a fire. For steel girders, passive fire protection systems such
as intumescent coatings and spray-applied fire-resistive materials (SFRMs) have proven
effective in delaying critical temperature escalation and maintaining lower steel temperatures
for longer periods (Structures, 2024). These materials expand or insulate when heated,
creating a barrier that reduces thermal exposure. For concrete girders, improved fire
resistance can be achieved by increasing cover thickness, using heat-resistant aggregate types,
or applying protective layers such as mineral plasters or fire-resistant cladding. These
methods help reduce surface heating and limit early spalling, enabling the core and
reinforcement to remain cooler for extended durations (Kaya, 2025). Overall, preventive
measures improve the thermal performance of bridge girders and reduce the risk of rapid
deterioration during fire events (Khan et al., 2021).

4.5.2 Post-Fire Structural Retrofitting (Recovery Methods)

Where fire exposure has already caused thermal damage such as spalling, cracking, or loss of
material strength recovery techniques may be required to restore the structural capacity of the
girder. For concrete members, strengthening methods such as fibre-reinforced polymer (FRP)
wraps, steel plate bonding, shotcrete overlays, and epoxy injection can help recover a

significant portion of the lost capacity (Structures, 2024). These systems provide additional
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confinement, replace damaged material, or seal heat-induced cracks, improving post-fire
performance.

For steel members, methods such as heat straightening, localized section replacement, or
reinforcement with external plates can be used to restore the member’s stiffness and strength
after high-temperature exposure (Garlock er al, 2012). These actions help compensate for
thermal distortion, loss of section thickness, and reduced material properties.

In summary, both preventive and recovery-based retrofitting strategies are essential for
improving the thermal resilience of pedestrian bridges. Preventive measures help slow heat
penetration and delay degradation during fire exposure, while recovery techniques offer
practical means of restoring serviceability and extending the lifespan of fire-affected

structures.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The development and validation of a finite element thermal model in Abaqus successfully
demonstrated the capability to simulate temperature distribution, heat penetration, and
thermal gradients in both steel and concrete girder sections. The model accurately captured
the distinct thermal behaviors of each material, with steel exhibiting rapid temperature rise
and early deterioration due to its high thermal conductivity, while concrete displayed slower
heating rates and delayed degradation. The steel I-beam's quick progression to critical
temperatures aligned with its material properties and early strength loss characteristics,
whereas concrete beams maintained lower internal temperatures over extended periods.
These findings validate the effectiveness of the developed FE models in reproducing realistic
thermal responses, confirming their reliability for assessing structural performance following

fire exposure.

A comprehensive comparative assessment revealed substantial differences in thermal
resistance among the three girder types, directly influenced by material composition and
cross-sectional configuration. Steel I-beams demonstrated the greatest vulnerability to fire
exposure, experiencing rapid heat penetration and significant strength degradation within the
initial hour. Concrete I-beams exhibited improved performance, retaining appreciable
residual strength owing to slower internal heating, though they remained prone to surface
cracking and elevated web temperatures. The concrete rectangular beam displayed the highest
resistance to fire-induced deterioration, with its compact geometry and favorable surface-
area-to-volume ratio effectively retarding thermal ingress and preserving greater structural
capacity. This evaluation underscores the enhanced fire resilience of concrete sections and

highlights the critical role of geometric configuration in determining thermal performance.
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Application of the validated thermal modelling approach to the University of Benin
pedestrian overhead bridge effectively demonstrated its practical utility for real-world
structures. The analysis successfully characterized the thermal response of the bridge's girder
system under fire conditions, yielding temperature distribution patterns consistent with
controlled simulation results. The concrete elements exhibited gradual heating profiles and
retained substantial structural integrity over extended durations, while steel components
showed susceptibility to rapid temperature escalation, indicating the necessity for protective
interventions. This case study confirms the modelling framework's applicability to actual fire
safety evaluations and its value in supporting informed decision-making for pedestrian bridge

infrastructure.

The study successfully fulfilled its intended scope by developing reliable thermal models,
establishing a definitive hierarchy of fire performance among girder configurations, and
demonstrating practical applicability through real-world bridge analysis. The collective
findings emphasize the superior fire resistance inherent in concrete girder sections and
provide valuable guidance for fire-resilient structural design and post-fire condition
assessment of bridge infrastructure.

5.2 Recommendations for Further Studies

Based on the findings and analyses conducted in this study, several recommendations are
proposed to guide future research efforts and practical applications. First, it is recommended
that the current two-dimensional thermal models be extended to full three-dimensional
simulations of the University of Benin pedestrian bridge. A 3D model would allow for a more
realistic representation of the bridge geometry, including diaphragms, cross-bracing, deck—
girder interaction, and boundary conditions that influence thermal behavior. Incorporating
various load combinations; such as dead load, pedestrian live load, environmental loads, and
accidental actions; both with and without fire exposure would provide deeper insight into the
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structural response of the bridge under realistic service and extreme scenarios. Such an
approach would also allow the evaluation of deformation patterns, load redistribution, and
potential failure mechanisms that cannot be captured adequately in a 2D analysis. This
progression from 2D to 3D modelling represents a logical continuation of the present work
and would significantly strengthen the overall predictive capacity of the modelling
framework.

Furthermore, it is also recommended that a parametric study be carried out to identify the key
factors that affect the thermal and post-fire performance of the girder sections. This should
include variations in material properties, fire duration, fire curve type, insulation thickness,
and section geometry. The results from this study can then be used to suggest practical
retrofitting methods that will improve the fire resistance of the girders. Possible measures
include applying fire-protection coatings to steel girders, adding fire-resistant concrete layers,
increasing concrete cover, or strengthening members with fibre-reinforced polymer (FRP)
materials. These recommendations should be based on the sensitivity results to ensure that the
most critical weaknesses are addressed. Overall, such retrofitting measures would improve

the safety and post-fire performance of pedestrian bridges.
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APPENDIX A

BRIDGE FIRE INCIDENCE OVER THE YEARS

This table contains data used in Figure 2.2 for bridge fire incidence over the years.

DATE LOCATION CAUSES REFERENCE
o - (Punch News Article,
2024 Lagos, Nigeria Ignition of petrol tanker
2024)
o (tve News Article,
2024 Lagos, Nigeria Tanker fell and caught fire
2024)
o . (Vanguard, News
2023 Lagos, Nigeria Ignition of petrol tanker
Article, 2024)
) Attack with 2-suicide sea (Wikipedia.com,
2023 Russia
drones 2023)
Fuel tanker rams into
2023 Anambra, Nigeria . (News Article, 2023)
vehicles and caught fire
o Shelters under the bridge (Vanguard, News
2022 Lagos, Nigeria )
caught fire Article, 2022)
. (Wikipedia.com,
2022 Russia Bomb loaded onto a truck
2022)
Electrical fault on petrol (Punch News Article,
2021 Lagos, Nigeria
tanker 2021)
o o (Punch News Article,
2021 Lagos, Nigeria Collision of tanker
2021)
o ‘ (Punch News Article,
2021 Lagos, Nigeria Explosion of petrol tanker
2021)
o o . (Punch News Article,
2021 Lagos, Nigeria Collision of trailer and car
2021)
o Collision of trailer and (Punch News Article,
2020 Lagos-Ibadan, Nigeria
tankers 2020)
2020 Kentucky, USA 2-truck collision (Jiayu et al., 2021)
2019 Alberta, Canada Arson (Sharma et al., 2024)
o . (Okunola & Okunola,
2019 Apapa-Oshodi, Nigeria Tanker explosion 2019)
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DATE LOCATION CAUSES REFERENCE
o ‘ (Punch News Article,
2018 Lagos, Nigeria Explosion of petrol tanker
2018)
2017 Madison County, USA Arson (Jiayu et al., 2021)
2017 Georgia, USA Arson (Jiayu et al., 2021)
2016 Alberta, Canada Arson (Jiayu et al., 2021)
2016 Saskatchewan, Canada Arson (Jiayu et al., 2021)
2015 Ohio, USA Tanker truck (Jiayu et al., 2021)
o Metal cutting ignition on '
2014 California, USA (Jiayu et al., 2021)
wooden support
2014 Franklin, USA Explosion of petrol tanker (Jiayu et al., 2021)
2014 Cairo, Egypt Gas cylinder explosion (Jiayu et al., 2021)
2013 Denmark (Kragh et al., 2020)
(Peris-Sayol et al.,
2013 P.A, USA Diesel tanker explosion
2017)
2013 N.Y.C, USA Tractor to trailer collision (Jiayu et al., 2021)
2013 Texas, USA Unknown (Jiayu et al., 2021)
2012 Rouen, France Tanker and truck collision (Jiayu et al., 2021)
Plastics stored under bridge (Peris-Sayol et al.,
2012 Dormagen, Germany
caught fire 2017)
2011 California, USA Tanker and truck collision (Jiayu et al., 2021)
2011 China Unknown (Jiayu et al., 2021)
2011 North London, UK Arson (Jiayu et al., 2021)
Tanker truck under the
2010 South Korean ) (Jiayu et al., 2021)
viaduct
Speeding car and fuel tanker .
2009 USA (Jiayu et al., 2021)
collision
Truck collision with 2- (Peris-Sayol et al.,
2007 Mexico
school buses 2017)
2007 California, USA Tanker overturned (Jiayu et al., 2021)
2006 USA Fuel truck (Jiayu et al., 2021)
2006 N.Y.C, USA Tanker caught fire (Jiayu et al., 2021)
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DATE LOCATION CAUSES REFERENCE

(Peris-Sayol et al.,

2005 Greece Unknown
2017)
2004 New Cologne, Germany Car collided with tanker (Jiayu et al., 2021)
2003 Surrey, UK Vehicle caught fire (Jiayu et al., 2021)
2002 Kansas, USA Vehicle caught fire (Jiayu et al., 2021)
o Tanker collided with piers of '

2002 Birmingham, USA (Jiayu et al., 2021)

the overpass
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APPENDIX B
STEEL I-BEAM ANALYSIS AND DESIGN

In accordance with EN1993-1-1:2005 incorporating Corrigenda February 2006 and April
2009 and the recommended values TEDDS calculation

Load Envelope - Combination 1

31.768

mm | 19200 | 19200 |

Library item: Show beam analysis drawing

KNm Bending Moment Envelope

-1463.9
-1463.882

0 \_,/ - \,——/
823.434
823.4

. 823.4
mm | 19200 | 19200 |
A 1 B 2 c

Library item: Show beam analysis drawing

KN Shear Force Envelope

381.2
381.219
228.7

0.0

=

-228.7
-381.219

-381.2
mm | 19200 | 19200 |

Library item: Show beam analysis drawing

Support conditions

Support A Vertically restrained
Rotationally free

Support B Vertically restrained
Rotationally free

Support C Vertically restrained
Rotationally free

Applied loading

Beam loads  Variable full UDL 5 kN/m
Permanent full UDL 16.5 kN/m

Permanent self weight of beam x 1
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Load combinations
Load combination 1 ~ Support A Permanent x 1.35
Variable x 1.50
Permanent x 1.35
Variable x 1.50
Support B Permanent x 1.35
Variable x 1.50
Permanent x 1.35
Variable x 1.50
Support C Permanent x 1.35
Variable x 1.50
Analysis results
Maximum moment; Mpax = 823.4 KNm; Mmin = -1463.9 kNm
Maximum moment span 1; M1 max = 823.4 KNm; Ms1 min = -1463.9 kNm
Maximum moment span 2; Mg max = 823.4 KNm; Mg min = -1463.9 kNm
Maximum shear; Vimax = 381.2 kN; Vimin = -381.2 kKN
Maximum shear span 1; Vi1 max =228.7kN; Vi min=-381.2 kN
Maximum shear span 2; V2 max =381.2 kN; V2 min =-228.7 kN

Deflection;  Omax = 17.4 mm; Omin = 0 mm
Deflection span 1;  8s1 max = 17.4 mm;  Os1_min = 0 mm
Deflection span 2;  0s2 max = 17.4 mm; 052 mn = 0 mm

Maximum reaction at support A; RA max =228.7kN;  Ra min=228.7 kN
Unfactored permanent load reaction at support A;  Ra permanent = 129.4 kKN
Unfactored variable load reaction at support A; RaA variable = 36 kKN
Maximum reaction at support B; RB max =762.4 kN; R min=762.4 kN
Unfactored permanent load reaction at support B;  RB permanent = 431.4 kKN
Unfactored variable load reaction at support B; RB variable = 120 kN
Maximum reaction at support C; Rc max =228.7kN;  Rc min =228.7 kN
Unfactored permanent load reaction at support C;  Rc permanent = 129.4 kN
Unfactored variable load reaction at support C; Rc variable = 36 kN
Section details
Section type; UKB 533x312x150 (Tata Steel Advance)
Steel grade;  S355
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From table 3.1: Nominal values of yield strength fy and ultimate tensile strength f, for hot
rolled structural steel

Nominal thickness of element; t = max(tf, tw) = 20.3 mm

Nominal yield strength; fy = 355 N/mm?

Nominal ultimate tensile strength;  f, = 510 N/mm?

Modulus of elasticity; E = 210000 N/mm?

Library item: Section details output

» « 203

> <« 127

542.5

» « 203

Library item: Show beam section sketch
Partial factors - Section 6.1
Resistance of cross-sections; ymo = 1.00
Resistance of members to instability; ym1 = 1.00
Resistance of tensile members to fracture; ym2=1.25
Library item: Partial factors
Lateral restraint
Library item: Lateral restraint header

Span 1 has full lateral restraint
Library item: Lateral restraint output

Span 2 has full lateral restraint
Library item: Lateral restraint output
Effective length factors
Effective length factor in major axis; Ky = 1.000
Effective length factor in minor axis; K, = 1.000

Effective length factor for torsion; Krr.a = 1.000;
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Library item: Effective length factor output
Kirs = 1.000;
Library item: Eff length factor x1 output
Kir.c = 1.000;
Library item: Eff length factor x1 output
Classification of cross sections - Section 5.5
£ ="[235 N/mm?/ f;] = 0.81
Library item: Classification heading
Internal compression parts subject to bending - Table 5.2 (sheet 1 of 3)
Width of section; c=d=476.5 mm
c/tw=46.1 xeg<=72x¢g; Classl
Library item: Internal bend class output
Outstand flanges - Table 5.2 (sheet 2 of 3)
Width of section; c=(b-ty-2x1)/2=137mm
c/tr=83xe<=9x¢g; Class 1
Library item: Outstand flange class output
Section is class 1
Library item: Classification result
Check shear - Section 6.2.6
Library item: Design shear header
Height of web;hw =h - 2 x tr=501.9 mm
Shear area factor; n=1.000
hy /tw <72 xe/m
Library item: Shear slenderness output
Shear buckling resistance can be ignored
Library item: General results output
Design shear force;  Veq = max(abs(Vmax), abs(Vmin)) = 381.2 kN
Shear area - cl 6.2.6(3); Ay=max(A-2xbxtr+ (tw+ 2 x1) X tr, N X hy X tw) = 7286
mm?
Design shear resistance - ¢l 6.2.6(2); Verda = Vpira = Ay x (fy / V[3]) / ymo = 1493.3 kN
Library item: Shear resistance plastic output
PASS - Design shear resistance exceeds design shear force

Library item: General results output
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Check bending moment at span 1 major (y-y) axis - Section 6.2.5

Design bending moment; Meq = max(abs(Ms1_max), abs(Ms1_min)) = 1463.9 kNm
Library item: Design bending header

Design bending resistance moment - eq 6.13; Mcrd = Mpird = WLy x £y / ymo = 1470.3
kNm

Library item: Design bending moment output

PASS - Design bending resistance moment exceeds design bending moment
Library item: General results output

Check vertical deflection - Section 7.2.1

Consider deflection due to variable loads

Limiting deflection;  &iim = Ls1 / 360 = 53.3 mm

Maximum deflection span 1; & = max(abs(6max), abs(Omin)) = 17.414 mm

Library item: Deflection output

PASS - Maximum deflection does not exceed deflection limit

Library item: General results output
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APPENDIX C
STEEL I-BEAM INCREMENT RESULTS FROM ABAQUS

The following images are the increment results from Abaqus for the Steel I-Beam analysis

il B o e SR e
W Loal NEo

Job: test_heat_transfer Status: Completed

Severe : :
: Equil Total Total Step Time/LPF

4P Macreniest i D'I::':n Iter Iter Time/Freq Time/LPF Inc
1 1 1 0 1 1 1 1 1
1 2 1 0 1 1 2 2 1
1 3 1 ] 1 1 3 3 1
1 4 1 0 1 1 5 9 2
1 5 1 0 1 1 9 9 4
1 6 1 0 1 1 14 14 5
1 7 1 0 1 1 19 19 5
1 8 1 0 1 1 24 24 5
1 9 1 0 1 1 29 29 5
1 10 1 0 1 1 34 34 5
1 11 1 ] 1 1 39 39 5
1 12 1 0 1 1 44 44 5
1 13 1 0 1 1 49 49 5
1 14 1 0 1 1 54 54 5
1 15 1 0 1 1 59 59 5
1 16 1 0 1 1 64 64 5
1 17 1 0 1 1 69 69 5
1 18 1 0 1 1 74 74 5
1 19 1 0 1 1 79 79 5
1 20 1 0 1 1 84 84 5
1 21 1 0 1 1 89 89 5
1 22 1 0 1 1 94 94 5
1 23 1 0 1 1 99 89 5
1 24 1 0 1 1 104 104 5
1 25 1 0 1 1 109 109 5
1 26 1 0 1 1 114 114 5
1 27 1 0 1 1 119 119 5
1 28 1 0 1 1 124 124 5
1 29 1 0 1 1 129 129 5
1 30 1 0 1 1 134 134 5
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Severe

] Equil Total Total Step Time/LPF

Step | cremsemt: | AR D'I::':" Iter lter  Time/Freq  Time/LPF Inc
1 715 1 0 1 1 3455.13 345513 3
1 716 1 0 1 1 3460.13 3460.13 5
1 TaAT 1 0 1 1 3465.13 3465.13 5
1 718 1 i) 1 1 347013 347013 5
1 719 1 0 1 1 3475.13 347513 K]
1 720 1 0 1 1 3480.13 3480.13 5
1 721 1 0 1 1 3485.13 3485.13 5
1 722 1 ] 1 1 3490.13 3490.13 5
1 723 1 0 1 1 3495.13 349513 3
1 724 1 0 1 1 3500.13 3500.13 5
1 725 1 0 1 1 3505.13 3505.13 5
1 726 1 ] 1 1 351013 351013 5
1 727 1 0 1 1 3515.13 3515.13 3
1 728 1 0 1 1 3520.13 3520.13 5
1 729 1 0 1 1 3525.13 3525.13 ]
1 730 1 ] 1 1 353013 353013 5
1 731 1 0 1 1 3535.13 3535.13 5
1 732 1 0 1 1 3540.13 3540.13 5
il 733 1 0 1 1 3545.13 3545.13 ]
1 734 1 ] 1 1 355013 355013 5
1 735 1 0 1 1 3555.13 355513 5
1 736 1 0 1 1 3560.13 3560.13 5
1 737 1 0 1 1 3565.13 3565.13 K]
1 738 1 ] 1 1 357013 357013 5
1] 739 1 0 1 1 3575.13 3575.13 5
1 740 1 0 1 1 3580.13 3580.13 5
1 741 1 0 1 1 3585.13 3585.13 K]
1 742 1 0 1 1 359013 3590.13 5
1] 743 1 0 1 1 3595.13 359513 5
1 744 1 ] 1 1 3600 3600 487135
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APPENDIX D

CONCRETE I-BEAM ANALYSIS AND DESIGN
In accordance with EN1992-1-1:2004 incorporating Corrigenda January 2008 and the

recommended values
Analysis

Geometry (m) - Concrete (C35 2500 Quartzite) - T 200x960x500x200

z
(= 19.2 2 19.2 5
el 1 2 L
Span |Length (m) [Section Start Support End Support
1 19.2 T 200x960x500x200  |Fixed Roller Pin X
2 19.2 T 200x960x500x200  |Roller Pin X Fixed

T 200x960x500x200: A = 2520 cm?, Iy =2154674 cm?*, I, =259000 cm?, Ay =1000 cm?,
A, =1920 cm?

Concrete (C35 2500 Quartzite): Density 2500 kg/m?, Youngs 34.0771462 kN/mm?, Shear
14.1988109 kN/mm?, Thermal 0.00001 C!

Loading
Self weight included

Permanent - Loading (kN/m)

© O © [(e}
o l Y)
Z
Imposed - Loading (kN/m)
0 [To}uTe) o
Yy x 4 #
E3 ) A
Z
Load combination factors
- <t
e ]
.. o ) Z
Load combination % g 2 10
o | B
: 5| E | BB
N B a9 — —

166




- <t
5 2
Load combination = % E S
- 5 E | & |3
pEle | E |3
1.35G + 1.5Q + 1.5RQ (Strength) 1.35 |1.35 |1.50 |1.35
1.0G + 1.0Q + 1.0RQ (Service) 1.00 |1.00 {1.00 {1.00
1.0G + 1.0 2Q (Quasi) 1.00 |1.00 {0.30 {1.00
Member Loads
Member Load case Load Type Orientatio |Description
n
Beam Permanent UDL GlobalZ |6.3 kN/m
Beam Imposed UDL GlobalZ |5 kN/m
Results; Forces
Strength combinations - Moment envelope (kNm)
7479 ‘ -747.9’
l o
o ame e
Strength combinations - Shear envelope (kN)
233.7 - 233.7 N
PR PR
Concrete details -Concrete strength class; C35/45
Aggregate type; Quartzite
Aggregate adjustment factor - cl.3.1.3(2); AAF=1.0
Characteristic compressive cylinder strength; foc = 35 N/mm?
Mean value of compressive cylinder strength; fom = foc + 8 N/mm? = 43 N/mm?

Mean value of axial tensile strength; fom = 0.3 N/mm? x (foa/ 1 N/mm?)?3 = 3.2 N/mm?
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Secant modulus of elasticity of concrete;  Ecm = 22 KN/mm?x[fern/10 N/mm?]%3 x AAF =
34077 N/mm?

Ultimate strain - Table 3.1;  &cu2 =0.0035

Shortening strain - Table 3.1; gcu3 = 0.0035

Effective compression zone height factor; A =0.80

Effective strength factor; n=1.00

Coefficient ki; ki = 0.44

Coefficient ko; ko = 1.25 x (0.6 + 0.0014 / gcu2) = 1.25

Coefficient kz; k3 = 0.54

Coefficient ka; ks = 1.25 x (0.6 +0.0014 / gc2) = 1.25

Partial factor for concrete -Table 2.1N; yc=1.50

Compressive strength coefficient - cl.3.1.6(1); oec = 1.00

Design compressive concrete strength - exp.3.15;  fea = Olee X fek / yc = 23.3 N/mm?
Compressive strength coefficient - cl.3.1.6(1); Olecw = 1.00
Design compressive concrete strength - exp.3.15;  fowd = Oleew X fok / ye = 23.3 N/mm?
Maximum aggregate size;  hage =20 mm

Monolithic simple support moment factor; 1 =0.15

Reinforcement details

Characteristic yield strength of reinforcement; fyc = 460 N/mm?
Partial factor for reinforcing steel - Table 2.1N; vs = 1.15

Design yield strength of reinforcement; fya = fyk / ys = 400 N/mm?
Nominal cover to reinforcement

Nominal cover to top reinforcement; cnom ¢ = 35 mm

Nominal cover to bottom reinforcement; Cnom b = 35 mm
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Nominal cover to side reinforcement;cnom s = 35 mm
Fire resistance

Standard fire resistance period; R =60 min
Number of sides exposed to fire; 3

Minimum width of beam - EN1992-1-2 Table 5.6; bmin = 120 mm
Beam - Span 1

Flanged section details

Section width; b =200 mm

Section depth; h = 960 mm

Maximum available flange width;  bf= 750 mm
Flange depth; hf= 150 mm

Allowance for holes; bpole = 0 mm

PASS - Minimum dimensions for fire resistance met

Moment design

Zone 1 Zone 2 Zone 3
B . >
4800 9600 4800
-747.9 o -888 kNm -888 kNm
- -
- g
B 139 kNm et
337 kNm T = 337 kNm
373.9
2243 kNm
Zone 1 Zone 2 Zone 3
}4 4800 e 10560 * 3840 >
Moment resistance Span 1

Elastic moments

A-A B-B c-c
1% 60¢ 2x 16¢ 1% 609

A B Jc
=A ~B C
2x25¢ 2x 609 +2 x 25 2x25(

Zone 1 (0 mm - 4800 mm) Positive moment - section 6.1
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Design bending moment; M = abs(Mm1 s1 21 max red) = 93.5 KNm
Distance between points of zero moment; Lo = 0.85 x Lmi s1 = 16320 mm
Maximum flange outstand; b = (br-b)/2 =275 mm
Effective flange outstand; berr,1 = min(0.2 x by + 0.1 x Lo, 0.2 x Lo, b1) =275 mm
Effective flange width; betr =2 x befr,1 + b =750 mm
Effective depth of tension reinforcement;  d =905 mm
Redistribution ratio; 6 = min(Mjpos red z1 / Mpos z1, 1) = 1.000
K =M/ (besr x d* x fx) = 0.004
K'=2xmxoe/yc)x(1-Ax0-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196
Leverarm; z=min(0.5 xd x [1 +(1-2xK/(n x o/ 7c))*?], 0.95 x d) = 859 mm
Depth of neutral axis; x =2 x (d-z)/A =113 mm
Ax <= hy- Compression block wholly within the depth of flange

K'> K - No compression reinforcement is required

Area of tension reinforcement required; Asreq = max(M / (fya X z), Asmin) = 328 mm?
Tension reinforcement provided; 2 x25¢
Area of tension reinforcement provided; Asprov = 982 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyx, 0.0013) x b x d =

328 mm?

Maximum area of reinforcement - cl.9.2.1.1(3); Asmax = 0.04 x b x h=7680 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fetetr = fom = 3.2 N/mm?
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Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Spar = (b - (2 X (Cnom s + Om1 s1 21 v) + Omi s1 21 b L1 X

Nt st z1 b 1)) / (Nm1 st 21 b L1 = 1) + Omi1 s1 21 b L1 = 89 mm
Maximum stress permitted - Table 7.3N; o5 = 329 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b x h?/2 + Agprov X (0er - 1) x (h - d)
+ (beff- b) X hf X (h - hf/2)) / (b x h + As,prov X (O(.cr - 1) + (beff- b) X hf) =592 mm

Area of concrete in the tensile zone; A« =b x y = 118474 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X k X ferefr X Act / 65 = 463

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control

Quasi-permanent moment,  Mqp = max(B1 x abs(Mm1 s1 22 neg quasi), @bS(Mm1 s1 21 pos_quasi)) =

53.7kNm

Permanent load ratio; Rpr = Mgqgp /M = 0.57

Service stress in reinforcement; G = fyd X Asreq/ Asprov X Rpr = 77 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Zone 1 (0 mm - 4800 mm) Negative moment - section 6.1

Design bending moment; M = max (1 x abs(Mmi _s1_max_red), abS(Mm1 s1_z1_min_red)) = 747.9
kNm

Effective depth of tension reinforcement; d =887 mm
Redistribution ratio; 6 = min(Muneg red z1 / Mneg 21, 1) = 1.000

K =M/ (bxdx fa) = 0.136
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K=2xnxdec/yc)x(1-Ax(B-ki)/(2xk))x(Ax(0-ki)/(2xk2))=0.196
K'> K - No compression reinforcement is required
Leverarm; z=min(0.5 xd x [1+(1-2xK /(N x o/ 7c))*?], 0.95 x d) = 785 mm

Depth of neutral axis; x =2 x (d - z) / A =255 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 2382 mm?
Tension reinforcement provided; 1 x 60¢
Area of tension reinforcement provided; Agprov = 2827 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyx, 0.0013) x b x d =

322 mm?

Maximum area of reinforcement - c1.9.2.1.1(3); Asmax = 0.04 x b x h=7680 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Minimum bar spacing (Section 8.2)

Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + (I)ml_sl_zl_v) + d)ml_sl_zl_b_Ll X le_sl_zl_b_Ll)) /

(Nmi1 s1 21 b L1 - 1) =64.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = MaxX(Pm1 s1_z1 b L1 X Ks1, hagg + Ks2,

20mm) = 25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Zone 2 (4800 mm - 15360 mm) Positive moment - section 6.1

Design bending moment; M = abs(Mm1 s1 22 max red) = 373.9 kKNm

Distance between points of zero moment; Lo = 0.85 x Lmi s1 = 16320 mm
Maximum flange outstand; b = (br-b)/2 =275 mm

Effective flange outstand; berr,1 = min(0.2 x by + 0.1 x Lo, 0.2 x Lo, b1) =275 mm
Effective flange width; bef =2 X ber1 + b =750 mm

Effective depth of tension reinforcement;  d =890 mm

Redlstl’lbutlon I‘atIO; 6 = min(Mposiredizz / Mposﬁzz, 1) = 1.000
172



K =M/ (besr x d* x fu) = 0.018
K'=2xmxoe/yc)x(1-Ax@-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196
Leverarm; z=min(0.5xdx [1+(1-2xK /(N X o/ 7c))*?], 0.95 x d) = 845 mm
Depth of neutral axis; x =2 x (d-z)/A =111 mm
Ax <= hy- Compression block wholly within the depth of flange
K'> K - No compression reinforcement is required
Area of tension reinforcement required; Asreq = max(M / (fya X z), Asmin) = 1106 mm?
Tension reinforcement provided; 2 x60p+2 x25¢
Area of tension reinforcement provided; Asprov = 6637 mm?

Minimum area of reinforcement - exp.9.1N; Agmin = max(0.26 x feun / fix, 0.0013) x b x d =

323 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Asmax = 0.04 x b x h=7680 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotetr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Spar = (b - (2 X (Cnom s T Om1 s1 22 v) T Omi s1 2 b L1 X Nml s1 2 b L1
+ ®mi s1 21 b L1 X N1 s1 z1 b 1)) / (Nm1 s1 22 b L1 + Nt s1 21 b £1) = 1) + Om1 s1 22 b 11 =41.3

mm
Maximum stress permitted - Table 7.3N; &5 =360 N/mm?

Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87
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Distance of the Elastic NA from bottom of beam; y = (b x h?/2 + Agprov X (Oler - 1) x (h - d)
+ (befr - b) x he x (h - h#/2)) / (b x h + Asprov X (Oler - 1) + (betr - b) x hr) = 546 mm

Area of concrete in the tensile zone; Aq=b x y=109153 mm?

Minimum area of reinforcement required - exp.7.1; Ase,min = Ke X K X feretr X Act / 05 =389

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mm1 s1 22 pos quasi) = 214.7kNm
Permanent load ratio; Rp. =Mgqp /M = 0.57

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 38 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Deflection control - Section 7.4

Reference reinforcement ratio; pmo = (fox / 1 N/mm?)°3 / 1000 = 0.00592
Required tension reinforcement ratio; Pm = Asreq / (betr x d) = 0.00166
Required compression reinforcement ratio; p'm = Asareq / (befr X d) = 0.00000
Structural system factor - Table 7.4N; Kv=1.3

Basic allowable span to depth ratio ; span_to_depthpasic = Kb x [11 + 1.5 x (fuc / 1 N/mm?)?
X 0/ Pm + 3.2 % (e / 1 N/mm2)*S x (o / pm - 1)15] = 156.753

Reinforcement factor - exp.7.17; Ks = min(Asprov / Asreq X 500 N/mm? / fy, 1.5) = 1.500
Flange width factor; F1 = if(berr/b>3,0.8, 1) =0.800
Long span supporting brittle partition factor; F2 =1 =1.000

Allowable span to depth ratio; span_to_depthaiew = min(span_to depthpasic x Ks x F1 x
F2, 40 x Ky) = 52.000

Actual span to depth ratio;  span_to_depthacwal = Lm1 s1 / d =21.583

PASS - Actual span to depth ratio is within the allowable limit
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Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b = (2 X (Cnom s + Pm1 s1 22 v) + Om1 st 22 t L1 X Nm1 s1 2 t 1))/
(Nmi1 st 2 ¢11-1)=282.0 mm

Minimum allowable top bar spacing; Stop,min = Max(dmi si 22 ¢ L1 X Ks1, hagg + Ks2, 20mm) =

25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + ¢ml_sl_z2_v) + ¢ml_sl_z2_b_Ll X le_sl_zZ_b_Ll +

Om1 s1 21 b L1 X N1 st z1 b 1)) / (Nm1 s1 22 b L1 + Nm1 s1 z1 b 1) - 1) =-18.7 mm

Minimum allowable bottom bar spacing;  Sbotmin = Max(¢m1 s1 22 b L1 X Ks1, hagg + k2,

20mm) = 60.0 mm

Zone 3 (14400 mm - 19200 mm) Negative moment - section 6.1

Design bending moment; M = abs(Mm1 s1 z3 min red) = 747.9 kKNm

Effective depth of tension reinforcement;  d =887 mm

Redistribution ratio; 6 = min(Muneg red z3 / Mneg 23, 1) = 1.000
K=M/(bx d?x f)=0.136
K'=2xmxoe/ye)x(1-AxG-ki)/(2xka))x(Ax(d-ki)/(2xk2))=0.196

K'> K - No compression reinforcement is required

Leverarm; z=min(0.5xdx[1+(1-2xK /(N x o/ 7c))’?],0.95 x d) =785 mm

Depth of neutral axis; x =2 x (d -z) / A =255 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 2382 mm?
Tension reinforcement provided; 1 x 60¢
Area of tension reinforcement provided; Asprov = 2827 mm?

Minimum area of reinforcement - exp.9.1N; Agmin = max(0.26 x feum / fix, 0.0013) x b x d =

322 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Asmax = 0.04 x b x h=7680 mm?
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PASS - Area of reinforcement provided is greater than area of reinforcement required

Minimum bar spacing (Section 8.2)

Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + ¢m1_s1_z3_v) + ¢m1_s1_z3_b_L1 X le_sl_z3_b_L1)) /

(Nmi st 3 b 11 - 1)=64.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = MaX(Pmi si 23 b L1 X Ks1, hage + K2,

20mm) = 25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Shear design

233.7

-233.7

Zone 1 Zone 2 Zone 3
4800 9600 4800
Shear resistance Span 1
B Elastic shear force

=

2x8 IegstH@ 250 c/c F
2x8legs @ 250 c/c P 2x8legs @250 c/cp

Zone 1 Zone 2 Zone 3
4800 9600 4800

O A

Angle of comp. shear strut for maximum shear; Omax = 45 deg
Strength reduction factor - ¢l.6.2.3(3); vi=0.6 x (1 - fu /250 N/mm?) = 0.516
Compression chord coefficient - cl.6.2.3(3); oew = 1.00

Minimum area of shear reinforcement - €xp.9.5N;  Agmin = 0.08 N/mm? x b x (fu / 1

N/mm?)*3 / fix = 206 mm?/m
Zone 1 (0 mm - 4800 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vzi_max), abs(Vz1_red max)) = 234 kN

Min lever arm in shear zone; z =785 mm
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Maximum design shear resistance - exp.6.9; VrRamax = Oew X b X Z X Vi X fewd / (COt(Omax) +

tan(Omax)) = 945 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 887mm from support; Veq=212 kN

Design shear stress;  Vea = Veda/ (b x z) = 1.351 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x veq /

(Otew X fewd X V1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) =270
mm?/m

Area of shear reinforcement required; Agv.req = Max(Asv.min, Asv.des) = 270 mm?*/m
Shear reinforcement provided,; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d = 665 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Zone 2 (4800 mm - 14400 mm) shear - section 6.2

Design shear force at support ; VEd,max = max(abs(Vz max), abs(Vz red max)) = 117 kKN
Min lever arm in shear zone; z = 845 mm

Maximum design shear resistance - exp.6.9; Vrdamax = Olew X b x Z x vi X fewd / (COt(Omax) +

tan(Omax)) = 1018 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force within zone; VEea= 117 kN

Design shear stress;  vea = Veda/ (b x z) = 0.691 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Viq /

(Olew X fowd X V1),1)), 21.8 deg), 45deg) =21.8 deg
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Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) = 138

mm?/m

Area of shear reinforcement required; Asvreq = Max(Asvmin, Asv.des) = 206 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Svmax = 0.75 x d = 667 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Zone 3 (14400 mm - 19200 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz max), abs(Vz3 red max)) = 234 kN
Min lever arm in shear zone; z =785 mm

Maximum design shear resistance - exp.6.9; Vrdamax = Oew X b x Z x Vi X fewd / (COt(Omax) +

tan(Omax)) = 945 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 887mm from support; Veq =212 kN

Design shear stress;  vea = Vea/ (b x z) = 1.351 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Veq /

(ctew X fewa x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) =270
mm?/m

Area of shear reinforcement required; Asvireq = Max(Asvmin, Asv.des) = 270 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Asvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required
Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d = 665 mm
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PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
Beam - Span 2

Flanged section details

Section width; b =200 mm

Section depth; h = 960 mm

Maximum available flange width;  bf= 750 mm

Flange depth; hf= 150 mm

Allowance for holes; bnole = 0 mm

PASS - Minimum dimensions for fire resistance met

Moment design

Zone 1 Zone 2 Zone 3
4800 * 13440 > 960
7479 L -888 kNm -888 kNm
. 646 kNm.«
- P
- _
- _
- i
428 kNm R 428 kNm
373.9 537 kNm
Zone 1 Zone 2 Zone 3
}‘ 3840 * 10560 e 4800 >
Moment resistance Span 2
Elastic moments
A-A B-B c-C
1x60¢ 1x50¢ 1x60¢
A =B = C
A b B o
1x40¢ 1x20¢ +1x40¢ 1x40¢

Zone 1 (0 mm - 4800 mm) Negative moment - section 6.1

Design bending moment; M = abs(Mm1 2 z1_min red) = 747.9 KNm

Effective depth of tension reinforcement;  d =887 mm

Redistribution ratio; 6 = min(Mueg red 21 / Mueg 21, 1) = 1.000
K=M/(bx d?x fu)=0.136
K'=2xmxoe/yc)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xkz))=0.196

K'> K - No compression reinforcement is required
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Leverarm; z=min(0.5 xd x [1 +(1-2xK/(n x o/ 7c))*?], 0.95 x d) = 785 mm

Depth of neutral axis; x =2 x (d - z) / A =255 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 2382 mm?
Tension reinforcement provided; 1 x 60¢
Area of tension reinforcement provided; Asprov = 2827 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

322 mm?
Maximum area of reinforcement - ¢1.9.2.1.1(3); Agmax = 0.04 x b x h = 7680 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Zone 2 (3840 mm - 14400 mm) Positive moment - section 6.1
Design bending moment; M = abs(Mm1 s2 22 max red) = 373.9 kNm
Distance between points of zero moment; Lo = 0.85 x L 2 = 16320 mm
Maximum flange outstand; b; = (br-b)/2 =275 mm
Effective flange outstand; betr;1 = min(0.2 x by + 0.1 x Lo, 0.2 x Lo, b1) =275 mm
Effective flange width; betr =2 x befr,1 + b =750 mm
Effective depth of tension reinforcement; d =899 mm
Redistribution ratio; 6 = min(Mjpos red 22 / Mpos 22, 1) = 1.000
K =M/ (besr x d* x fx) = 0.018
K'=2xmxoe/ye)x(1-Ax0-ki)/(2xk))x(Ax(d-ki)/(2xkz))=0.196
Leverarm; z=min(0.5xdx [1+(1-2xK /(N % o/ 7c))*], 0.95 x d) = 854 mm
Depth of neutral axis; x =2 x (d-z)/A =112 mm
Ax <= hy- Compression block wholly within the depth of flange
K'> K - No compression reinforcement is required

Area of tension reinforcement required; Asreq = max(M / (fya X z), Asmin) = 1095 mm?
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Tension reinforcement provided; 1 x20¢p + 1 x 40¢
Area of tension reinforcement provided; Asprov = 1571 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

326 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Asmax = 0.04 x b x h =7680 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotefr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Spar = (b - (2 X (Cnom s T Om1 s2 2 v) T Om1 s2 2 b L1 X Nml 2 2 b L1

+ &m1 52 21 b L1 X Nm1 52 21 b £1)) / ((Nm1 52 22 b L1 ¥ N1 s2 21 b L1) = 1) + dm1 s2 21 b L1 = 94 mm
Maximum stress permitted - Table 7.3N; &5 =325 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b x h?/2 + Agprov X (0er - 1) x (h - d)
+ (befr - b) x he x (h - h/2)) / (b x h + A prov X (Oter = 1) + (besr - b) x hy) = 587 mm

Area of concrete in the tensile zone; Aq=b xy = 117413 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X k X feierr X Act / G5 = 464

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mmi s2 22 pos_quasi) = 214.7kNm

Permanent load ratio; Rp. =Mgqgp /M = 0.57
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Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 160 N/mm?
Maximum bar spacing - Tables 7.3N;Svar,max = 299.9 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Deflection control - Section 7.4

Reference reinforcement ratio; pmo = (fex / 1 N/mm?)% / 1000 = 0.00592
Required tension reinforcement ratio; Pm = Asreq / (betr x d) =0.00162
Required compression reinforcement ratio; p'm = Asreq / (befr X d) = 0.00000
Structural system factor - Table 7.4N; Kv=13

Basic allowable span to depth ratio ; span_to_depthpasic = Kb x [11 + 1.5 x (fuc / 1 N/mm?)°
X Pmo / Pm + 3.2 x (fex / 1 N/mm?)% x (pmo / pm - 1)°] = 162.152

Reinforcement factor - exp.7.17; Ks = min(Asprov / Asreq x 500 N/mm? / fy, 1.5) = 1.500
Flange width factor; F1 =if(berr/ b >3, 0.8, 1) =0.800
Long span supporting brittle partition factor; F2 =1 =1.000

Allowable span to depth ratio; span_to_depthaiew = min(span_to_depthpasic x Ks x F1 x
F2,40 x Ky) = 52.000

Actual span to depth ratio;  span_to depthacwal = Lmi1 2/ d =21.357

PASS - Actual span to depth ratio is within the allowable limit

Zone 2 (4800 mm - 18240 mm) Negative moment - section 6.1

Design bending moment; M = abs(Mm1 s2 22 min red) = 534.7 kKNm

Effective depth of tension reinforcement;  d =892 mm

Redistribution ratio; 6 = min(Mueg red 22 / Mneg 22, 1) = 1.000
K=M/ (b x d? x fu) = 0.096
K=2xnxoec/y0)x(1-AxG-ki)/2xk2))x(Ax(S-ki)/(2xk))=0.196

K'> K - No compression reinforcement is required
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Leverarm; z=min(0.5 xd x [1+(1-2xK /(N x o/ Yc))*?], 0.95 x d) = 822 mm

Depth of neutral axis; x =2 x (d - z) / A =174 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 1626 mm?
Tension reinforcement provided; 1 x50¢
Area of tension reinforcement provided; Asprov = 1963 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

324 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Agmax = 0.04 x b x h = 7680 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Deflection control - Section 7.4

Reference reinforcement ratio; pmo = (fox / 1 N/mm?)°3 / 1000 = 0.00592
Required tension reinforcement ratio; Pm = Asreq/ (b x d) =0.00911

Required compression reinforcement ratio; p'm = Aszeq / (b x d) = 0.00000
Structural system factor - Table 7.4N; Kv=1.3

Basic allowable span to depth ratio ; span_to_depthpasic = Kb x [11 + 1.5 x (fuc / 1 N/mm?)?
X pmo / (Pm - P'm) + (fex / 1 N/mm?)%3 x (p'm / pmo)®> / 12] = 21.790

Reinforcement factor - exp.7.17; K = min(Asprov / Asreq X 500 N/mm? / fy, 1.5) = 1.313
Flange width factor; F1=1=1.000
Long span supporting brittle partition factor; F2 =1 =1.000

Allowable span to depth ratio; span_to_depthaiew = min(span_to depthpasic x Ks x F1 x
F2, 40 x Ky) = 28.605

Actual span to depth ratio;  span_to_depthacwa = Lmi 2/ d =21.525
PASS - Actual span to depth ratio is within the allowable limit

Minimum bar spacing (Section 8.2)
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Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + ¢ml_52_z2_v) + ¢ml_52_z2_b_Ll X le_s2_zZ_b_Ll +

Om1 2 21 b L1 X Nmi1 2 21 b 1)) / ((Nm1 s2 22 b L1 + Nm1 52 21 b L1) - 1) = 54.0 mm

Minimum allowable bottom bar spacing;  Shotmin = MaX(Pmi s2 21 b L1 X Ks1, hage + K2,

20mm) = 40.0 mm
PASS - Actual bar spacing exceeds minimum allowable
Zone 3 (14400 mm - 19200 mm) Positive moment - section 6.1
Design bending moment; M = abs(Mm1_s2 73 max_red) = 93.5 kKNm
Distance between points of zero moment; Lo = 0.85 x L1 &2 = 16320 mm
Maximum flange outstand; b; = (br-b)/2 =275 mm
Effective flange outstand; betr,; = min(0.2 x by + 0.1 x Lo, 0.2 x Lo, b1) =275 mm
Effective flange width; befr = 2 X ber1 + b =750 mm
Effective depth of tension reinforcement; d =897 mm
Redistribution ratio; & = min(Mpos red 23 / Mpos 3, 1) = 1.000
K =M/ (best x d* x fex) = 0.004
K'=2xmxoe/ye)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196
Leverarm; z=min(0.5xdx [1+(1-2xK /(N X o/ 7c))’?],0.95 x d) = 852 mm
Depth of neutral axis; x =2 x (d-z)/A =112 mm
Ax <= hy- Compression block wholly within the depth of flange

K'> K - No compression reinforcement is required

Area of tension reinforcement required; Asreq = max(M / (fya x z), Asmin) = 325 mm?
Tension reinforcement provided; 1 x40¢
Area of tension reinforcement provided; Asprov = 1257 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

325 mm?
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Maximum area of reinforcement - c1.9.2.1.1(3); Asmax = 0.04 x b x h=7680 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotetr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) =1.00

Actual tension bar spacing;  Spar = b + Om1 s2 23 b L1 = 240 mm
Maximum stress permitted - Table 7.3N; o= 208 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b x h?/2 + Agprov X (Oer - 1) x (h - d)
+ (beff‘ b) x hf x (h - hf/2)) / (b xh+ As,prov X (O(.cr - 1) + (beff - b) X hf) =590 mm

Area of concrete in the tensile zone; Ac=b x y=117995 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X k X feierr X Act / 05 = 728

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control

Quasi-permanent moment,  Mqp = max(Bi x abs(Mm1 s2 22 neg quasi), abS(Mm1 52 23 pos_quasi)) =

53.7kNm

Permanent load ratio; Rpr. = Mqgp /M = 0.57

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X R = 59 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Zone 3 (18240 mm - 19200 mm) Negative moment - section 6.1
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Design bending moment; M = max(B1 x abs(Mm1_s2_max_red), abS(Mm1_s2 23 min red)) = 747.9
kNm

Effective depth of tension reinforcement;  d =887 mm
Redistribution ratio; 6 = min(Muneg red z3 / Mneg 23, 1) = 1.000
K=M/(bx d?x f)=0.136
K'=2xmxoe/ye)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196
K'> K - No compression reinforcement is required
Leverarm; z=min(0.5xd x[1+(1-2xK/(n % o/ vc))??], 0.95 x d) = 785 mm
Depth of neutral axis; x =2 x (d - z) / A =255 mm
Area of tension reinforcement required; Asreq =M/ (fya x z) = 2382 mm?
Tension reinforcement provided; 1 x 60¢
Area of tension reinforcement provided; Asprov = 2827 mm?

Minimum area of reinforcement - exp.9.1N; A min = max(0.26 x feum / fix, 0.0013) x b x d =

322 mm?
Maximum area of reinforcement - c1.9.2.1.1(3); Asmax = 0.04 x b x h =7680 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required

Shear design

233.7

H 2x8 Ieg]—L) 250 c/c—— P
’4—2 8 legs @ 250 ¢/c 2 x 8 legs @ 250 c/c

Ly =

Hnnmm HHH\HHHHHHH\HHH\HHHHHHH!
CoE
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Angle of comp. shear strut for maximum shear; max = 45 deg
Strength reduction factor - cl.6.2.3(3); vi=0.6 x (1 - fu /250 N/mm?) = 0.516
Compression chord coefficient - cl.6.2.3(3); oew = 1.00

Minimum area of shear reinforcement - exp.9.5N;  Asy.min = 0.08 N/mm? x b x (fo / 1

N/mm?)%3 / fyx = 206 mm?/m

Zone 1 (0 mm - 4800 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vzi_max), abs(Vz1 red max)) = 234 kN
Min lever arm in shear zone; z =785 mm

Maximum design shear resistance - exp.6.9; Vrdamax = Oew X b X Z x Vi X fewd / (COt(Omax) +

tan(Omax)) = 945 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 887mm from support; Veq =212 kN

Design shear stress;  Vea = Vea/ (b x z) = 1.351 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 X Vgq/

(Olew X fewd x v1),1)), 21.8 deg), 45deg) = 21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b/ (fya x cot(0)) =270
mm?/m

Area of shear reinforcement required; Asv.req = Max(Asv.min, Asv.des) = 270 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Asvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d = 665 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Zone 2 (4800 mm - 14400 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz max), abs(Vz red max)) = 117 kN
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Min lever arm in shear zone; z = 822 mm

Maximum design shear resistance - exp.6.9; Vrdamax = Oew X b x Z x Vi X fewd / (COt(Omax) +

tan(Bmax)) = 990 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force within zone; Veqa=117 kN

Design shear stress;  Vea = Vea/ (b x z) = 0.711 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Vgq/

(ctew X fewa x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Agv.des = VEd X b / (fya x cot(0)) = 142
mm?/m

Area of shear reinforcement required; Asv.req = Max(Asv.min, Asv.des) = 206 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Asvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d = 669 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Zone 3 (14400 mm - 19200 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz3 max), abs(Vz3 red max)) =234 kN
Min lever arm in shear zone; z =785 mm

Maximum design shear resistance - exp.6.9; VRamax = Oew X b X Z X V1 X fewd / (COt(Omax) +

tan(emax)) =045 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 887mm from support; Veq =212 kN

Design shear stress; vea = Vea/ (b x z) = 1.351 N/mm?
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Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Veq /

(ctew X fewd x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) =270
mm?/m

Area of shear reinforcement required; Asvireq = Max(Asvmin, Asv.des) = 270 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Asvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required
Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d = 665 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
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APPENDIX E
CONCRETE I-BEAM INCREMENT RESULTS FROM ABAQUS
The following images are the increment results from Abaqus for the Concrete I-Beam

analysis.

il
-

Job: heat_transfer Status: Completed

Severe

; Equil Total Total Step Time/LPF
SHep, | Jucremgng  Jus D:::':“ Iter lter  Time/Freq Time/LPF Inc

1 1 1 ] 2 P 1 1 1

1 2 1 0 1 1 2 2 1

1 3 1 ] 1 1 3 3 1

1 4 1 0 2 2 5 5 2

1 5 1 0 2 2 7.58627 71.58627 2.58627
1 6 1 0 1 1 10.1725 10.1725 2.58627
1 7 1 ] 1 1 12.7588 12.7588 2.58627
1 3 1 0 1 1 15.3451 15.3451 2.58627
1 9 1 ] 1 1 17.9313 17.9313 2.58627
1 10 1 0 1 1 20.5176 20.5176 2.58627
1 11 1 0 1 1 23.1039 23.1039 2.58627
1 12 1 0 1 1 25.6901 256901 2.58627
1 13 1 0 1 1 28.2764 28.2764 2.58627
1 14 1 0 1 1 30.8627 30.8627 2.58627
1 15 1 ] 1 1 33.4489 334489 2.58627
1 16 1 0 1 1 36.0352 36.0352 2.58627
1 17 1 ] 1 1 38,6215 386215 2.58627
1 18 1 0 1 1 41.2077 41.2077 2.58627
1 19 1 0 1 1 43,794 43,794 2.58627
1 20 1 0 1 1 46.3803 46.3803 2.58627
1 21 1 ] 1 1 48.9665 48,9665 2.58627
1 22 1 0 1 1 51.5528 51.5528 2.58627
1 23 1 ] 1 1 54,1391 54,1391 2.58627
1 24 1 0 1 1 56,7253 56,7253 2.58627
1 25 1 0 1 1 59.3116 583116 2.58627
1 26 1 0 1 1 £1.8979 £51.8979 2.58627
1 27 1 0 1 1 64.4841 64.4841 2.58627
1 28 1 0 1 1 67.0704 67.0704 2.58627
1 29 1 ] 1 1 69.6567 69.6567 2.58627
1 30 1 0 1 1 72,2429 72.2429 2.58627
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Job: heat_transfer

Step Increment

i | i | e | i | i | | e | i | i | e | i | e | | e | i |

Search Text
Text to find;

185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

a4rc

Att

Ll | e el | e el | el e | el |l |l | el | e el | el e e el | el il | e

Status: Completed

Severe

j Equil Total Total Step Time/LPF
D:::‘:“ Iter lter  Time/Freq Time/LPF Inc
0 1 1 622.055 622,055 5
0 1 1 627.055 627.055 5
0 1 1 632.055 632.055 5
0 1 1 637.055 637.055 5
0 1 1 642.055 642.055 5
0 1 1 647.055 647.055 5
0 1 1 652.055 652.055 5
0 1 1 657.055 657.055 5
0 1 1 662.055 662.055 5
0 1 1 667.055 667.055 5
0 1 1 672.055 672.055 5
0 1 1 677.055 677.055 5
0 1 1 682.055 682.055 5
0 1 1 687.055 687.055 5
0 1 1 692.055 692.055 5
0 1 1 697.055 697.055 5
0 1 1 702.055 702.055 5
0 1 1 707.055 707.055 5
0 1 1 712.055 712.055 5
0 1 1 717.055 717.055 5
0 1 1 722.055 722.055 5
0 1 1 727.055 727.055 5
0 1 1 732.055 732.055 5
0 1 1 737.055 737.055 5
0 1 1 742.055 742.055 5
0 1 1 747,055 747.055 5
0 1 1 752.055 752.055 5
0 1 1 757.055 757.055 5
0 1 1 762.055 762.055 5
0 1 1 767.055 767.055 5

[ Match case Il Next {i Previous
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Job: heat transfer

Step Increment

A o e b e T e L Ll oL e i L

Search Text
Text to find:

381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

Status: Completed

Att

o e b e T e P Ol L el i L

Severe
Discon
Iter

0000000000000 0000000 000000 oog

Equil Total

Iter

O PR e LIPS wl B U8 GRSy B Gl DL wiy R 8 UL iy e G DL Rl I O DL g e R S g B SRS g i R B g (A S e DR T P PR D R e R R

Iter

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Total
Time/Freq
1602.06
1607.06
1612.06
1617.06
1622.06
1627.06
1632.06
1637.06
1642.06
1647.06
1652.06
1657.06
1662.06
1667.06
1672.06
1677.06
1682.06
1687.06
1692.06
1697.06
1702.06
1707.06
1712.06
1717.06
1722.06
1727.06
1732.06
1737.06
1742.06
1747.06

Step
Time/LPF
1602.06
1607.06
1612.06
1617.06
1622.06
1627.06
1632.06
1637.06
1642.06
1647.06
1652.06
1657.06
1662.06
1667.06
1672.06
1677.06
1682.06
1687.06
1692.06
1697.06
1702.06
1707.06
1712.06
1717.06
1722.06
1727.06
1732.06
1737.06
1742.06
1747.06
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Job: heat_transfer

Step Increment

B T B T T e T T T T S T T T

Search Text
Text to find:

523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552

Status: Completed

Att

et it b b S e i i e b e i L L

Severe
Discon
Iter

L]

o 0000000000000 000000000000o0o0g

Equil Total

Iter

L T L O e L N L N R T i T e R i T e B

Iter

L T L O e L N L N R T i T e R i T e B

Total
Time/Freq

2312.06
2317.06
2322.06
2327.06
2332.06
2337.06
2342.06
2347.06
2352.06
2357.06
2362.06
2367.06
2372.06
2377.06
2382.06
2387.06
2392.06
2397.06
2402.06
2407.06
2412.06
2417.06
242206
2427.06
2432.06
2437.06
2442.06
2447.06
2452.06
2457.06

Step
Time/LPF

2312.06
2317.06
2322.06
2327.06
2332.06
2337.06
2342.06
2347.06
2352.06
2357.06
2362.06
2367.06
2372.06
2377.06
2382.06
2387.06
2392.06
2397.06
2402.06
2407.06
2412.06
2417.06
2422.06
2427.06
2432.06
2437.06
2442.06
2447.06
2452.06
2457.06
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= [Cdl_LIansher MO . L
Job: heat_transfer Status: Completed

Severe

: Equil Total Total Step Time/LPF
el | ncrewscat | e D:::':" Iter lter  Time/Freq  Time/LPF Inc
1 752 1 0 1 1 3457.06 3457.06 5
1 753 1 a 1 1 3462.06 3462.06 5
1 754 1 0 1 1 3467.06 3467.06 5
1 755 1 0 1 1 3472.06 3472.06 5
1 756 1 ] 1 1 3477.06 3477.06 ]
1 757 1 ] 1 1 3482.06 3482.06 5
1 758 1 0 1 1 3487.06 3487.06 5
1 759 1 0 1 1 3492.06 3492 06 5
1 760 1 ] 1 1 3497.06 3497.06 ]
1 761 1 a 1 1 3502.06 3502.06 5
1 762 1 0 1 1 3507.06 3507.06 5
1 763 1 0 1 1 3512.06 351206 5
1 764 1 ] 1 1 3517.06 3517.06 K]
1 765 1 ] 1 1 3522.06 3522.06 5
1 766 1 0 1 1 3527.06 3527.06 5
1 767 1 0 1 1 3532.06 353206 5
1 768 1 ] 1 1 3537.06 3537.06 3
1 769 1 ] 1 1 3542.06 3542.06 5
1 770 1 0 1 1 3547.06 3547.06 5
1 77 1 a 1 1 3552.06 3552.06 5
1 772 1 ] 1 1 3557.06 3557.06 K]
1 173 1 0 1 1 3562.06 3562.06 5
1 174 1 0 1 1 3567.06 3567.06 5
1 775 1 ] 1 1 3572.06 3572.06 5
1 776 1 ] 1 1 3577.06 3577.06 3
1 177 1 0 1 1 3582.06 3582.06 5
1 778 1 0 1 1 3587.06 3587.06 5
1 779 1 ] 1 1 3592.06 3592.06 5
1 780 1 ] 1 1 3597.06 3597.06 3

1 781 1 0 1 1 3600 3600 2.9447
Search Text
Text to find: [JMatch case I Mext 1t Previous
Dismiss
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APPENDIX F
CONCRETE RECTANGULAR BEAM ANALYSIS AND DESIGN

In accordance with EN1992-1-1:2004 incorporating Corrigenda January 2008 and the

recommended values
Analysis

Geometry (m) - Concrete (C35 2500 Quartzite) - R 300x700

z
1 19.2 2 19.2 °
Hax 1 2 : 2
Span |Length (m) [Section Start Support End Support
1 19.2 R 300x700 Fixed Fixed
2 19.2 R 300x700 Fixed Fixed

R 300x700: A =2100 cm?, Iy = 857500 cm*, I, = 157500 cm*, Ay = 1750 cm?, A, = 1750

cm?

Concrete (C35 2500 Quartzite): Density 2500 kg/m?, Youngs 34.0771462 kN/mm?, Shear
14.1988109 kN/mm?, Thermal 0.00001 °C"!

Loading
Self weight included

Permanent - Loading (kN/m)

ir X s dl
z

Imposed - Loading (kN/m)
B AN i\ [ ’i

Load combination factors
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- <t
5 2
Load combination = % § 8
=« 5| E | & |3
3 =& |5 |3
1.35G + 1.5Q + 1.5RQ (Strength) 1.35 1.35 |1.50 |1.35
1.0G + 1.0Q + 1.0RQ (Service) 1.00  [1.00 |1.00 |1.00
1.0G + 1.0y2Q (Quasi) 1.00  [1.00 |0.30 |1.00
Member Loads
Member Load case Load Type Orientation |Description
Beam Permanent UDL GlobalZ 5.04 kN/m
Beam Imposed UDL GlobalZ 5 kN/m
Results; Forces
Strength combinations - Moment envelope (kNm)
—652.9’ -652.9
v v
Strength combinations - Shear envelope (kN)
204 204 -
04 : 204
Concrete details - Concrete strength class; C35/45
Aggregate type; Quartzite
Aggregate adjustment factor - c.3.1.3(2); AAF=1.0
Characteristic compressive cylinder strength; foc = 35 N/mm?
Mean value of compressive cylinder strength; fom = foc + 8 N/mm? = 43 N/mm?

Mean value of axial tensile strength; fom = 0.3 N/mm? x (fo/ 1 N/mm?)?3 = 3.2 N/mm?

Secant modulus of elasticity of concrete;  Ecm = 22 KN/mm?X¥[fem/10 N/mm?]°3 x AAF =
34077 N/mm?
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Ultimate strain - Table 3.1; &2 = 0.0035

Shortening strain - Table 3.1; gcu3 = 0.0035

Effective compression zone height factor; A =0.80

Effective strength factor; n=1.00

Coefficient ki; ki = 0.44

Coefficient ko; k> = 1.25 x (0.6 + 0.0014 / gci2) = 1.25

Coefficient k3; ks = 0.54

Coefficient ka; ks = 1.25 x (0.6 + 0.0014 / gci2) = 1.25

Partial factor for concrete -Table 2.1N; vc=1.50

Compressive strength coefficient - cl.3.1.6(1); oec = 1.00

Design compressive concrete strength - exp.3.15;  fud = Olee X fek / ye = 23.3 N/mm?
Compressive strength coefficient - cl.3.1.6(1); Oleew = 1.00
Design compressive concrete strength - exp.3.15;  fowd = Oteew X fok / Yo = 23.3 N/mm?
Maximum aggregate size;  hage =20 mm

Monolithic simple support moment factor; i1 =0.15

Reinforcement details

Characteristic yield strength of reinforcement; fyx = 460 N/mm?
Partial factor for reinforcing steel - Table 2.1N; vs =1.15

Design yield strength of reinforcement; fya = fix / ys = 400 N/mm?
Nominal cover to reinforcement

Nominal cover to top reinforcement; cnom ¢ = 35 mm

Nominal cover to bottom reinforcement; Cnom b = 35 mm

Nominal cover to side reinforcement;cnom s = 35 mm

Fire resistance
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Standard fire resistance period; R =60 min

Number of sides exposed to fire; 3

Minimum width of beam - EN1992-1-2 Table 5.6; bmin = 120 mm
Beam - Span 1

Rectangular section details

Section width; b =300 mm

Section depth; h = 700 mm

PASS - Minimum dimensions for fire resistance met

Moment design

Zone 1 Zone 2 Zone 3
—_———————P¢t+——
4800 9600 4800 529
g -699 kNm -699 kNm o
P
. i
< i
-y _
99 kNm — 99 kN 99 kN
\; //
- I
326.5 561 kNm
< Zone 1 la Zone 2 Pk Zone 3 »
3840 11520 3840
Moment resistance Span 1
Elastic moments
A-A B-B c-C
2x45( 2x 164 2 x45¢
= =B = C
o> A >B = C
2x 16 2x35¢ +2x 16 2x 164

Zone 1 (0 mm - 4800 mm) Negative moment - section 6.1

Design bending moment; M = max(B1 x abs(Mm1_s1_max_red), 8bsS(Mm1_s1_z1_min_red)) = 652.9
kNm

Effective depth of tension reinforcement; d =635 mm

Redistribution ratio; 6 = min(Mueg red 21 / Mueg 21, 1) = 1.000
K=M/(bx d*x f«)=0.154
K'=2xnxoec/yc)x(1-Ax@-ki)/(2xky))x(Ax(d-ki)/(2xks))=0.196

K'> K - No compression reinforcement is required
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Leverarm; z=min(0.5 xd x [1 +(1-2xK/(n x o/ 7c))*?], 0.95 x d) = 550 mm

Depth of neutral axis; x =2 x (d-z) /A =212 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 2970 mm?
Tension reinforcement provided; 2 x45¢
Area of tension reinforcement provided; Asprov = 3181 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

345 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Agmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotetr = form = 3.2 N/mm?

Stress distribution coefficient; k=04

Non-uniform self-equilibrating stress coefficient; k = min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Spar = (b - (2 X (Crom s T Om1 s1 21 v) T Omi s1 21 ¢ L1 ¥

Nmi s1 21 t 11)) / (Nmi st z1 ¢ 1= 1) + dmi s1 21 ¢ 11 =169 mm
Maximum stress permitted - Table 7.3N; s =265 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (0er - 1) x (h -
d)) / (b xh+ As,prov X (O(.cr - 1)) =330 mm

Area of concrete in the tensile zone; Aq=b x y =99138 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = ke X kK X forefr X Act / 05 = 481

mm?
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PASS - Area of tension reinforcement provided exceeds minimum required for crack control

Quasi-permanent moment;  Mgqp = max(Pi x abs(Mm1 s1 22 pos_quasi), @bS(Mm1 s1 21 neg_quasi)) =

359.1kNm

Permanent load ratio; Rpr. = Mgp/ M = 0.55

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 205 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 243.3 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b - (2 X (Cnom s + Pm1 s1 z1 v) + Om1 st z1 t L1 X Nm1 s1 21 £ L1)) /
(Nmi st z1 ¢ L1 - 1)=124.0 mm

Minimum allowable top bar spacing; Stop,min = Max(dmi s z1 ¢ L1 X Ks1, hage + Ks2, 20mm) =

45.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + (I)ml_sl_zl_v) + d)ml_sl_zl_b_Ll X le_sl_zl_b_Ll)) /

(Nm1 st z1 b L1 - 1) =182.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = MaxX(Pm1 s1_z1 b L1 X Ks1, hagg + Ks2,

20mm) = 25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Zone 2 (3840 mm - 15360 mm) Positive moment - section 6.1

Design bending moment; M = abs(Mm1 s1 22 max red) = 326.5 kKNm

Effective depth of tension reinforcement; d =641 mm

Redistribution ratio; 6 = min(Mpos red 22 / Mpos 22, 1) = 1.000
K=M/(bx d?x fu) =0.076
K'=2xmnxoe/y)x(1-A%x(0-ki)/(2xka))x(Ax(-ki)/(2xk))=0.196

K'> K - No compression reinforcement is required
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Leverarm; z=min(0.5 xd x [1 +(1-2xK/(n x o/ 7c))*?], 0.95 x d) = 602 mm
Depth of neutral axis; x =2 x (d-z) /A =97 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 1355 mm?

Tension reinforcement provided; 2x35¢p+2x 160

Area of tension reinforcement provided; Asprov = 2326 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

349 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Agmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotetr = form = 3.2 N/mm?

Stress distribution coefficient; k=04

Non-uniform self-equilibrating stress coefficient; k = min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar SpaCing; Sbar = (b - (2 X (Cnom_s + ¢ml_sl_z2_v) + d)ml_sl_zZ_b_Ll X le_sl_zZ_b_Ll
+ ®mi s1 21 b L1 X N1 s1 z1 b 1)) / (Nm1 s1 22 b L1 + Nt s1 21 b £1) = 1) + Omi1 s1 22 b 11 =72.3

mm
Maximum stress permitted - Table 7.3N; o= 342 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (0ter - 1) x (h -
d)) / (b xh+ As,prov X (O(.cr - 1)) =335 mm

Area of concrete in the tensile zone; Ac =b x y = 100530 mm?
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Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X K X feterr X Act / 05 =377

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mgqp = abs(Mm1 s1 22 pos quasi) = 179.5kNm
Permanent load ratio; Rp. = Mqp /M = 0.55

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 128 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Deflection control - Section 7.4

Reference reinforcement ratio; pmo = (fox / 1 N/mm?)°3 / 1000 = 0.00592
Required tension reinforcement ratio; Pm = Asreq/ (b x d) =0.00704
Required compression reinforcement ratio; p'm = Aszreq / (b x d) = 0.00000
Structural system factor - Table 7.4N; Ky=1.3

Basic allowable span to depth ratio ; span_to_depthpasic = Kb x [11 + 1.5 x (fuc / 1 N/mm?)?
% Pmo / (Pm - p'm) + (fuc/ 1 N/Mm2)5 x (p'm / pan0)® / 12] = 23.990

Reinforcement factor - exp.7.17; Ks = min(Asprov / Asreq x 500 N/mm? / fy, 1.5) = 1.500
Flange width factor; F1=1=1.000
Long span supporting brittle partition factor; F2 =1 =1.000

Allowable span to depth ratio; span_to_depthaiew = min(span_to_depthpasic x Ks x F1 x
F2,40 x Ky) =35.984

Actual span to depth ratio;  span_to_depthactual = Lm1 s1 / d = 29.947
PASS - Actual span to depth ratio is within the allowable limit

Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b = (2 X (Cnom s + Pm1 s1 22 v) + Om1 st 22 t L1 X Nm1 s1 22 t 1)) /
(Nmi1 st 2 ¢ 11 -1)=182.0 mm
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Minimum allowable top bar spacing; Stop,min = Max(dmi si 22 ¢ L1 X Ks1, hagg + Ks2, 20mm) =

25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + ¢ml_sl_z2_v) + ¢ml_sl_z2_b_Ll X le_sl_zZ_b_Ll +

Om1 s1 21 b L1 X Nt s1 21 b 11)) / ((Nm1 s1 22 b L1 + Nmi s1 21 b 11) - 1) =37.3 mm

Minimum allowable bottom bar spacing;  Shotmin = MaX(Pmi s1 22 b L1 X Ks1, hage + K2,

20mm) = 35.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Zone 3 (14400 mm - 19200 mm) Negative moment - section 6.1

Design bending moment; M = abs(Mm1_s1_z3_min_red) = 652.9 kKNm

Effective depth of tension reinforcement; d =635 mm

Redistribution ratio; 6 = min(Muneg red z3 / Mneg 23, 1) = 1.000
K=M/(bx d?x fx)=0.154
K'=2xnxoe/ye)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196

K'> K - No compression reinforcement is required

Leverarm; z=min(0.5 xd x [1+(1-2xK /("N x o/ 7c))*?], 0.95 x d) = 550 mm

Depth of neutral axis; x =2 x (d-z)/ A =212 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 2970 mm?

Tension reinforcement provided; 2 x45¢

Area of tension reinforcement provided; Asprov = 3181 mm?

Minimum area of reinforcement - exp.9.1N; Agmin = max(0.26 x feum / fix, 0.0013) x b x d =

345 mm?
Maximum area of reinforcement - ¢1.9.2.1.1(3); Asmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required

Crack control - Section 7.3
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Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?
Mean value of concrete tensile strength; feteft = form = 3.2 N/mm?
Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s T ¢m1 s1 3 v) + Om1 s1 3 ¢ L1 X

Numi s1 23 t £1)) / (Nm1 st 3 ¢ L1 - 1) + dmi1 s1 23 ¢ L1 =169 mm
Maximum stress permitted - Table 7.3N; &5 =265 N/mm?
Steel to concrete modulus of elast. ratio; Ocr = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (Gter - 1) x (h -
d)) / (b xh+ As,prov X (Olcr - 1)) =330 mm

Area of concrete in the tensile zone; A« =b x y =99138 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = ke X K X feiefr X Act / 05 = 481

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mmi1 s1 23 neg quasi) = 359.1kNm

Permanent load ratio; Rpr = Mqp /M = 0.55

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 205 N/mm?

Maximum bar spacing - Tables 7.3N;Spar,max = 243.3 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control

Minimum bar spacing (Section 8.2)

Top bar SpaCiIlg; Stop = (b - (2 X (Cnom_s + (I)ml_sl_ZS_v) + q)ml_sl_zS_t_Ll X le_sl_z3_t_Ll)) /

(Nmi1 st 3 ¢ 11 - 1) =124.0 mm
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Minimum allowable top bar spacing; Stop.min = max(¢mi_si z3 t L1 X Ks1, hagg + ks2, 20mm) =

45.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Bottom bar spacing; Sbot = (b - (2 X (Cnom s T ®m1 s1 z3 v) + dm1 s1 23 b L1 X Nml s1 23 b L1)) /

(Nm1 st 3 b 11 - 1)=182.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = MaX(dmi si 3 b L1 X Ks1, hage + Ks2,

20mm) = 25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Shear design

204

-204
Zone 1 Zone 2 Zone 3
4800 9600 4800
Shear resistance Span 1
I Elastic shear force

D 2x8 Iegs@l 250 ¢/c > D
r—z x 8 legs @ 250 c/c 2 x 8 legs @ 250 c/c—T

k w0 et M
Angle of comp. shear strut for maximum shear; Omax = 45 deg
Strength reduction factor - cl.6.2.3(3); vi=0.6 x (1 - fu /250 N/mm?) = 0.516

Compression chord coefficient - ¢l.6.2.3(3); oew = 1.00

Minimum area of shear reinforcement - exp.9.5N;  Agv.min = 0.08 N/mm? x b x (fux / 1

N/mm?)%3 / fyx = 309 mm?/m
Zone 1 (0 mm - 4800 mm) shear - section 6.2
Design shear force at support ; VEdmax = max(abs(Vz_max), abs(Vz1_red max)) = 204 kN

Min lever arm in shear zone; z =550 mm
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Maximum design shear resistance - exp.6.9; VrRamax = Oew X b X Z X Vi X fewd / (COt(Omax) +

tan(Omax)) = 993 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 635mm from support; Veq= 191 kN

Design shear stress;  Vea = Veda/ (b x z) = 1.156 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x veq /

(Otew X fewd X V1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Agvdes = VEd X b / (fya x cot(0)) = 347
mm?/m

Area of shear reinforcement required; Agv.req = Max(Asv.min, Asv.des) = 347 mm?*/m
Shear reinforcement provided,; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d =476 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Zone 2 (4800 mm - 14400 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz max), abs(Vz2 red max)) = 102 kN
Min lever arm in shear zone; z =602 mm

Maximum design shear resistance - exp.6.9; Vrdamax = Olew X b x Z x vi X fewd / (COt(Omax) +

tan(Bmax)) = 1088 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force within zone; VEeq =102 kN

Design shear stress;  veda = Vea/ (b x z) = 0.564 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Viq /

(ctew X fewa x v1),1)), 21.8 deg), 45deg) =21.8 deg
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Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) = 169

mm?/m

Area of shear reinforcement required; Asvreq = Max(Asvmin, Asv.des) = 309 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Svimax = 0.75 x d =481 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Zone 3 (14400 mm - 19200 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz max), abs(Vz3 red max)) = 204 kN
Min lever arm in shear zone; z =550 mm

Maximum design shear resistance - exp.6.9; Vrdamax = Oew X b x Z x Vi X fewd / (COt(Omax) +

tan(Omax)) = 993 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 635mm from support; Veq= 191 kN

Design shear stress;  ved = Veda/ (b x z) = 1.156 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 X Vgq/

(0tew X fewa x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b/ (fya % cot(0)) = 347
mm?/m

Area of shear reinforcement required; Asv.req = Max(Asv.min, Asv.des) = 347 mm?/m
Shear reinforcement provided,; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Ay prov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required
Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d =476 mm
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PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
Beam - Span 2

Rectangular section details

Section width; b =300 mm

Section depth; h = 700 mm

PASS - Minimum dimensions for fire resistance met

Moment design

Zone 1 Zone 2 Zone 3
4800 9600 4800 652.9

e -699 kKNm -699 kNm »
‘\\‘ //‘
\‘\\ /’//

\\ /’/ -
\\‘ '//’/
9-kNm e 99 kNm——_—— 99 kNm
326.5 561 kNm
Zone 1 Zone 2 Zone 3

N 3840 ’}4 11520 A‘ 3840 >,

Moment resistance Span 2

Elastic moments
A-A B-B c-C
] | O
2 x45¢ 2 x16¢ 2 x45¢
‘ A ~B P C
[LA =B ) Lc
2 x16¢ 2 x35¢p +2x16¢ 2 x 16¢

Zone 1 (0 mm - 4800 mm) Negative moment - section 6.1
Design bending moment; M = abs(Mm1 s2 21 min red) = 652.9 kKNm
Effective depth of tension reinforcement; d =635 mm
Redistribution ratio; 6 = min(Mueg red 21 / Mueg 21, 1) = 1.000
K=M/(bx d?x fu)=0.154
K'=2xmxoe/ye)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xkz))=0.196
K'> K - No compression reinforcement is required
Leverarm; z=min(0.5xdx[1+(1-2xK /(N x o/ 7c))*],0.95 x d) = 550 mm
Depth of neutral axis; x =2 x (d-z)/ A =212 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 2970 mm?
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Tension reinforcement provided; 2 x45¢
Area of tension reinforcement provided; Asprov = 3181 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

345 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Asmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotefr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s T dm1 s2 21 v) + Om1 2 21 ¢ L1 ¥

Nmt s2 21 ¢ £1)) / (Nmt s2 21 ¢ L1 - 1) + Omi 52 21 ¢ L1 = 169 mm
Maximum stress permitted - Table 7.3N; &5 =265 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (0er - 1) x (h -
d)) / (b x h+ As,prOV X ((Xcr - 1)) =330 mm

Area of concrete in the tensile zone; A« =b x y =99138 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X k X feierr X Act / 05 =481

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment,  Mqp = abs(Mmi 2 21 neg quasi) = 359.1kNm

Permanent load ratio; Rp. = Mqp /M = 0.55
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Service stress in reinforcement; Osr = fyd X Asreq / Asprov X Rer =205 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 243.3 mm
PASS - Maximum bar spacing exceeds actual bar spacing for crack control

Minimum bar spacing (Section 8.2)

Top bar SpaCiIlg; Stop = (b - (2 X (Cnom_s + (I)ml_SZ_zl_v) + q)ml_sZ_zl_t_Ll X le_s2_zl_t_Ll)) /

(Nm1 s2 21 1 - 1) =124.0 mm

Minimum allowable top bar spacing; Siop,min = Max(dmi 2 z1 ¢ L1 X Ks1, hage + Ks2, 20mm) =

45.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Bottom bar spacing; Sbot = (b - (2 X (Cnom s T ®m1 s2 21 v) T dmi1 s2 21 b L1 X Nm1 s2 21 b L1)) /

(Nmi s2 z1 b L1 - 1) =182.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = MaX(Pmi s2 21 b L1 X Ks1, hagg + K2,

20mm) = 25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Zone 2 (3840 mm - 15360 mm) Positive moment - section 6.1

Design bending moment; M = abs(Mm1_s2 22 max_red) = 326.5 kKNm

Effective depth of tension reinforcement; d =641 mm

Redistribution ratio; 6 = min(Mjpos red 22 / Mpos 22, 1) = 1.000
K=M/(bx d?>x fux) =0.076
K'=2xmxoe/ye)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196

K'> K - No compression reinforcement is required

Leverarm; z=min(0.5xdx [1+(1-2xK /(N X o/ 7c))’?], 0.95 x d) = 602 mm

Depth of neutral axis; x =2 x (d-z)/ A =97 mm

Area of tension reinforcement required; Asreq =M/ (fya x z) = 1355 mm?

Tension reinforcement provided; 2x35¢p+2x 160
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Area of tension reinforcement provided; Asprov = 2326 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

349 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Agmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotet = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar SpaCing; Sbar = (b - (2 X (Cnom_s + ¢ml_52_z2_v) + ¢ml_s2_22_b_Ll X le_s2_zZ_b_Ll

+ ¢m1 52 21 b L1 X Nm1 52 21 b £1)) / ((Nm1 52 22 b L1 ¥ N1 s2 21 b 11) = 1) + dm1 s2 22 b 11 =72.3

mm
Maximum stress permitted - Table 7.3N; &5 =342 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es/ Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (0er - 1) x (h -
d)) / (b xh+ As,prov X (O(.cr - 1)) =335 mm

Area of concrete in the tensile zone; Ac =b x y = 100530 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X k X feietr X Act/ G5 =377

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mm1 s2 22 pos_quasi) = 179.5kNm

Permanent load ratio; Rp. = Mqp /M = 0.55
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Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 128 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Deflection control - Section 7.4

Reference reinforcement ratio; pmo = (fex / 1 N/mm?)% / 1000 = 0.00592
Required tension reinforcement ratio; Pm = Asreq/ (b x d) =0.00704
Required compression reinforcement ratio; p'm = Aszreq / (b x d) = 0.00000
Structural system factor - Table 7.4N; Ky=1.3

Basic allowable span to depth ratio ; span_to_depthpasic = Kb x [11 + 1.5 x (fuc / 1 N/mm?)°
% Pmo / (Pm - p'm) + (fuc/ 1 N/Mm2)5 x (p'm / pan0)® / 12] = 23.990

Reinforcement factor - exp.7.17; Ks = min(Asprov / Asreq x 500 N/mm? / fy, 1.5) = 1.500
Flange width factor; F1=1=1.000
Long span supporting brittle partition factor; F2 =1 =1.000

Allowable span to depth ratio; span_to_depthaiew = min(span_to_depthpasic x Ks x F1 x
F2,40 x Ky) =35.984

Actual span to depth ratio;  span_to depthactwal = Lm1 52/ d =29.947
PASS - Actual span to depth ratio is within the allowable limit
Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b - (2 X (Cnom s + Pm1 52 22 v) + Om1 s2 2 t L1 X Nm1 52 2 t L1)) /

(Nm1 2 2 ¢ 11 - 1)=182.0 mm

Minimum allowable top bar spacing; Stop,min = Max(dmi s2 22 ¢ L1 X Ks1, hage + Ks2, 20mm) =

25.0 mm

PASS - Actual bar spacing exceeds minimum allowable
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Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + ¢ml_52_z2_v) + ¢ml_52_z2_b_Ll X le_s2_zZ_b_Ll +

Om1 2 21 b L1 X Nmi1 2 21 b 1)) / ((Nm1 s2 22 b L1 + Nm1 52 21 b L1) - 1) =37.3 mm

Minimum allowable bottom bar spacing;  Shotmin = MaX(Pmi s2 22 b L1 X Ks1, hage + K2,

20mm) = 35.0 mm
PASS - Actual bar spacing exceeds minimum allowable
Zone 3 (14400 mm - 19200 mm) Negative moment - section 6.1

Design bending moment; M = max (1 x abs(Mmi_s2 max_red), abS(Mm1 s2 23 min_red)) = 652.9
kNm

Effective depth of tension reinforcement; d =635 mm
Redistribution ratio; 6 = min(Mneg red z3 / Mneg 23, 1) = 1.000
K=M/(bx d?x fu)=0.154
K'=2xmxoe/ye)x(1-Ax0-ki)/(2xk))x(Ax(d-ki)/(2xkz))=0.196
K'> K - No compression reinforcement is required
Leverarm; z=min(0.5xdx [1+(1-2xK /(M x o/ 7c))*7],0.95 x d) = 550 mm
Depth of neutral axis; x =2 x (d-z) /A =212 mm
Area of tension reinforcement required; Asreq =M/ (fya x z) = 2970 mm?
Tension reinforcement provided; 2 x45¢
Area of tension reinforcement provided; Asprov = 3181 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

345 mm?

Maximum area of reinforcement - c1.9.2.1.1(3); Agmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?
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Mean value of concrete tensile strength; fetetr = fom = 3.2 N/mm?
Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s + Omi s2 23 v) + Om1 2 23 ¢ L1 X

Nmi s2 23 t £1)) / (Nm1 s2 3 ¢ L1 - 1) + dmi1_s2 23 L1 = 169 mm
Maximum stress permitted - Table 7.3N; &5 =265 N/mm?
Steel to concrete modulus of elast. ratio; Ocr = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (Oer - 1) x (h -
d)) /(bxh+ Asprov X (Oler - 1)) =330 mm

Area of concrete in the tensile zone; Aq=b x y =99138 mm?

Minimum area of reinforcement required - exp.7.1; Asemin = ke X K X feiefr X Act / 05 = 481

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control

Quasi-permanent moment;  Mqp = max(P1 x abs(Mm1 s2 22 pos_quasi), AbS(Mm1_s2 73 neg_quasi)) =

359.1kNm

Permanent load ratio; Rpr. = Mgp/ M = 0.55

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 205 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 243.3 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b = (2 X (Cnom s + Pm1 52 23 v) + Om1 52 23 t L1 X Nm1 2 23 t L1)) /

(Nm1 2 23 ¢ 1 - 1) =124.0 mm

Minimum allowable top bar spacing; Stop,min = Max(dmi s2 3 ¢ L1 X Ks1, hage + Ks2, 20mm) =

45.0 mm

PASS - Actual bar spacing exceeds minimum allowable
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Bottom bar SpaCing; sbot = (b - (2 x (Cnom_s + ¢m1_52_z3_v) + ¢m1_52_z3_b_L1 X le_s2_z3_b_L1)) /

(le_s2_z3_b_Ll - 1) =182.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = Max(dmi s2 23 b L1 X Ksi, hage + Ks2,

20mm) = 25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Shear design

204

-204
Zone 1 Zone 2 Zone 3
4800 9600 4800
Shear resistance Span 2
I Elastic shear force

D ’472 x8 IegsD@ 250 ¢/c D
’4—2 x 8 legs @ 250 c/c—p‘ 2 x 8 legs @ 250 c/c—ﬂ

Zone 1

Zone 2 Zone 3
< »< > »
4800 9600 4800

Angle of comp. shear strut for maximum shear; max = 45 deg
Strength reduction factor - cl.6.2.3(3); vi=0.6 x (1 - fo /250 N/mm?) = 0.516
Compression chord coefficient - ¢1.6.2.3(3); oew = 1.00

Minimum area of shear reinforcement - €xp.9.5N;  Agmin = 0.08 N/mm? x b x (fu / 1

N/mm?)%3 / fyx = 309 mm?/m

Zone 1 (0 mm - 4800 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vzi_max), abs(Vz1 red max)) =204 kN
Min lever arm in shear zone; z =550 mm

Maximum design shear resistance - exp.6.9; Vrdmax = Olew X b X Z X Vi X fewa / (COt(Omax) +

tan(Bmax)) = 993 kN

215



PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 635mm from support; Veq= 191 kN
Design shear stress;  Ved = Veda/ (b x z) = 1.156 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Vgq/

(Otew X fewa x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b/ (fya % cot(0)) = 347
mm?/m

Area of shear reinforcement required; Agv.req = Max(Asv.min, Asv.des) = 347 mm?*/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d =476 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Zone 2 (4800 mm - 14400 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz max), abs(Vz2 red max)) = 102 kN
Min lever arm in shear zone; z =602 mm

Maximum design shear resistance - exp.6.9; VRamax = Olew X b X Z x V1 X fewa / (COt(Omax) +

tan(Omax)) = 1088 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force within zone; VEeq =102 kN

Design shear stress;  Vea = Veda/ (b x z) = 0.564 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Viq /

(Olew X fowd X V1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) = 169

mm?/m
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Area of shear reinforcement required; Agv.req = Max(Asy.min, Asv.des) = 309 mm?*/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d =481 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Zone 3 (14400 mm - 19200 mm) shear - section 6.2

Design shear force at support ; VEdmax = Max(abs(Vz max), abs(Vz3 red max)) = 204 kN
Min lever arm in shear zone; z =550 mm

Maximum design shear resistance - exp.6.9; VRdamax = Olew X b X Z x Vi X fewd / (COt(Omax) +

tan(Omax)) = 993 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 635mm from support; Veq= 191 kN

Design shear stress;  veda = Vea/ (b x z) = 1.156 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Viq /

(Olew X fowd X V1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) = 347
mm?/m

Area of shear reinforcement required; Asvreq = Max(Asvmin, Asvdes) = 347 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required
Maximum longitudinal spacing - exp.9.6N; Svimax = 0.75 x d =476 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
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APPENDIX G

CONCRETE RECTANGULAR BEAM INCREMENT RESULTS FROM ABAQUS

The following images are the increment results from Abaqus for the Concrete Rectangular

Beam analysis.
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1 102 1 ] 1 1 260.286 280.286 2.7479
1 103 1 0 1 1 283.034 283.034 2.7479
1 104 1 0 1 1 285.782 285.782 2.7479
1 105 1 ] 1 1 288.53 288.53 2.7479
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1 113 1 0 1 1 310513 310.513 2.7479
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1 T15 1 0 1 1 316442 316442 3.18169
1 116 1 ] 1 1 319.624 319.624 3.18169
1 117 1 0 1 1 322.806 322.806 3.18169
1 118 1 0 1 1 325,988 325,938 3.18169
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1 129 1 0 1 1 397.729 397.729 10.7894
1 130 1 0 1 1 408518 408.518 10.7894
1 131 1 n 1 1 47504 425 N4 1R 5215
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APPENDIX H
COMPOSITE GIRDER ANALYSIS AND DESIGN
In accordance with EN1992-1-1:2004 incorporating Corrigenda January 2008 and the

recommended values
Analysis

Geometry (m) - Concrete (C35 2500 Quartzite)

z
1 32 24 5 o03?
% e : 72
Span |Length (m) |Section Start Support End Support
1 0.3 R 300x700 Fixed Fixed
2 2.4 R 2400x300 Fixed Fixed
3 0.3 R 300x700 Fixed Fixed

R 300x700: A =2100 cm?, Iy = 857500 cm*, I, = 157500 cm*, Ay = 1750 cm?, A, = 1750 cm?

R 2400x300: A = 7200 cm?, Iy = 540000 cm*, I, = 3.x107 cm*, Ay = 6000 cm?, A, = 6000 cm?

Concrete (C35 2500 Quartzite): Density 2500 kg/m?, Youngs 34.0771462 kN/mm?, Shear
14.1988109 kKN/mm?, Thermal 0.00001 °C"!

Loading
Self weight included

Permanent - Loading (kN/m)

10 10 WL 1©
oo SR=)
|| | 2| CPQ]

0
- Tex
1

Imposed - Loading (kN/m)

0 10w R I)
Ly OO oo

,'y [ 2| [ 2| CE]

V4

Load combination factors
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=
- 2 |2
Load combination = = | 3
L M E | €
5 2 3 g B
n B =" -—
1.35G + 1.5Q + 1.5RQ (Strength) 1.35 |1.35 |{1.50 |1.35
1.0G + 1.0Q + 1.0RQ (Service) 1.00 |1.00 {1.00 {1.00
1.0G + 1.0y2Q (Quasi) 1.00 |1.00 |{0.30 {1.00
Member Loads
Member Load case Load Type Orientation |Description
Beam Permanent UDL GlobalZ 0.5 kN/m
Beam Imposed UDL GlobalZ 0.5 kN/m
Results; Forces

Strength combinations - Moment envelope (kNm)

-121

04 0.1
A0 1 U0 o
et
Strength combinations - Shear envelope (kN)
30.3
122 z . 132 ]
% 2ZE) - 7 T4 3
303

Concrete details - Concrete strength class; C35/45

Aggregate type;

Aggregate adjustment factor - cl.3.1.3(2);

Quartzite

Characteristic compressive cylinder strength;

Mean value of compressive cylinder strength;

AAF=1.0

for = 35 N/mm?

fcm = fck +8 N/mm2 =43 N/l’l’ll’l’l2

Mean value of axial tensile strength; fom = 0.3 N/mm? x (foa/ 1 N/mm?)?3 = 3.2 N/mm?
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Secant modulus of elasticity of concrete;  Ecm = 22 KN/mm?x[fern/10 N/mm?]%3 x AAF =
34077 N/mm?

Ultimate strain - Table 3.1;  &cu2 =0.0035

Shortening strain - Table 3.1; gcu3 = 0.0035

Effective compression zone height factor; A =0.80

Effective strength factor; n=1.00

Coefficient ki; ki = 0.44

Coefficient ko; ko = 1.25 x (0.6 + 0.0014 / gcu2) = 1.25

Coefficient kz; k3 = 0.54

Coefficient ka; ks = 1.25 x (0.6 +0.0014 / gc2) = 1.25

Partial factor for concrete -Table 2.1N; yc=1.50

Compressive strength coefficient - cl.3.1.6(1); oec = 1.00

Design compressive concrete strength - exp.3.15;  fea = Olee X fek / yc = 23.3 N/mm?
Compressive strength coefficient - cl.3.1.6(1); Olecw = 1.00
Design compressive concrete strength - exp.3.15;  fowd = Oleew X fok / ye = 23.3 N/mm?
Maximum aggregate size;  hage =20 mm

Monolithic simple support moment factor; 1 =0.15

Reinforcement details

Characteristic yield strength of reinforcement; fyc = 460 N/mm?
Partial factor for reinforcing steel - Table 2.1N; vs=1.15

Design yield strength of reinforcement; fya = fyx / ys = 400 N/mm?
Nominal cover to reinforcement

Nominal cover to top reinforcement; Cnom ¢ = 35 mm

Nominal cover to bottom reinforcement; Cnom b = 35 mm
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Nominal cover to side reinforcement;cnom s = 35 mm

Fire resistance

Standard fire resistance period; R =60 min

Number of sides exposed to fire; 3

Minimum width of beam - EN1992-1-2 Table 5.6; bmin = 120 mm
Beam - Span 1

Rectangular section details

Section width; b =300 mm

Section depth; h = 700 mm

PASS - Minimum dimensions for fire resistance met

Moment design

Zone 1 P“ Zone 2 P“ Zone 3

y 75 150 75
-154 kNm -99 kNm -1082 kNm
-0.1
. g
99 kNm 254 kNm 99 kNm
Zone 1 Zone 2 Zone 3
* 60 * 180 * 60 g
Moment resistance Span1
Elastic moments
A-RB-B-C
(BHBSSEBED)
2 % 2042 x 1649 x 254
-C=~ B A
SCE=BEA
2 x216ROP + 2 <216 P64
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Zone 1 (0 mm - 75 mm) Negative moment - section 6.1

Design bending moment; M = max(B1 x abs(Mm1_s1_max_red), abS(Mm1_s1_z1_min_red)) = 0.1
kNm

Effective depth of tension reinforcement; d =647 mm
Redistribution ratio; 6 = min(Mheg red z1 / Mneg 21, 1) = 1.000
K=M/ (b x d? x fu) = 0.000
K'=2xmxoe/ye)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196
K'> K - No compression reinforcement is required
Leverarm; z=min(0.5 xd x [1+(1-2xK /(N x o/ Yc))*?], 0.95 x d) =615 mm
Depth of neutral axis; x =2 x (d - z) / A = 81 mm
Area of tension reinforcement required; Asreq =M/ (fyg x z) = 0 mm?
Tension reinforcement provided; 2 x20¢
Area of tension reinforcement provided; Asprov = 628 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyx, 0.0013) x b x d =

352 mm?

Maximum area of reinforcement - cl.9.2.1.1(3); Asmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotetr = form = 3.2 N/mm?

Stress distribution coefficient; k=04

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00
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Actual tension bar spacing;  Spar = (b - (2 X (Crom s T Om1 st 21 v) + Omi s1 21 ¢ L1 ¥

Nmi st 21 ¢11)) / (Nmi st 21 ¢ 1 - 1)+ Omi s1 21 ¢ L1 = 194 mm
Maximum stress permitted - Table 7.3N; o, = 245 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (0er - 1) x (h -
d)) / (b xh+ As,prov X (O(.cr - 1)) =346 mm

Area of concrete in the tensile zone; Aq=b x y=103721 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = ke X K X forefr X Act / 05 = 544

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control

Quasi-permanent moment,  Mqp = max(B1 x abs(Mm1 s1 22 pos_quasi), abS(Mm1 s1 21 neg quasi)) =

0.0kNm

Permanent load ratio; Rpr. = Mqgp/ M = 0.69

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 0 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control

Minimum bar spacing (Section 8.2)

TOp bar SpaCing; Stop = (b - (2 X (Cnom_s + (I)ml_sl_zl_v) + d)ml_sl_zl_t_Ll X le_sl_zl_t_Ll)) /
(Nm1 st z1 ¢ 11 - 1)=174.0 mm

Minimum allowable top bar spacing; Stop,min = Mmax(dmi s1_z1 ¢ L1 X Ks1, hagg + Ks2, 20mm) =

25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Bottom bar spacing; Svot = (b - (2 X (Cnom s T dm1 s1 z1 v) + ¢m1 s1 z1 b L1 X Nm1 s1 z1 b L1))/

(Nmi st z1 b L1 - 1) =182.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = Max(¢m1 si z1 b L1 X Ks1, hagg + ks,

20mm) = 25.0 mm
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PASS - Actual bar spacing exceeds minimum allowable

Zone 2 (60 mm - 240 mm) Positive moment - section 6.1

Design bending moment; M = abs(Mm1 s1 22 max red) = 0.0 kKNm

Effective depth of tension reinforcement;  d =648 mm

Redistribution ratio; 6 = min(Mpos red 22 / Mpos 22, 1) = 1.000
K=M/ (b x d? x fu) = 0.000
K'=2xnxoec/y0)x(1-AxG-ki)/2xka))x(Ax(S-ki)/(2xk))=0.196

K'> K - No compression reinforcement is required

Leverarm; z=min(0.5xdx [1+(1-2xK/ (N X o/ 7c))*?],0.95 x d) =615 mm

Depth of neutral axis; x =2 x (d-z)/A =81 mm

Area of tension reinforcement required; Asreq=M/ (fya x z) = 0 mm?

Tension reinforcement provided; 2 x200p+2 x 160

Area of tension reinforcement provided; Asprov = 1030 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

353 mm?

Maximum area of reinforcement - c1.9.2.1.1(3); Asmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotefr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00
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Actual tension bar SpaCing; Sbar = (b - (2 X (Cnom_s + ¢ml_sl_z2_v) + d)ml_sl_zZ_b_Ll X le_sl_zZ_b_Ll

+ &m1 st 21 b L1 X Nmit s1 21 b £1)) / ((Nm1 s1 22 b L1 + N1 st 21 b 11) = 1) + dm1 st 22 b 11 =67.3

mm
Maximum stress permitted - Table 7.3N; &5 =346 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (0er - 1) x (h -
d)) / (b xh+ As,prov X (O(.cr - 1)) =343 mm

Area of concrete in the tensile zone; Ac=b x y=102915 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X k X feiefr X Act / G5 = 382

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mmi1 s1_22 pos_quasi) = 0.0kNm
Permanent load ratio; Rpr = Mgqgp /M = 0.69

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 0 N/mm?
Maximum bar spacing - Tables 7.3N;Sbar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Deflection control - Section 7.4

Reference reinforcement ratio; pmo = (fox / 1 N/mm?)°3 / 1000 = 0.00592
Required tension reinforcement ratio; Pm = Asreq / (b x d) =0.00000
Required compression reinforcement ratio; p'm = Aszeq / (b x d) = 0.00000
Structural system factor - Table 7.4N; Kv=1.3

Basic allowable span to depth ratio ; span_to_depthpasic = Kb x [11 + 1.5 x (fuc / 1 N/mm?)°
X a0/ P+ 3.2 % (Fac / 1 N/Mm2)®S x (pmo / pan - 1)15] = 21150798.947

Reinforcement factor - exp.7.17; Ks = min(Asprov / Asreq x 500 N/mm? / fy, 1.5) = 1.500

Flange width factor; F1=1=1.000
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Long span supporting brittle partition factor; F2 =1 =1.000

Allowable span to depth ratio; span_to_depthaiew = min(span_to_depthpasic x Ks x F1 x
F2,40 x Ky) = 52.000

Actual span to depth ratio;  span_to depthactal = Lmi1 51/ d = 0.463
PASS - Actual span to depth ratio is within the allowable limit
Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b = (2 X (Cnom s + Om1 s1 22 v) + Omi st 2 ¢ L1 X Nm1 s1 2 ¢ 11))/
(Nmi st 2 ¢ L1 - 1)=182.0 mm

Minimum allowable top bar spacing; Stop,min = MaxX(dm1 s1 22 ¢ L1 X K1, hagg + Ks2, 20mm) =

25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Bottom bar SpaCiIlg; Sbot = (b - (2 X (Cnom_s + (I)ml_sl_z2_v) + ¢ml_sl_z2_b_Ll X le_sl_zZ_b_Ll +

®m1 s1 21 b L1 X Nm1 st z1 b 1)) / (Nm1 s1 22 b L1 + Nm1 s1 z1 b 1) - 1) =47.3 mm

Minimum allowable bottom bar spacing;  Sbotmin = Max(¢m1 s1 22 b L1 X Ks1, hagg + k2,

20mm) = 25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Zone 3 (225 mm - 300 mm) Negative moment - section 6.1

Design bending moment; M = abs(Mm1_s1_z3 min red) = 0.1 kKNm

Effective depth of tension reinforcement;  d = 645 mm

Redistribution ratio; 6 = min(Muneg red z3 / Mneg 23, 1) = 1.000
K =M/ (b x d? x fu) = 0.000
K'=2xmxoec/yc)x(1-Ax0-ki)/(2xk))x(Ax(-ki)/(2xk2))=0.196

K'> K - No compression reinforcement is required

Leverarm; z=min(0.5 xd x [1+(1-2xK/(n x dec/7c))**],0.95 x d) =612 mm

Depth of neutral axis; x =2 x (d - z) / A = 81 mm
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Area of tension reinforcement required; Asreq =M/ (fya x z) = 0 mm?
Tension reinforcement provided; 9 x25¢
Area of tension reinforcement provided; Asprov = 4418 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

351 mm?

Maximum area of reinforcement - cl.9.2.1.1(3); Asmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotefr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s + Omi s1 23 v) + Omi s1 23 ¢ L1 X

Nt st 23 t £1)) / (Nm1 st 3 ¢ L1 - 1) + dmi1 s1 23 ¢ L1 =23.6 mm
Maximum stress permitted - Table 7.3N; &5 =360 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Agprov X (ler - 1) % (h -
d)) / (b xh+ As,prov X ((Xcr - 1)) =323 mm

Area of concrete in the tensile zone; Aq=b x y=96791 mm?

Minimum area of reinforcement required - exp.7.1; Ase,min = ke X K X fetefr X Act / 05 = 345

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control

Quasi-permanent moment;  Mqp = abs(Mm1 s1 73 neg quasi) = 0.0kNm
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Permanent load ratio; Rp. =Mgqgp /M = 0.69

Service stress in reinforcement; Gsr = fyd X Asreq/ Asprov X Rpr = 0 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b = (2 X (Cnom_s T Om1 s1 23 v) T Om1 s1 23 ¢ L1 X Nm1 s1 23 ¢ L1)) /
(Nmi st 3 ¢L1-1)=-1.4mm

Minimum allowable top bar spacing; Stop.min = max(¢mi_si z3 t L1 X Ks1, hagg + ks2, 20mm) =

25.0 mm

Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + ¢m1_sl_z3_v) + ¢m1_sl_z3_b_L1 X le_sl_z3_b_L1)) /

(Nm1 st 3 b 11 - 1)=182.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = MaX(Pm1 s1 z3 b L1 X Ks1, hagg + ks2,

20mm) = 25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Shear design

Zone 1 Zone 2 Zone 3
75 150 75
Shear resistance Span 1
I Elastic shear force
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B 33x8legs @350 ¢/c ¢

Angle of comp. shear strut for maximum shear; Omax = 45 deg
Strength reduction factor - cl.6.2.3(3); vi=0.6 x (1 - fu /250 N/mm?) =0.516
Compression chord coefficient - ¢l.6.2.3(3); oew = 1.00

Minimum area of shear reinforcement - exp.9.5N;  Agmin = 0.08 N/mm? x b x (fu / 1

N/mm?)°3 / fyc = 309 mm?/m

Zone 1 (0 mm - 75 mm) shear - section 6.2

Design shear force at support ; VEdmax = Mmax(abs(Vzi max), abs(Vzi red max)) = 39 KN
Min lever arm in shear zone; z= 615 mm

Maximum design shear resistance - exp.6.9; Vrdmax = Olew X b X Z X Vi X fewa / (COt(Omax) +

tan(Bmax)) = 1110 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at support;Veq = 39 kN

Design shear stress;  vea = Veda/ (b x z) = 0.211 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Veq /

(Olew X fowd X V1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) = 63

mm?/m
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Area of shear reinforcement required; Agv.req = Max(Asy.min, Asv.des) = 309 mm?*/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d = 485 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
Zone 2 (75 mm - 225 mm) shear - section 6.2

Design shear force at support ; VEdmax = Mmax(abs(Vz max), abs(Vz2 red max)) = 41 KN
Min lever arm in shear zone; z= 615 mm

Maximum design shear resistance - exp.6.9; VRdamax = Olew X b X Z x Vi X fewd / (COt(Omax) +

tan(Omax)) = 1111 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force within zone; VEea =41 kN

Design shear stress;  vea = Vea/ (b x z) = 0.221 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Viq /

(Olew X fowd X V1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b / (fya x cot(0)) = 66
mm?/m

Area of shear reinforcement required; Asvreq = Max(Asvmin, Asvdes) = 309 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required
Maximum longitudinal spacing - exp.9.6N; Svimax = 0.75 x d =486 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
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Zone 3 (225 mm - 300 mm) shear - section 6.2
Design shear force at support ; VEd,max = max(abs(Vz max), abs(Vz3 red max)) =41 kN
Min lever arm in shear zone; z= 612 mm

Maximum design shear resistance - exp.6.9; Vrdamax = Oew X b X Z x Vi X fewd / (COt(Omax) +

tan(Bmax)) = 1106 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at support;Veqs =41 kN

Design shear stress; vea = Vea/ (b x z) = 0.226 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Veq /

(ctew X fewa x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asvides = VEd X b / (fya x cot(0)) = 68
mm?/m

Area of shear reinforcement required; Asv.req = Max(Asv.min, Asv.des) = 309 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Agyprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required
Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d =483 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
Beam - Span 2

Rectangular section details

Section width; b =2400 mm

Section depth; h = 300 mm

PASS - Minimum dimensions for fire resistance met

Moment design
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Zone 1 Zone 2 Zone 3
600 1200 600

-390 kNm -36 kNm -967 kNm
-12.1
,—’/"’/4
L o o
36 kNm 261 kNm 36 kNm
Zone 1l Zone 2 Zone 3
ki 4*— —_——————————P><¢— —>
480 1440 480
Moment resistance Span 2
Elastic moments
A BAGB C
f ° ° ) ° (] o ° °
9x25¢ 2x16¢ 9 x40
\ A ~B c
‘ A B >C
2x16¢ 8x20¢ +2x16¢ 2x16¢

Zone 1 (0 mm - 600 mm) Negative moment - section 6.1
Design bending moment; M = abs(Mm1_s2_z1_min_red) = 12.1 kKNm
Effective depth of tension reinforcement; d =232 mm
Redistribution ratio; 6 = min(Muneg red z1 / Mneg 21, 1) = 1.000
K=M/ (b x d* x fu) = 0.003
K'=2xmxoe/ye)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196
K'> K - No compression reinforcement is required
Leverarm; z=min(0.5 xd x [1 +(1-2xK/(n x oe/7c))*’],0.95 x d) =221 mm
Depth of neutral axis; x =2 x (d - z) / A =29 mm
Area of tension reinforcement required; Asreq =M/ (fya x z) = 137 mm?
Tension reinforcement provided; 9 x25¢

Area of tension reinforcement provided; Asprov = 4418 mm?
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Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

1012 mm?

Maximum area of reinforcement - cl.9.2.1.1(3); Asmax = 0.04 x b x h = 28800 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fetefr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s + ¢m1 s2 21 v) + Om1 52 21 ¢t L1 X

Nmi s2 21 £11)) / (Nm1 s2 21 ¢ L1 - 1)+ dmi1 52 21 ¢ L1 =283.1 mm
Maximum stress permitted - Table 7.3N; &5 = 174 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es/ Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (Gter - 1) x (h -
d)) / (b xh+ As,prov X ((Xcr - 1)) =148 mm

Area of concrete in the tensile zone; A =b x y = 354256 mm?

Minimum area of reinforcement required - exp.7.1; Asc,min = Ke X K X feterr X Act / 05 = 2622

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mm1 2 21 neg quasi) = 8.8kNm

Permanent load ratio; Rp. =Mgqgp /M = 0.72

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rp = 9 N/mm?

Maximum bar spacing - Tables 7.3N;Sbar,max = 300 mm
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PASS - Maximum bar spacing exceeds actual bar spacing for crack control

Minimum bar spacing (Section 8.2)

TOp bar SpaCiIlg; Stop = (b - (2 X (Cnom_s + (I)ml_sZ_zl_v) + d)ml_sZ_zl_t_Ll X le_s2_zl_t_Ll)) /
(Nmi s2 21 ¢ L1 - 1) =258.1 mm

Minimum allowable top bar spacing; Stop,min = Mmax(dmi s2 z1 ¢ L1 X Ks1, hagg + Ks2, 20mm) =

25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Bottom bar spacing; Svot = (b - (2 X (Cnom s T dm1 52 z1 v) + ¢m1 52 z1 b L1 X Nm1 2 21 b L1)) /

(Nm1 2 21 b 1 - 1)=2258.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = Max(¢m1 s2 z1 b L1 X Ks1, hagg + k2,

20mm) = 25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Zone 2 (480 mm - 1920 mm) Positive moment - section 6.1

Design bending moment; M = abs(Mm1_s2 22 max_red) = 6.1 KNm

Effective depth of tension reinforcement; d =235 mm

Redistribution ratio; 6 = min(Mpos red 22 / Mpos 22, 1) = 1.000
K=M/ (b x d?>x fu) = 0.001
K'=2xmxoe/ye)x(1-Ax0-ki)/(2xk))x(Ax(d-ki)/(2xkz))=0.196

K'> K - No compression reinforcement is required

Leverarm; z=min(0.5 xd x[1+(1-2xK /(N X tec/7c))*?], 0.95 x d) = 224 mm

Depth of neutral axis; x =2 x (d-z) /A =29 mm

Area of tension reinforcement required; Asreq =M/ (fyg x z) = 68 mm?

Tension reinforcement provided; 8 x200+2x16¢

Area of tension reinforcement provided; Asprov = 2915 mm?
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Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

1024 mm?

Maximum area of reinforcement - cl.9.2.1.1(3); Asmax = 0.04 x b x h = 28800 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fetefr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s + ¢m1 52 22 v) + ¢m1 52 22 b L1 X Nm1 52 22 b LI
+ Omi 52 21 b L1 X Nm1 2. 21 5 L1)) / (Nm1 5222 b L1 ¥ Nm1 2 z1 b 1) = 1) + dm1 2 22 b L1 =253.1

mm
Maximum stress permitted - Table 7.3N; &= 198 N/mm?
Steel to concrete modulus of elast. ratio; Ocr = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (ler - 1) % (h -
d)) / (b xh+ As,prov X (acr - 1)) =148 mm

Area of concrete in the tensile zone; A« =b x y = 356043 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X k X feeerr X Act / 65 = 2315

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mm1 &2 2 pos quasi) = 4.4kNm
Permanent load ratio; Rpr. = Mqgp/ M =0.72

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 7 N/mm?
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Maximum bar spacing - Tables 7.3N;Sbar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Deflection control - Section 7.4

Reference reinforcement ratio; pmo = (fex / 1 N/mm?)% / 1000 = 0.00592
Required tension reinforcement ratio; Pm = Asreq/ (b x d) =0.00012
Required compression reinforcement ratio; p'm = Aszeq / (b x d) = 0.00000
Structural system factor - Table 7.4N; Kv=1.5

Basic allowable span to depth ratio ; span_to_depthpasic = Kb x [11 + 1.5 x (fuc / 1 N/mm?)?3
X Pmo / Pm + 3.2 % (fox / 1 N/mm?)%> x (pmo / pm - 1)!°] = 10197.116

Reinforcement factor - exp.7.17; Ks = min(Asprov / Asreq x 500 N/mm? / fy, 1.5) = 1.500
Flange width factor; F1=1=1.000
Long span supporting brittle partition factor; F2 =1 =1.000

Allowable span to depth ratio; span_to_depthaiew = min(span_to_depthpasic x Ks x F1 x
F2, 40 x Ky) = 60.000

Actual span to depth ratio;  span_to_depthacwal = Lmi 2/ d=10.201
PASS - Actual span to depth ratio is within the allowable limit

Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b = (2 X (Cnom s + Om1 52 22 v) + Om1 52 2 t L1 X Nm1 52 2 ¢ 1)) /
(Nm1 s2 2 ¢ L1 - 1) =2258.0 mm

Minimum allowable top bar spacing; Stop,min = Mmax(dmi s2 22 t L1 X Ks1, hagg + Ks2, 20mm) =

25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Bottom bar SpaCiIlg; Sbot = (b - (2 X (Cnom_s + (I)ml_52_22_v) + ¢ml_52_z2_b_Ll X le_s2_22_b_Ll +

Om1 52 z1 b L1 X Nm1 52 21 b L1)) / ((Nm1 s2 22 b L1 + Nm1 52 21 b L1) - 1) =233.1 mm
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Minimum allowable bottom bar spacing;  Sbotmin = Max(¢m1 s2 22 b L1 X Ks1, hagg + k2,

20mm) = 25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Zone 3 (1800 mm - 2400 mm) Negative moment - section 6.1

Design bending moment; M = abs(Mm1_s2 73 min_red) = 12.1 kNm

Effective depth of tension reinforcement; d =225 mm

Redistribution ratio; 6 = min(Mneg red z3 / Mneg 23, 1) = 1.000
K=M/ (b x d? x fu) = 0.003
K'=2xmxoe/ye)x(1-Ax@G-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196

K'> K - No compression reinforcement is required

Leverarm; z=min(0.5 xd x [1+(1-2xK/(n x dec/7c))**], 0.95 x d) =214 mm

Depth of neutral axis; x =2 x (d - z) / A = 28 mm

Area of tension reinforcement required; Asreq =M/ (fyg x z) = 142 mm?
Tension reinforcement provided; 9 x 40¢
Area of tension reinforcement provided; Asprov = 11310 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

980 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Asmax = 0.04 x b x h = 28800 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fotetr = form = 3.2 N/mm?

Stress distribution coefficient; k=04
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Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s + Omi 52 23 v) + Om1 2 23 ¢ L1 X

Nmi 52 23 t £1)) / (Nm1 s2 3 ¢ L1 - 1) + dmi1 s2 23 ¢ L1 =281.3 mm
Maximum stress permitted - Table 7.3N; o5 = 175 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (ler - 1) % (h -
d)) / (b xh+ As,prov X ((Xcr - 1)) =145 mm

Area of concrete in the tensile zone; Aq=b xy=347211 mm?

Minimum area of reinforcement required - exp.7.1; Ase,min = Ke X k X feefr X At/ 05 = 2548

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mm1 52 73 neg quasi) = 8.8kINm

Permanent load ratio; Rp. =Mgqp /M = 0.72

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 4 N/mm?

Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control

Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b - (2 X (Cnom s + Pm1 52 23 v) + Om1 52 23 t L1 X Nm1 52 23 t L1)) /

(Nmi1 s2 3 ¢ L1 - 1)=241.3 mm

Minimum allowable top bar spacing; Stop,min = Max(dmi s2 3 ¢ L1 X Ks1, hage + Ks2, 20mm) =

40.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + (I)ml_sZ_zS_v) + ¢ml_52_z3_b_Ll X le_s2_z3_b_Ll)) /

(Nmi 2 23 b 1 - 1) =2258.0 mm
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Minimum allowable bottom bar spacing;  Sbotmin = Max(dmi s2 23 b L1 X Ksi, hage + Ks2,

20mm) = 25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Shear design

Zone 1 Zone 2 Zone 3
600 1200 600

Shear resistance Span 2

[ Elastic shear force

SEECEEEPEPER

1x20Tegs @ 125 c/c
€ 1x20legs @ 125 c/c 1x 20 legs @ 125 c/c»‘

\ |
Zone 1 Zone 2 Zone 3
600 1200 600

Angle of comp. shear strut for maximum shear; Omax = 45 deg
Strength reduction factor - cl.6.2.3(3); vi=0.6 x (1 - fu /250 N/mm?) = 0.516
Compression chord coefficient - ¢1.6.2.3(3); o.ew = 1.00

Minimum area of shear reinforcement - exp.9.5N;  Agymin = 0.08 N/mm? x b x (fo / 1

N/mm?)%3 / fix = 2469 mm?/m
Zone 1 (0 mm - 600 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz1_max), abs(Vz1_red max)) = 35 kN

Min lever arm in shear zone; z=221 mm

Maximum design shear resistance - exp.6.9; Vrdmax = Olew X b X Z X Vi X fewa / (COt(Omax) +

tan(Omax)) = 3191 kN
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PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 232mm from support; Veq =29 kN
Design shear stress;  ved = Veda/ (b x z) = 0.056 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Vgq/

(Otew X fewa x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asvdes = VEd X b / (fya x cot(0)) = 133
mm?/m

Area of shear reinforcement required; Agv.req = Max(Asy.min, Asv.des) = 2469 mm?/m
Shear reinforcement provided; 1 x 20 legs @ 125 c/c

Area of shear reinforcement provided; Agvprov = 2513 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax =0.75 x d =174 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
Zone 2 (600 mm - 1800 mm) shear - section 6.2

Design shear force at support ; VEd,max = max(abs(Vz2 max), abs(Vz2 red max)) = 20 kN
Min lever arm in shear zone; z =224 mm

Maximum design shear resistance - exp.6.9; VRamax = Olew X b X Z x V1 X fewa / (COt(Omax) +

tan(Omax)) = 3229 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force within zone; VEea =20 kN

Design shear stress;  vea = Ved/ (b x z) = 0.038 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Viq /

(Olew X fowd X V1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asvdes = VEd X b / (fya x cot(8)) =90

mm?/m
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Area of shear reinforcement required; Agv.req = Max(Asy.min, Asv.des) = 2469 mm?/m
Shear reinforcement provided; 1 x 20 legs @ 125 c/c

Area of shear reinforcement provided; Agvprov = 2513 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax =0.75 x d =176 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
Zone 3 (1800 mm - 2400 mm) shear - section 6.2

Design shear force at support ; VEdmax = Mmax(abs(Vz max), abs(Vz3 red max)) = 30 KN
Min lever arm in shear zone; z =214 mm

Maximum design shear resistance - exp.6.9; VRdamax = Olew X b X Z x Vi X fewd / (COt(Omax) +

tan(Omax)) = 3088 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at 225mm from support; Veq =25 kN

Design shear stress;  veda = Via/ (b x z) = 0.048 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Viq /

(Olew X fowd X V1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asvides = VEd X b / (fya x cot(0)) = 115
mm?/m

Area of shear reinforcement required; Asvreq = Max(Asvmin, Asvdes) = 2469 mm?/m
Shear reinforcement provided; 1 x 20 legs @ 125 c/c

Area of shear reinforcement provided; Agvprov = 2513 mm?*/m

PASS - Area of shear reinforcement provided exceeds minimum required
Maximum longitudinal spacing - exp.9.6N; Svimax = 0.75 x d = 169 mm
PASS - Longitudinal spacing of shear reinforcement provided is less than maximum

Beam - Span 3
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Rectangular section details

Section width; b =300 mm

Section depth; h = 700 mm

PASS - Minimum dimensions for fire resistance met

Moment design

Zone 1 Zone 2 Zone 3
- B s
75 150 75
-2738 kNm -99 kNm -154 kNm
-0.1
‘\\ i
— T
99 kNm 254 kNm 99 kNm
Zone 1 Zone 2 Zone 3
60 180 60
Moment resistance Span 3

Elastic moments

A-B-BE-C

9 x 402 x 16¢ 2 x 204
| e Cps B A |

o Cle Bl A |
2 x216R0P + 2 <2L6R6d

Zone 1 (0 mm - 75 mm) Negative moment - section 6.1
Design bending moment; M = abs(Mm1_s3 z1_min red) = 0.1 kKNm

Effective depth of tension reinforcement; d =637 mm
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Redistribution ratio; 6 = min(Muneg red z1 / Mneg 21, 1) = 1.000
K=M/ (b x d* x fu«) = 0.000
K'=2xmxoe/ye)x(1-AxG-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196
K'>K - No compression reinforcement is required
Leverarm; z=min(0.5xdx[1+(1-2xK /(N x o/ 7c))*?], 0.95 x d) = 605 mm
Depth of neutral axis; x =2 x (d -z) / A =80 mm
Area of tension reinforcement required; Asreq =M/ (fya x z) = 0 mm?
Tension reinforcement provided; 9 x 40¢
Area of tension reinforcement provided; Asprov = 11310 mm?

Minimum area of reinforcement - exp.9.1N; Agmin = max(0.26 x feun / fix, 0.0013) x b x d =

347 mm?

Maximum area of reinforcement - ¢1.9.2.1.1(3); Asmax = 0.04 x b x h = 8400 mm?
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; feteft = form = 3.2 N/mm?

Stress distribution coefficient; k=04

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s + ¢m1 3 z1 v) + Om1 3 21 ¢ L1 X

Nmi s3 21 t11)) / (Nm1 s3 21 ¢ 1= 1) + dmi 3 21 ¢ L1 =21.7 mm
Maximum stress permitted - Table 7.3N; &5 =360 N/mm?
Steel to concrete modulus of elast. ratio; Oer = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Agprov X (Oler - 1) x (h -
d)) / (b x h + Asprov X (0er - 1)) =290 mm
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Area of concrete in the tensile zone; A¢=b xy=87113 mm?

Minimum area of reinforcement required - exp.7.1; Ascmin = Ke X k X feierr X Act / 05 =311

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mm1 s3 21 neg quasi) = 0.0kNm

Permanent load ratio; Rpr = Mgqgp /M = 0.69

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 0 N/mm?

Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control

Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b = (2 X (Cnom s + Om1 3 21 v) + Om1 3 21 ¢ L1 X Nm1 3 21 ¢ 1)) /
(Nm1 s3 21 ¢ 11 - 1)=-18.3 mm

Minimum allowable top bar spacing; Stop,min = MaX(dm1 s3 z1 ¢ L1 X K1, hagg + Ks2, 20mm) =

40.0 mm

Bottom bar spacing; Sbot = (b - (2 X (Cnom s T ®m1 3 21 v) T dm1 s3 21 b L1 X Nm1 s3 21 b L1)) /
(Nm1 s3 21 b 11 - 1) =182.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = Max(¢m1 s3 z1 b L1 X Ks1, hagg + ks,

20mm) = 25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Zone 2 (60 mm - 240 mm) Positive moment - section 6.1

Design bending moment; M = abs(Mmi1 s3 22 max red) = 0.0 kKNm

Effective depth of tension reinforcement;  d =648 mm

Redistribution ratio; 6 = min(Mjpos red 22 / Mpos 22, 1) = 1.000
K=M/ (b x d? x fu) = 0.000

K'=(2x1 % 0ee/7¢) % (1 - x (8 -k1) /(2 xka)) x (b x (5 -k1)/ (2 x ka)) = 0.196
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K'> K - No compression reinforcement is required

Leverarm; z=min(0.5xdx[1+(1-2xK /(N X o/ 7c))*?],0.95 x d) =615 mm
Depth of neutral axis; x =2 x (d - z) /A = 81 mm

Area of tension reinforcement required; Asreq=M/ (fya x z) = 0 mm?

Tension reinforcement provided; 2x200p+2 x 160

Area of tension reinforcement provided; Asprov = 1030 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

353 mm?

Maximum area of reinforcement - cl.9.2.1.1(3); Asmax = 0.04 x b x h = 8400 mm?
PASS - Area of reinforcement provided is greater than area of reinforcement required
Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?

Mean value of concrete tensile strength; fetefr = form = 3.2 N/mm?

Stress distribution coefficient; ke=0.4

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s + ¢m1 s3 22 v) + ¢m1 s3 22 b L1 X Nm1 s3 22 b LI
+ ®mi 53 21 b L1 X Nim1 3 z1 b 1)) / (Nm1 s3 22 b L1 ¥ N1 s3 z1 b £1) = 1) + @m1 53 22 b L1 =67.3

mm
Maximum stress permitted - Table 7.3N; &5 =346 N/mm?
Steel to concrete modulus of elast. ratio; Ocr = Es / Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (0ter - 1) x (h -
d)) /(bxh+ Asprov X (0er - 1)) =343 mm

Area of concrete in the tensile zone; Aq=b x y=102915 mm?
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Minimum area of reinforcement required - exp.7.1; Ascmin = ke X K X fegefr X Act / 05 = 382

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control
Quasi-permanent moment;  Mqp = abs(Mm1 s3 22 pos quasi) = 0.0kNm
Permanent load ratio; Rpr = Mgqgp /M = 0.69

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 0 N/mm?
Maximum bar spacing - Tables 7.3N;Spar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
Deflection control - Section 7.4

Reference reinforcement ratio; pmo = (fox / 1 N/mm?)°3 / 1000 = 0.00592
Required tension reinforcement ratio; Pm = Asreq/ (b x d) =0.00000
Required compression reinforcement ratio; p'm = Aszreq / (b x d) = 0.00000
Structural system factor - Table 7.4N; Ky=1.3

Basic allowable span to depth ratio ; span_to_depthpasic = Kb x [11 + 1.5 x (fuc / 1 N/mm?)?
X Pmo / pm + 3.2 x (fo / 1 N/mm?)°*3 x (pmo / pm - 1)!1°] =21150798.947

Reinforcement factor - exp.7.17; Ks = min(Asprov / Asreq x 500 N/mm? / fy, 1.5) = 1.500
Flange width factor; F1=1=1.000
Long span supporting brittle partition factor; F2 =1 =1.000

Allowable span to depth ratio; span_to_depthaiew = min(span_to_depthpasic x Ks x F1 x
F2,40 x Ky) = 52.000

Actual span to depth ratio;  span_to_depthacwal = Lm1 53/ d = 0.463
PASS - Actual span to depth ratio is within the allowable limit

Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b - (2 X (Cnom s + Pm1 s3 22 v) + Om1 s3 22 t L1 X Nm1 s3 2 t L1)) /

(Nm1 3 2 ¢ 11 - 1)=182.0 mm
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Minimum allowable top bar spacing; Stop,min = Max(dmi s3 22 ¢ L1 X Ks1, hagg + Ks2, 20mm) =

25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Bottom bar SpaCing; Sbot = (b - (2 X (Cnom_s + ¢ml_s3_z2_v) + ¢ml_s3_z2_b_Ll X le_s3_zZ_b_Ll +

®m1 53 z1 b L1 X Nm1 3 z1 b L1)) / (Nm1 s3 22 b L1 + Nm1 s3 z1 b 1) - 1) =47.3 mm

Minimum allowable bottom bar spacing;  Shotmin = MaX(Pmi s3 22 b L1 X Ks1, hage + K2,

20mm) = 25.0 mm
PASS - Actual bar spacing exceeds minimum allowable
Zone 3 (225 mm - 300 mm) Negative moment - section 6.1

Design bending moment; M = max(B1 x abs(Mmi_s3 max_red), abS(Mm1 s3 23 min_red)) = 0.1

kNm
Effective depth of tension reinforcement; d =647 mm
Redistribution ratio; 6 = min(Muneg red z3 / Mneg 23, 1) = 1.000
K =M/ (b x d? x fu) = 0.000
K'=2xmxoe/ye)x(1-Ax@G-ki)/(2xk))x(Ax(d-ki)/(2xk2))=0.196
K'> K - No compression reinforcement is required
Leverarm; z=min(0.5 xd x [1 +(1-2xK/(n x o/ Yc))*3],0.95 x d) = 615 mm
Depth of neutral axis; x =2 x (d - z) / A = 81 mm
Area of tension reinforcement required; Asreq =M/ (fya x z) = 0 mm?
Tension reinforcement provided; 2 x20¢
Area of tension reinforcement provided; Asprov = 628 mm?

Minimum area of reinforcement - exp.9.1N; Asmin = max(0.26 x fem / fyk, 0.0013) x b x d =

352 mm?
Maximum area of reinforcement - ¢1.9.2.1.1(3); Agmax = 0.04 x b x h = 8400 mm?

PASS - Area of reinforcement provided is greater than area of reinforcement required
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Crack control - Section 7.3

Maximum crack width; wk = 0.3 mm

Design value modulus of elasticity reinf — 3.2.7(4); Es= 200000 N/mm?
Mean value of concrete tensile strength; fotetr = form = 3.2 N/mm?
Stress distribution coefficient; k=04

Non-uniform self-equilibrating stress coefficient; k= min(max(1 + (300 mm - min(h, b)) x

0.35 /500 mm, 0.65), 1) = 1.00

Actual tension bar spacing;  Sbar = (b - (2 X (Cnom s + ¢m1 s3 3 v) + Om1 s3 23 ¢ L1 X

Nmi 323 t11))/ (Nmi s3 3 ¢01-1)+ dmi 3 3 ¢ 11 =194 mm
Maximum stress permitted - Table 7.3N; &5 =245 N/mm?
Steel to concrete modulus of elast. ratio; Ocr = Es/ Ecm = 5.87

Distance of the Elastic NA from bottom of beam; y = (b xh?/2 + Asprov X (Oer - 1) x (h -
d)) /(bxh+ Asprov X (0er - 1)) =346 mm

Area of concrete in the tensile zone; Aq=b x y=103721 mm?

Minimum area of reinforcement required - exp.7.1; Asc,min = Ke X K X foietr X Act / 05 = 544

mm?

PASS - Area of tension reinforcement provided exceeds minimum required for crack control

Quasi-permanent moment,  Mqp = max(B1 x abs(Mm1 s3 22 pos_quasi), abS(Mm1 s3 73 neg_quasi)) =

0.0kNm

Permanent load ratio; Rpr = Mqgp/ M = 0.69

Service stress in reinforcement; Osr = fyd X Asreq/ Asprov X Rpr = 0 N/mm?
Maximum bar spacing - Tables 7.3N;Sbar,max = 300 mm

PASS - Maximum bar spacing exceeds actual bar spacing for crack control
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Minimum bar spacing (Section 8.2)

Top bar spacing; Stop = (b - (2 X (Cnom s T Pm1 3 23 v) T Om1 3 23 ¢ L1 X Nm1 3 23 ¢ L1)) /
(Nmi1 3 3 ¢11-1)=174.0 mm

Minimum allowable top bar spacing; Stop.min = max(¢mi_s3 z3 t L1 X Ks1, hagg + ks2, 20mm) =

25.0 mm

PASS - Actual bar spacing exceeds minimum allowable

Bottom bar spacing; Sbot = (b - (2 X (Cnom s T ®m1 s3 23 v) T dm1 s3 23 b L1 X Nml s3 23 b L1)) /

(Nm1 s3 3 b 11 - 1)=182.0 mm

Minimum allowable bottom bar spacing;  Sbotmin = MaX(dm1 s3 23 b L1 X Ks1, hage + Ks2,

20mm) = 25.0 mm
PASS - Actual bar spacing exceeds minimum allowable

Shear design

Zone 1 Zone 2 Zone 3
75 150 75 A
Shear resistance Span 3
I Elastic shear force

:ﬁ 3% 8 legs @ 356 ¢fe ‘F
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Angle of comp. shear strut for maximum shear; max = 45 deg
Strength reduction factor - cl.6.2.3(3); vi=0.6 x (1 - fu /250 N/mm?) = 0.516
Compression chord coefficient - cl.6.2.3(3); oew = 1.00

Minimum area of shear reinforcement - exp.9.5N;  Asy.min = 0.08 N/mm? x b x (fo / 1

N/mm?)%3 / fyx = 309 mm?/m

Zone 1 (0 mm - 75 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vzi_max), abs(Vz1_red max)) = 1 kN
Min lever arm in shear zone; z = 605 mm

Maximum design shear resistance - exp.6.9; VrRamax = Olew X b X Z X V1 X fewd / (COt(Omax) +

tan(Omax)) = 1093 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at support;Ves = 1 kN

Design shear stress;  Vea = Veda/ (b x z) = 0.007 N/mm?

Angle of concrete compression strut - ¢l.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Veq /

(Olew X fowd x v1),1)), 21.8 deg), 45deg) = 21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b/ (fya x cot(0)) =2
mm?/m

Area of shear reinforcement required; Agv.req = Max(Asy.min, Asv.des) = 309 mm?*/m
Shear reinforcement provided; 2 x 8legs @ 250 c/c

Area of shear reinforcement provided; Agvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d =478 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
Zone 2 (75 mm - 225 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz max), abs(Vz red max)) = 1 KN
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Min lever arm in shear zone; z= 615 mm

Maximum design shear resistance - exp.6.9; Vrdamax = Oew X b x Z x Vi X fewd / (COt(Omax) +

tan(Omax)) = 1111 kN

PASS - Design shear force at support is less than maximum design shear resistance
Design shear force within zone; Veqa=1kN

Design shear stress;  veda = Vea/ (b x z) = 0.003 N/mm?

Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Vgq/

(ctew X fewa x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asvdes = VEd X b / (fya x cot(0)) =1
mm?/m

Area of shear reinforcement required; Asv.req = Max(Asv.min, Asv.des) = 309 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Asvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required

Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d = 486 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
Zone 3 (225 mm - 300 mm) shear - section 6.2

Design shear force at support ; VEdmax = max(abs(Vz max), abs(Vz3 red max)) = 1 kKN
Min lever arm in shear zone; z= 615 mm

Maximum design shear resistance - exp.6.9; VRamax = Oew X b X Z X V1 X fewd / (COt(Omax) +

tan(emax)) =1110kN
PASS - Design shear force at support is less than maximum design shear resistance
Design shear force at support;Ves = 1 kN

Design shear stress;  Vea = Veda/ (b x z) = 0.007 N/mm?
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Angle of concrete compression strut - ¢1.6.2.3; 0 = min(max(0.5 x Asin(min(2 x Veq /

(ctew X fewd x v1),1)), 21.8 deg), 45deg) =21.8 deg

Area of shear reinforcement required - exp.6.8; Asv.des = VEd X b/ (fya x cot(0)) =2
mm?/m

Area of shear reinforcement required; Asvireq = Max(Asvmin, Asv.des) = 309 mm?/m
Shear reinforcement provided; 2 x 8 legs @ 250 c/c

Area of shear reinforcement provided; Asvprov = 402 mm?/m

PASS - Area of shear reinforcement provided exceeds minimum required
Maximum longitudinal spacing - exp.9.6N; Syimax = 0.75 x d = 485 mm

PASS - Longitudinal spacing of shear reinforcement provided is less than maximum
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APPENDIX I
COMPOSITE GIRDER INCREMENT RESULTS FROM ABAQUS

The following images are the increment results from Abaqus for the Composite Girder

analysis.
1 ¥ Tes-
Job: test-heat-transfer Status: Completed
Severe Equil Total Total Step Time/LPF
SEf | Increneent At DII:::" Iter Iter Time/Freq Time/LPF Inc
1 1 1 0 2 2 1 1 1
1 2 1 0 2 2 2 2 1
1 3 1 0 1 1 3 3 1
1 4 1 0 1 1 4.06674 4.06674 1.06674
1 5 1 0 1 1 513347 513347 1.06674
1 B 1 0 1 1 6.20021 £.20021 1.06674
1 7 1 0 1 1 7.26695 7.26695 1.06674
1 8 1 0 1 1 833368 8.33368 1.06674
1 9 1 0 1 1 9.40042 9.40042 1.06674
1 10 1 0 1 1 104672 10,4672 1.06674
1 11 1 0 1 1 11.5339 11.5339 1.06674
1 12 1 0 1 1 12.6006 12.6006 1.06674
1 13 1 0 1 1 13.6674 13.6674 1.06674
| 1 14 1 0 1 1 14.7341 14.7341 1.06674
1 15 1 0 1 1 15.8008 15.8008 1.06674
1 16 1 0 1 1 16.8676 16.8676 1.06674
1 17 1 0 1 1 17.9343 17.9343 1.06674
1 18 1 0 1 1 19.001 19.001 1.06674
| 1 19 1 0 1 1 20.0678 20,0678 1.06674
1 20 1 0 1 1 21.1345 21.1345 1.06674
| 1 21 1 0 1 1 222013 222013 1.06674
1 22 1 0 1 1 23.268 23.268 1.06674
| 1 23 1 0 2 2 24,3347 24.3347 1.06674
Log Errors Warnings Output DataFile Message File Status File
SUMMARY OF JOB INFORMATION:
STEF INC ATT SEVERE EQUIL TOTAL TOTAL STEF INC OF DoF IF
DISCON ITERS ITERS TIHES TIHE-LEF TIME-LFF HONITOR RIES
ITERS FRE
1 i i b 2 1.00 1.00 1.000
1 B i 2 2 2.00 2.00 1.000
1 T i % 1 3.00 3.00 1.000
1 A 1 n 1 1 A N7 A N7 1 ne?
Search Text
Text to find: O Match case & Next § Previous
Dismiss
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Job: test-heat-transfer Status: Completed

Severe

; Equil Total Total Step Time/LPF
Sep | Incoment | At D:::‘:" Iter Iter Time/Freq Time/LPF Inc
1 171 1 0 1 1 700948 700948 5
1 172 1 0 1 1 705.948 705.948 5
1 173 1 0 1 1 710.948 710.948 5
1 174 1 0 1 1 715948 715948 5
1 175 1 0 1 1 720948 720948 3
1 176 1 0 1 1 725,948 725,948 g8
1 177 1 0 1 1 730948 730948 5
1 178 1 0 1 1 735.948 735.948 5
1 179 1 0 1 1 740948 740948 5
1 180 1 0 1 1 745948 745948 5
1 181 1 0 1 1 750.948 750.948 5
1 182 1 0 1 1 755.948 755948 5
1 183 1 0 1 1 760.948 760.948 9
1 184 1 0 1 1 765.948 765.948 5
1 185 1 0 1 1 770948 770948 5
1 186 1 0 1 1 775948 775948 5
1 187 1 0 1 1 780.948 780.948 g
1 188 1 0 1 1 785948 785948 5
1 189 1 0 1 1 790.948 790.948 5
1 190 1 0 1 1 795.948 795948 5
1 191 1 0 1 1 800.948 800.948 5
1 192 1 0 1 1 805.948 805.948 5
1 193 1 0 1 1 810948 810948 5
Log Errors Warnings Output DataFile Message File StatusFile
SUMMARY OF JOB INFORMATION:
STEP INC ATT SEVERE EQUIL TOTAL TOTAL STEP INC OF DOF  IF
DISCON ITERS ITERS TIME-  TIME/LEF  TIME/IPF  MONITOR RIKS
ITERS FRE()

1 1 1 0 2 2 1.00 1.00 1.000

1 2 1 0 2 2 2.00 2.00 1.000

1 301 0 1 1 3.00 3.00 1.000

| A | n | | A N7 A N7 1 Ne?

Search Text
Text to find: [JMatch case § Next  Previous
Dismiss
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Job: test-heat-transfer

Step  Increment

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363

Status: Completed

Att

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Severe
Discon

Iter
0

oo o o 0 o0 o0 o o000 0o o000 0000000

Equil Total
Iter Iter

TR AR R ST N AT P03 T e U i W R e S A T e W Y A N e Y U W T - Y

log FErrors Wamings Output DataFile Message File Status File

SUMMARY OF JOB INFOEMATION:

STEF INC ATT SEVERE EQUIL TOTAL TOTAL
DISCON ITERS ITERS TIME~

1
1
1
i

R

Search Text
Text to find:

o

ITERS
0

I
0
n

2
2
1
i

2
2
1
i

FREQ
1.00
2.00

3.00
4 n7?

STEP INC OF

TIME/LFF TIME-LFF
1.00 1.000
2.00 1.000
3.00 1.000
4 n7 ine?

Total
Time/Freq

1550.95
1555.95
1560.95
1565.95
1570.95
1575.95
1580.95
1585.95
1590.95
1595.95
1600.95
1605.95
1610.95
1615.95
1620.95
1625.95
1630.95
1635.95
1640.95
1645.95
1650.95
1655.95
1660.95

DOF IF
HONITOR RIKS

(IMatch case I Next it Previous
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Step
Time/LPF

1550.95
1555.95
1560.95
1565.95
1570.95
1575.95
1580.95
1585.95
1590.95
1595.95
1600.95
1605.95
1610.95
1615.95
1620.95
1625.95
1630.95
1635.95
1640.95
1645.95
1650.95
1655.95
1660.95

Dismiss

Time/LPF
Inc
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Job: test-heat-transfer Status: Completed

Severe
Step  Increment  Att Discon

Iter

e yelt] u

[ [
1 487 1
1 488 1
1 489 1
1 490 1
1 491 1
1 492 1
1 493 1
1 494 1
1 495 1
1 496 1
1 497 1
1 498 1
1 499 1
1 500 1
1 501 1
1 502 1
1 503 1
1 504 1
1 505 1
1 506 1
1 507 1
1 508 1

(R e [ - [ . [ o [ o [ . S e o S v o Y o Y o N e N o N o [ o [ o [ o Y o [ o s Y |

Equil Total
Iter Iter

P o v, FESETA SPL PSSR s PESTOR Swo; P ) (e, SR e S, e oy (e wy SRS C SRR Y, et g SN FRSSTCg) S  po  p P
L | ] | ] | ] | ] | ] | T | ] | S| ] | ]

log Errors Warnings Output DataFile Message File Status File

SUMMARY OF JOB INFORMATION:
STEF INC ATT SEVERE EQUIL TOTAL TOTAL
DISCON ITERS ITERS TIME/

ITERS FEEQ
1 1 1 0 2 2 1.00
1 2 1 0 2 2 2.00
1 3 1 0 1 1 3.00
1 A 1 n 1 1 A4 N7
Search Text
Text to find:

STEP INC OF
TIME/LPF TIME/LPF

1.00 1.000
2.00 1.000
3.00 1.000
4 N7 1 Ne7T

Total
Time/Freq
L4129
228095
228595
229095
229595
230095
230595
231095
231595
232095
232595
233095
233595
234095
234595
235095
235595
236095
236595
237095
237595
238095
238595

DOF IF
HONITOR RIKS

(O Match case I} Next § Previous

Step
Time/LPF

££134
228095
228595
229095
229595
230095
230595
231095
231595
232095
232595
233095
233595
234095
234595
235095
235595
236095
236595
237095
237595
238095
238595

Dismiss

Time/LPF
Inc
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Job: test-heat-transfer Status: Completed

Severe

Step  Increment  Att Discon

JJi

1 558
1 559
1 560
1 561
1 562
1 563
1 564
1 563
1 566
1 567
1 568
1 569
1 570
1 371
1 572
1 573
1 574
1 575
1 576
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1 578
1 579

Fan

Iter

U

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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Equil Total
Iter Iter

i .l gt il e, gl g el | e il e e, | e il il et .| i
67 | | i | R |t | S | | R || | | | o | R | | | S| ] | |

log Errors Warmnings OQutput DataFile Message File Status File

SUMMARY OF JOE INFORMATION:

STEP IHC ATT

1
1
1
i

R
o

Search Text
Text to find:

SEVERE EQUIL TOTAL TOTAL
DISCON ITERS ITERS TIME/

ITERS FRED
0 2 2 1.00
0 2 2 2.00
0 1 1 3.00
n 1 1407

STEP INC OF
TIME/LPF TIME/LPF

1.00 1.000
2.00 1.000
3.00 1.000
407 1ne?

Total
Time/Freq
263595
2640.95
2645.95
2650.95
2655.95
2660.95
2665.95
2670.95
267595
2680.95
2685.95
2690.95
2695.95
2700.95
2705.95
2710.95
271595
2720.95
272595
2730.95
273595
2740.95

ATar A

DOF IF
MONITOR RIKS

[0 Match case I} Next © Previous
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Step
Time/LPF
263595
264095
264595
265095
265595
266095
266595
267095
267595
268095
268595
269095
269595
270095
270595
271095
271595
272095
272595
273095
273595
274095

ATar A

Time/LPF
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Job: test-heat-transfer Status: Completed

Severe
Step  Increment  Att Discon
Iter

1 729 1 0

1 730 1
1 731 1
1 732 1
1 733 1
1 734 1
1 735 1
1 736 1
1 737 1
1 738 1
1 739 1
1 740 1
1 741 1
1 742 1
1 743 1
1 744 1
1 745 1
1 746 1
1 747 1
1 748 1
1 749 1
1 750 1
1 751 1

Lo R o [ e R . [ e R o R o RN o R o [N o R o [N o S o N o R o T o R e [ . R e R s [ e N e |

Equil Total
Iter Iter

el ™ el el | el g, el i gl el e gl | gl e i el el
i S ) N . P S . B S PR R N A N -] S N S e ) s 1

Log Errors Wamings Output DataFile Message File Status File

SUMMARY OF JOB INFORMATION:
STEF INC ATT SEVERE EQUIL TOTAL TOTAL
DISCON ITERS ITERS TIME~

ITERS FREQ
1 1 1 0 2 2 1.00
1 2 1 0 2 2 2.00
1 31 0 1 1 3.00
1 A 1 n 1 1 A n7?
Search Text
Text to find:

STEF INC OF
TIME/LFF TIHE/LFF

1.00 1.000
2.00 1.000
3.00 1.000
4 n7 1 ne?

Total
Time/Freq

349095
349595
350095
3505.95
351095
351595
352095
352595
353095
353595
354095
354595
355095
355595
356095
356595
357095
357595
3580.95
358595
359095
359595
3600

DOF IF
HONITOR RIKS

[JMatch case & Next {f Previous

Step
Time/LPF

3490.95
3495.95
3500.95
3505.95
3510.95
3515.95
3520.95
3525.95
3530.95
3535.95
3540.95
3545.95
3550.95
3555.95
3560.95
3565.95
3570.95
3575.95
3580.95
3585.95
3590.95
3595.95
3600

Dismiss

Time/LPF
Inc
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